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SUMMARY

Soil is one of the main providers of environmental functions and services, its productivity
being one of the most essential services for human survival and development. Nevertheless,
anthropogenic activities such as mining, may seriously degrade it, causing relevant health and
ecological hazards. In this sense, soil acidification, salinization and pollution are a great concern
worldwide, for which many degraded soil ecosystems would require assisted natural
remediation. The aim of this thesis is to assess the role of gypsum mining spoil as an amendment
of soils affected by acidification, salinization and Potentially Harmful Elements (PHEs), in order
to revalue this mining waste material while assisting the natural remediation of degraded soils
and their associated plant communities. The study area is located in the Guadiamar Green
Corridor (GGC, Southern Spain), home to one of the worst European ecological disasters that
has ever occurred. In 1998, the Aznalcéllar pyrite mine pond breached and released acidic
waters and tailings highly polluted with PHEs. Thereupon, multiple cleaning and rehabilitation
activities were undertaken in the area to guarantee the population’s safety and its complete
recovery over time. However, many years following the disaster, there are still numerous

remnant spots of polluted soils where vegetation cannot even germinate.

In Chapter 1, we assessed the residual pollution in the uppermost sector of the GGC, in
terms of PHE mobility and plant performance. For this purpose, we focused on analysing the
selective extractions of soil PHEs and their relation to the main soil properties, vegetation
distribution and PHE uptake pattern. We observed that PHE pollution in the GGC is still very
heterogeneous and that plant species distribution, richness and abundance are conditioned by
a gradient of soil pollution, passing from total inhibition of vegetation in the most polluted areas
to a rich pool of herbaceous and shrub species in the most recovered ones. These findings
suggest that further remediation measures are needed. Before using a new soil amendment in
the field, it is advisable to previously test its effects under controlled conditions. For this end, in
Chapter 2, we tested in a greenhouse experiment the role of gypsum mining spoil in improving
soil properties, reducing PHE availability and promoting seed germination and survival, and plant
growth. For this experiment we used the most polluted soils in the GGC, which appeared as
unvegetated soil patches. We concluded that effective doses of gypsum mining spoil can be used

to remediate soils polluted with PHEs and to significantly enhance plant performance. In the
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light of the positive results obtained for gypsum mining spoil in the greenhouse experiment, we
aimed at assessing its bioremediation potential under field conditions. Hence, in Chapter 3, we
described a field experiment undertaken in the sector of the GGC most affected by residual
pollution, where we tested the effect of gypsum mining spoil on the remediation of soil
properties and the reduction of PHE mobility and toxicity, through the analysis of PHE fractions
and a toxicity bioassay with Lactuca sativa L. To compare and evaluate this effect, we also used
other waste materials and remediation treatments previously used in the area or in similar
scenarios. Our study showed that gypsum mining spoil presents promising results, although
marble sludge, with or without vermicompost, was the treatment that most effectively reduced
PHE toxicity risk. Since residual pollution has been limiting the recovery of vegetation, in Chapter
4, we focused on evaluating the effect of gypsum mining spoil on the spontaneous recovery of
native vegetation and PHE uptake pattern. Further, we compared this effect with those obtained
by the other soil amendments and treatments tested in Chapter 3. In this case, the treatment
that showed the highest herbaceous species cover and diversity was the mixture of vegetated
and unvegetated affected soils. This treatment is not feasible at large scale, although in medium
to small extensions (consistent with the scale of the unvegetated soil spots) where only annual
vegetation grows, it would represent a suitable treatment to consider. However, unless PHEs
are retained within the soil matrix, the potential mobilization of some residual pollutants would
be present in this treatment. In this sense, marble sludge (with and without vermicompost),
followed by gypsum mining spoil with vermicompost, were the treatments that most effectively
reduced PHE availability and increased plant recovery altogether. These findings suggest that
the use of organo-mineral amendments will play a key role in the remediation of areas affected

by residual pollution of PHEs.

Due to the promising results obtained for marble sludge, gypsum mining spoil, and
vermicompost in soil remediation and vegetation recovery, further studies should be conducted
to assess their positive effects in the long-term and to prevent future acidification processes that
could remobilize PHEs in soil. All the lessons learnt in this study provide valuable information

about new remediation strategies that could be transposed to similar scenarios over the world.
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RESUMEN

El suelo es uno de los principales proveedores de funciones y servicios ecosistémicos,
siendo su productividad uno de los servicios mds esenciales para la supervivencia y el desarrollo
de la humanidad. No obstante, las actividades antrdpicas como la mineria pueden degradarlo
gravemente, causando peligros relevantes para la salud y los ecosistemas. En este sentido, la
acidificacion, la salinizacidn y la contaminacién de los suelos son motivo de gran preocupacion
en todo el mundo, por lo que muchos suelos degradados requeririan remediaciéon natural
asistida. El objetivo de esta tesis es evaluar el papel del yeso de rechazo como enmienda de
suelos afectados por acidificacidn, salinizacién y elementos potencialmente tdxicos (EPTs), con
el fin de revalorizar este residuo minero al mismo tiempo que se promoveria la remediacién
natural de los suelos degradados y la regeneracidon de sus comunidades vegetales asociadas.
Como area de estudio, elegimos el Corredor Verde del Guadiamar (CVG, Sur de Espafia),
escenario de uno de los peores desastres ecolédgicos europeos de la historia. En 1998, la balsa
de la mina de pirita de Aznalcéllar colapsd, liberando aguas acidas y lodos altamente
contaminados con EPTs. En consecuencia, se emprendieron multiples actividades de limpieza 'y
rehabilitacion en la zona para garantizar la seguridad de la poblacién y la completa recuperacion
de la zona a lo largo del tiempo. Sin embargo, muchos anos después de la catastrofe, todavia
guedan numerosas manchas de suelos contaminados donde la vegetacion ni siquiera puede

emerger.

En el Capitulo 1, evaluamos la contaminacion residual en el sector mas alto del CVG, en
términos de movilidad de los EPTs y de recuperacion vegetal. Para ello, nos centramos en el
analisis de extracciones selectivas de los EPTs del suelo y su relacidn con las principales
propiedades del suelo, la distribucién de la vegetacidon y el patréon de absorcién de EPTs.
Observamos que la contaminacién por EPTs en el CVG es todavia muy heterogénea y que la
distribucidn, riqueza y abundancia de especies vegetales estan condicionadas por un gradiente
de contaminacidn del suelo, que pasa de la inhibicion total de la vegetacién en las zonas mas
contaminadas a una diversa comunidad de especies herbaceas y arbustivas en las mas
recuperadas. Una de las conclusiones principales es la necesidad de aplicar medidas de
remediacion en la zona. Antes de utilizar una nueva enmienda del suelo en campo, es

aconsejable testar previamente sus efectos en condiciones controladas. Por consiguiente, en el
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Capitulo 2, mediante un experimento de invernadero, probamos el papel del yeso de rechazo
en la mejora de las propiedades del suelo, la reduccién de la disponibilidad de EPTs, la
potenciacion de la emergencia y supervivencia de semillas, y el crecimiento de las plantas. Para
este experimento, utilizamos los suelos mds contaminados del CVG, que aparecian como
manchas de suelo sin vegetacién. Llegamos a la conclusidon de que, con dosis efectivas, el yeso
de rechazo se podria emplear para remediar los suelos contaminados con EPTs y para mejorar
significativamente el rendimiento de las plantas. A la luz de los resultados positivos obtenidos
para el yeso de rechazo en el experimento de invernadero, nos propusimos evaluar su potencial
de biorremediacidon en condiciones de campo. Asi pues, en el Capitulo 3 describimos un
experimento de campo realizado en el sector del CGV mas afectado por contaminacién residual,
en el que probamos el efecto del yeso de rechazo en la restauracién de las propiedades del suelo
y la reduccién de la movilidad y la toxicidad de EPTs, mediante el andlisis de fracciones de EPTs
y un bioensayo de toxicidad con Lactuca sativa L. Para comparar y evaluar este efecto, utilizamos
también otros materiales de desecho y tratamientos aplicados con anterioridad en la zona o en
escenarios similares. Nuestro estudio demostré que el yeso de rechazo presenta resultados
prometedores, aunque el lodo de marmol, con o sin vermicompost, fue el tratamiento que mas
eficazmente redujo el riesgo de toxicidad de los EPTs. Dado que la contaminacion residual ha
estado limitando la recuperacién de la vegetacién, en el Capitulo 4, nos centramos en evaluar
el efecto del yeso de rechazo en la recuperacién espontdnea de la vegetacion autéctona vy el
patron de absorcién de EPTs, comparando también este efecto con los obtenidos por las otras
enmiendas del suelo y tratamientos empleados en el Capitulo 3. En este caso, el tratamiento
que obtuvo la mayor cobertura y diversidad de especies herbaceas fue la mezcla de suelo
contaminado vegetado con suelo contaminado aun sin vegetacion. Este tratamiento no es
factible en grandes extensiones, sin embargo, en extensiones medianas o pequefias (en
consonancia con la escala de nuestras manchas de suelo sin vegetacién) donde sélo crece
vegetacién anual, si podria representar un tratamiento a considerar. No obstante, pese a que
los EPTs estan mayoritariamente retenidos dentro de la matriz del suelo, algunos contaminantes
podrian presentar una cierta movilizacion potencial en este tratamiento. En este sentido, el lodo
de marmol (con y sin vermicompost), seguido del yeso de rechazo con vermicompost, fueron los
tratamientos que mas redujeron la disponibilidad de EPTs a la par que aumentaron la

recuperacion de la vegetacion, lo que sugiere que el uso de enmiendas drgano-minerales podria
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desempenar un papel fundamental en la recuperacidon de zonas afectadas por contaminacién

residual de EPTs.

Debido a los prometedores resultados obtenidos para el lodo de marmol, el yeso de
rechazo, y el vermicompost en la remediacién del suelo y la recuperacion de la vegetacion,
deberian realizarse ulteriores estudios para evaluar sus efectos positivos a largo plazo y evitar
futuros procesos de acidificacién que podrian volver a movilizar los EPTs en el suelo. Todas las
lecciones aprendidas en este estudio proporcionan informacién valiosa sobre nuevas estrategias

de remediacién que podrian transponerse a escenarios similares en todo el mundo.
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1. Soil pollution

Soil is one of the main providers of environmental functions and services, its
productivity being the most essential service for human survival and development (Kabata-
Pendias and Pendias, 2000). Even though, an intense and unsustainable use of soil by human
beings is leading to the intense degradation of many terrestrial ecosystems. The soil contains
one of the most diverse associations of living organisms (Campbell, 2008), and thus, it is
considered an ecosystem in itself (Ponge, 2015), whose most visible tenants are plants. Soil
acts not only as support for vegetation, but also as resource supplier and an environmental
filter, diminishing pollution affection towards plants. In return, plants have the capacity to
enhance the already high soil resilience (Seybold et al., 1999), decreasing the negative impacts
of anthropogenic activities on soils (Gondard et al., 2003). Hence, vegetation curbs soil erosion
and positively modify soil physicochemical and biological properties by, for instance, improving
soil structure and dealing with pollutants (Ehrenfeld et al., 2005; Pilon-Smits, 2005). As well,
plant richness conditions the diversity of soil microbial communities and the ecosystem
processes they mediate (i.e. nutrient cycling) (Zak et al., 2003), which are essential for the
proper functioning of soil ecosystems. Consequently, plant-soil interdependence is evident and
strong, and the interactions between them are the key to understand their mutual ecology
(Ehrenfeld et al., 2005). The soil-plant system (Jeffrey, 1987) has a direct impact on the
optimization of basic ecosystem functions such as the water cycle, and plays a key role on

carbon fixation and climate change control (De-Deyn et al., 2008; Ponge, 2015).

Soil pollution caused by harmful anthropogenic activities has become a major concern
worldwide (Liu, et al., 2018). Centuries of anthropogenic activities have resulted in
accumulation of pollutants in soils that, in many cases, may generate a risk of environmental
toxicity and, thus, a threat for living organisms (Rodriguez-Eugenio et al., 2018). The main
anthropogenic sources of soil pollution involve those related to industrial (i.e. mining), urban
and agricultural activities, with most polluted soils in the world containing complex mixtures of
both organic and inorganic pollutants. The Intergovernmental Technical Panel on Soils (ITPS)
identified soil pollution as the third threat to soil functions in Europe (FAO and ITPS, 2015),
where it has been estimated that approximately 2.8 million sites are polluted, and that only

around 2.3% of those have been remediated (Paya-Pérez et al., 2018). In Spain, the | National
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Plan for the Recovery of Polluted Soils (1995-2005) (BOE, 1995) identified 4,532 potentially
polluted sites, but only 270 have been recovered; according to the Il National Plan for the
Recovery of Polluted Soils (2008-2015), at least 170 M € from public funds were invested to
this end (MARM, 2009, - PNIR, Appendix 13-).

Among all chemical pollutants, Potentially Harmful Elements (PHEs), which include
metals and metalloids, are of major concern since they can persist in soils for a long period of
time (Pilon-Smits, 2005) and may have a cumulative effect in organisms, becoming the main
source of global environmental pollution with harmful implications also for human health
(Muyessar and Linsheng, 2016). Some PHEs are essential for biological functions, such as Cu
and Zn, but even though, when exceeding specific thresholds, they all become potentially toxic
for live (Gall et al., 2015). Regarding food chain pollution and health risk, As, Cd and Pb are
among the most dangerous PHEs (Simon, 2014), since they may become toxic at very low

concentrations (Rahman and Singh, 2019).

In order to assess the potential toxicity of PHEs, knowledge of the soil properties
related to PHE mobility and availability (i.e.: pH, CEC, clay fraction, organic matter content,
etc.) is required. Depending on the element and the soil type and soil use considered,
intervention levels are established for each region or country for regulatory purposes.
Intervention levels are based on human and ecotoxicological risks and serve as soil quality
standards in order to determine whether soils are polluted and require intervention (Lijzen et
al.,, 2001). Nonetheless, intervention levels are usually focused on PHE total concentrations
regardless soil properties (Romero-Freire et al., 2014; 2015), and soluble, exchangeable and
bioavailable fractions should be also analyzed to evaluate the short and medium-term toxicity
and potential dispersion of pollutants in the environment. Moreover, conducting toxicity
bioassays would provide crucial information about the ecological risk of PHEs, and could

support legislation regarding polluted soils (BOE, 2005).

2. Assisted Natural Remediation and waste materials as soil amendments

2.1. Assisted Natural Remediation

Soil pollution can be managed through ex situ and/or in situ techniques (Liu et al.
2018); the first ones are more effective in shorter time and easier to monitor, but require the

excavation and removal of the affected soils, what generates a great additional impact in an
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already disturbed environment, as well as health risk, waste production and higher costs
(Azubuike et al. 2016), what makes them a less realistic and feasible option for large
extensions of polluted soils (Illera et al., 2004; Burgos et al., 2008); the second ones, although
frequently considered less effective, especially in cold regions, are usually more cost-effective
and, since they tend to preserve the natural structure and functions of soils, they are lately

seen as a more eco-efficient solution (Liu et al., 2018).

In drier climates, the natural remediation of polluted soils would be too slow (Adriano
et al., 2004). As such, Assisted Natural Remediation (ANR) is crucial for the rehabilitation of the
ecosystem. The ANR of polluted areas consists, among others, in the in-situ application of soil
amendments to immobilize pollutants within the soil matrix and restore soil properties and
cycles (Kumpiene et al., 2019), and to promote vegetation recovery (Adriano et al., 2004). In
the case of the remediation of soils polluted with PHEs, amendments rich in calcium, iron
and/or organic matter have previously proved their effectiveness on a field scale (Adriano et

al., 2004; Clemente et al., 2015; Xiong et al., 2015; Aguilar et al., 2007).

2.2. Waste materials as soil amendments

The generation of large amounts of waste materials in different human activities is a
global issue (Velenturf et al.,, 2019). Thus, the revalorization through their use as soil
amendments is an eco-friendly, cost-effective and feasible solution (Rodriguez-Jorda et al.,
2012) in line with zero waste principles (Greyson, 2007). This thesis was conceived in this line
and oriented to study the potential use of organic and inorganic amendments in the
remediation of soils acidified, salinized, and polluted with potentially harmful elements. The
search for new sustainable treatments for this purpose has made this work primarily focus on
gypsum mining spoil, amendment with a high potential in the remediation of polluted soils but
with scarce available information so far. Moreover, the comparison with other inorganic

(marble sludge) and organic (vermicompost) amendments has also been studied.

2.2.1. Gypsum mining spoil

Gypsum mining spoil is a waste material generated at initial stages of gypsum mining,
as a result of the bulk mineral processing. At global scale, gypsum world production in 2018
reached 160 million tons (U.S. Geological Survey, 2019) and according to the data supplied by
Ahmed (2011) and the U.S. Geological Survey (2012), approximately 10% of the gypsum

production correspond to all kind of gypsum waste materials (i.e. phosphogypsum and gypsum
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from demolition), although the lack of reporting makes it difficult to quantify exact figures
(Lébre et al., 2017), and there are no specific record for gypsum mining spoil. Nonetheless,
large quantities of gypsum mining spoil are expected to be annually produced and
accumulated in mining sites, resulting in both storage and environmental problems (Al-Farajat,

2009; Ballesteros et al., 2017).

Gypsum outcrops are related to arid and semiarid conditions. Consequently, Spain has
the biggest outcrop area in Europe and, thus, it is one of the main gypsum producers
worldwide (Escavy et al., 2012). As a result, recent research about gypsum mining spoil
potential in rehabilitation of degraded habitats has been made in the country (Ballesteros,
2018), but as far as our knowledge reaches, there is no available scientific information on the

use of gypsum mining spoil in the remediation of polluted soils.

Gypsum mining spoil is mainly formed of gypsum and clay materials. On one hand,
gypsum is a calcium and sulfate-rich mineral (CaS04:2H,0) with the capacity to improve soil
texture by promoting soil aggregation, decreasing bulk density and, so, increasing water
percolation (Franzen et al., 2006; Tirado-Corbald et al., 2017); to decrease soil crusting
(Amezketa et al., 2005; Franzen et al., 2006); to adjust pH by raising it in acidic soils or
decreasing it in alkaline ones (Wallace and Wallace, 1995; Franzen et al., 2006); to reclaim
sodic and saline-sodic soils by promoting drainage and, so, leaching out excessive sodium
(Sharma et al., 1974; Franzen et al., 2006); to rise plant essential nutrient availability by
providing calcium and sulphur over time due to its relatively low dissolution rate (Franzen et
al., 2006; Tirado-Corbald et al., 2017); and to reduce PHE availability by forming precipitates
and, so, decreasing PHE toxicity (Franzen et al., 2006; Kim et al., 2018). On the other hand, the
clay minerals mixed with gypsum mining spoil also play a significant role in PHE sorption due to
their ability to bind metal ions (Kabata-Pendias and Pendias, 2000), as major contributor to soil
cation exchange capacity (Hooda, 2010). They are a source of negative surface charges and,
therefore, an important solid phase for retaining positively charged ions through electrostatic
sorption. Moreover, clay size particles are also responsible for retaining nutrients and water,
and for stabilizing humus in the soil (Manjaiah et al., 2010). Despite all the benefits described,
some authors observed that elevated doses of gypsum limited the uptake of other essential
nutrients (i.e. Mg, K or P) by plants as a result of high concentrations of Ca?* and SO4%, and the
associated salinity (Syed-Omar et al., 1991; Elrashidi et al., 2010); as well, Ca** could compete

for soil sorption sites with metal cations (i.e. Cd and Cu), increasing their leachability and
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availability (Garrido et al.,, 2005) if pH decreased in the soil surface (Sherene, 2010).
Consequently, preliminary studies should be accomplished to test the suitability of gypsum

mining spoil as soil amendment, as well as the effective dose to be used.

2.2.2. Marble sludge

Marble sludge is a waste material that derives from cutting and polishing marble
stones. Considering that marble is the largest produced natural stone in the world, and that at
least 20-30% of marble become powder during cutting processes, large amounts of this low-
cost waste material are annually produced (Rayed et al., 2019) which, if incorrectly discarded,
can generate negative effects on the ecosystem (Al-Hamaiedh, 2010; El-Sayed et al., 2018).
Marble sludge is very rich in calcium carbonate, which plays a key role in buffering soil pH
through the dissolution of calcite and in PHE immobilization in soils (Fernandez-Caliani and
Barba-Brioso, 2010). Moreover, it promotes water retention and tends to decrease soil
electrical conductivity (Sanchez et al., 2010; Gonzalez et al., 2012). This amendment has been
previously used and tested by other authors, with promising results for pH increase and PHE
toxicity reduction in soils affected by mining activities (Pérez-Sirvent et al., 2007; Fernandez-
Caliani and Barba-Brioso, 2010; Del-Moral-Torres et al.,, 2010; Gonzalez et al., 2012, 2013,
2017). Nevertheless, relatively low doses of marble sludge could not effectively reduce PHE
availability in highly acidic soils if CaCOs3 particles end up coated by iron hydroxy sulphates and
gypsum (Simén et al., 2010); and on the other hand, excessive pH increase as a result of the
marble liming effect could reduce As fixation in soils (Simdn et al., 2010), suggesting that the

dose of this amendment should be carefully studied.

2.2.3. Vermicompost

Vermicompost is an organic amendment that derives from composting organic wastes,
boosted by earthworms. In our case, vermicompost arises from composting horse manure with
Eisenia Andrei. The use of earthworms is considered to optimize the composting process and
thus to enhance the remediation potential of the final product (Huang et al., 2016). Just one
average size horse generates ca. 8 tons of manure yearly (Kenny et al.,, 2019), what has
encouraged its use as soil amendment after composting. The use of organic amendments such
as horse manure can enhance the overall soil conditions by improving its physical structure,
water holding capacity, cation exchange capacity, content and availability of nutrients (i.e. N,

K, P, Ca and Mg) and, thus, by reducing PHE toxicity, what will promote the recovery of
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vegetation (Pérez-Esteban et al., 2012). Sierra-Aragon et al. (2019) demonstrated in an ex-situ
laboratory experiment that the use of vermicompost improved soil conditions by increasing OC
content and pH, and reduced the availability of certain pollutants (Cu, Zn, Cd and Pb), although
they also observed that it did not have a positive effect on Pb and As immobilization.
Considering that the role of organic matter in the restoration of polluted soils with PHEs is

controversial (Gadepalle et al., 2007), its application should be studied with caution.

2.2.4. Organo-mineral amendments

Some authors have pointed out that the combination of organic and calcium-rich
amendments is also a good and common technique to rise pH, immobilize PHE, improve soil

conditions and to facilitate revegetation (Clemente et al., 2003).

The use of these waste materials would diminish the environmental and industrial
impacts caused by their improper disposal and management, at the same time we enhance the
rehabilitation of degraded ecosystems such as those in the Guadiamar Green Corridor (CMA,

2003) after the Aznalcoéllar mining spill (Grimalt and Macpherson, 1999).

3. Thesis aims

In this thesis, we aim at assessing the role of gypsum mining spoil as amendment of
soils affected by acidification, salinization and Potentially Harmful Elements (PHEs), in order to
revalue this mining waste material, at the same time we assist the natural rehabilitation of
polluted soils and their associated plant communities. The specific goals of this thesis are

summarized in Table i.1.
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Table i.1. Thesis specific goals and chapters in which they are addressed.

SPECIFIC GOALS CHAPTERS

Assess the suitability of gypsum mining spoil as amendment of soils affected

by PHEs, reducing their availability and toxicity 2,3
Assess the suitability of gypsum mining spoil as amendment of soils affected 5 3
by acidification !

Assess the effect of gypsum mining spoil on soil salinity 2,3
Assess the role of gypsum mining spoil in promoting seed emergence and 24

plant survival

Evaluate the distribution of residual pollution and PHE availability in the
sector of the Guadiamar Green Corridor (GGC) most affected by the 1,3
Aznalcéllar mine spill

Test the suitability of gypsum mining spoil compared to other soil
amendments in the Assisted Natural Remediation of soils affected by 3,4
residual pollution in the GGC

Test the effectiveness of gypsum mining spoil compared to other soil
amendments in enhancing native plant species propagation, vegetation 4
growth and species richness in the GGC polluted soils

Test the effectiveness of gypsum mining spoil compared to other soil
amendments in reducing PHE uptake by plants in the GGC polluted soils

2,4

In order to achieve all the goals listed in Table i.1, we selected the closest sector to the
Aznalcéllar mine, located in the Guadiamar Green Corridor (GGC) (SW Spain), as study area for
two main reasons. On one hand, the presence of polluted, acidic and salinized soils is common
and can be used as an outdoor laboratory, and on the other hand, there is a large list of
previous research studies (Madejon et al., 2018) that would be very helpful in order to have a
full and comprehensive understanding of our own results. Hence, in Chapter 1, we assessed
the residual pollution in the uppermost sector of the GGC, PHE mobility, and the distribution of

vegetation and PHE uptake pattern in relation to PHE availability in residually polluted soils; as
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PHE toxicity is directly related to PHE availability (Romero-Freire et al., 2014; 2015), in this
chapter we focused on assessing the mobility of PHE by the study of selective extractions and
their relations to the main soil properties. Before using a new soil amendment in field, it is
advisable to previously test its effects under controlled conditions (Gadepalle et al., 2007);
therefore, in Chapter 2, after a deep bibliographical research about gypsum properties and
environmental applications, in a greenhouse experiment we tested the role of gypsum mining
spoil in improving soil properties, reducing PHE availability and promoting seed germination
and plant growth and survival; for this experiment we used the most polluted soils found in
the uppermost sector of GGC, which appeared as unvegetated soil patches. Then, we aimed at
assessing the bioremediation potential of gypsum mining spoil under field conditions. In
Chapter 3, we described a field experiment undertaken in the sector of the GGC most affected
by residual pollution, where we tested the effect of gypsum mining spoil on the remediation of
soil properties and the reduction of PHE mobility and toxicity. To compare and evaluate this
effect, we also used other soil amendments and treatments previously used in the area or in
similar scenarios (Fernandez-Caliani and Barba-Brioso, 2010; Garcia-Carmona et al., 2017;
Madején et al., 2018). As it has been reported that the residual pollution in these soils is
limiting the recovery of vegetation (Garcia-Carmona et al.,, 2019), in Chapter 4, we have
focused on evaluating the effects of gypsum mining spoil on the spontaneous recovery of
native vegetation and the PHE uptake pattern, also comparing these effects with those

obtained by the other soil amendments and treatments tested in chapter 3.

The General Discussion summarizes the main findings and conclusions, highlighting

those related to gypsum mining spoil.
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MATERIAL AND METHODS

1. Study area

The study area in this thesis is located at the Guadiamar Green Corridor (SW Spain), in
the sector closest to the Aznalcdllar pyrite mine, where the presence of soils affected by

residual pollution is frequent (Figure m.1).

Spain

Es;’:}aiia TR

‘- Study Area

‘Los Frailes” Open pit

Figure m.1. Satellite image of the study area in Aznalcéllar (Seville, SW Spain).
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The pyrite mine of Aznalcdllar (Seville, Spain) is located in the Iberian Pyrite Belt (IPB,
Figure m.2), one of the largest massive sulphide deposits in the world, which has been
exploited since the 3™ Millenium BC (Nocete et al., 2014). This orebody, whose reserves
exceed 1,500 Mt (Sdez et al., 1999), is composed of 95% pyrite (FeSz), chalcopyrite (CuFeS,),
sphalerite (ZnS), and accessory galena (PbS) and arsenopyrite (FeAsS), and 5% Cu-rich minerals
(Chopin and Alloway, 2007). As a result, mining activities in this area have not only posed a
potential pollution risk for the surrounding ecosystems, but have also led to the release of Cu,

Zn, Pb and As into the environment for centuries (Chopin and Alloway, 2007).
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Figure m.2. Geological map of the southwestern Iberian Peninsula (adapted from Quesada et al. 1991
and Fernandez-Caliani et al., 2009) showing the location of the major massive sulfide deposits in the
Iberian Pyrite Belt (IPB): 1 Lagoa-Salgada, 2 Lousal, 3 Aljustrel, 4 Neves-Corvo, 5 Sdo Domingos, 6
Herrerias, 7 Tharsis, 8 Sotiel-Migollas, 9 La Zarza-Perrunal, 10 Nueva Aguas Teiiidas, 11 Riotinto, 12

Aznalcdllar-Los Frailes, 13 Las Cruces.

The current mine site (Figure m.3) occupies nearly 950 ha and contains around 80
million tonnes of polymetal sulphides (CMA, 2004). In 1996, a pond was placed next to the
Agrio River, affluent of the Guadiamar River, which would contain the tailings from “Los

Frailes” mining activity (Grimalt et al., 1999).
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Figure m.3. Aznalcdllar mine site. Source: Andalusian Regional Government. Retrieved at:

http://www.juntadeandalucia.es/economiainnovacioncienciayempleo/pam/img/aznalcollar.jpg

The Guadiamar valley is formed by Neogene to Quaternary sedimentary materials. The
sector where we developed our study is formed by alluvial deposits, including two younger
(lower) levels of Holocene age river terraces and an older (upper) level of Pliocene river
terrace. These alluvial deposits are made of silty-sand materials with gravels dominated by
quartzite, shales, and schists, with a basement consisting of thick Miocene blue marls
(Manzano et al., 2000; Salvany et al., 2001). The dominant soil types in the area are associated
with the fluvial dynamic of the Agrio and Guadiamar rivers. According to the FAO classification
(IUSS, 2015), at the closest sector to the Aznalcodllar pyrite mine, the soils located close to the
river channel are eutric Fluvisols, and outside the influence of periodic floodings are eutric
Regosols. In all cases, soils have a neutral pH (6.5-7.5), organic matter content ranging from 0.8
to 2.9%, low content in calcium carbonate (usually below 1%), and texture varying from clay-
loam to sandy-loam with high content in gravel (>10%) (Simdn et al., 1998; Ordédiiez et al.,
2003). The climate of the area is typically Mediterranean, with cold wet winters, intense
summer droughts (more than 6 months), annual rainfall ranging from 550 to 650 mm (Martin-
Peinado, 2002), and a potential evapotranspiration of 900 mm (Simdn et al., 2008). In terms of

vegetation, the Guadiamar river floodplain was occupied mainly by croplands and orchards
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(Madején et al., 2003), but also by riverbank vegetation formed of Fraxinus angustifolia,
Populus alba, Populus nigra, Ulmus minor, Salix purpurea and Salix atrocinerea as dominant
species, and less frequently formed of a typical agrosylvopastoral system called “dehesa” (in
Spain) with holm oak (Quercus ilex) and cork oak (Quercus suber), together with other typical
Mediterranean species such as Pyrus bougaeana, Retama sphaerocarpa, Daphne gnidum, and
Thymus mastichina, and annual pastureland filling the gaps in this open forest (Martin-

Peinado, 2002).

On the 25" April 1998, the pond containing the toxic waste from the Aznalcoéllar
mining activity collapsed and a spill of ca. 6 hm?3 of tailings and acid waters spread 400 m wide
to the river sides (Agrio and Guadiamar) and 43 km downstream to Dofiana National Park
(Grimalt and Macpherson, 1999) (Figure m.4). It is considered one of the most severe pollution
accidents worldwide related to mining activities (Grimalt and Macpherson, 1999; Madején et

al., 2018; Sierra-Aragén et al., 2019).

Iberian
Pyritic La Zarza
belt

Aznalcdllar

Sevilla
Quatliamar Guadiamar
Tinto river Green
‘iver Corridor
N Guadalquivir
Do_nana river
National
Park
"q 50 km

Figure m.4. Location map of the mining accident site, the area affected by the spill in red (Guadiamar
Green Corridor), and Dofiana National Park (adapted from Domenech et al., 2002). The picture shows
the breakage of the Aznalcéllar tailing pond and the release of toxic sludge and acidic waters to the

Agrio river. Retrieved at: https://www.elconfidencial.com/espana/andalucia/2018-04-25/aznalcollar-

desastre-pudo-evitarse-ecologistas-alerta 1554645/
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The content of Potentially Harmful Elements (PHEs) in the affected soils nearby the
mine were measured 9 days after the accident, reporting concentrations of 8,063 mg kg™ for
Zn, 1,875 mg kg* for Cu, 30 mg kg* for Cd, 5,753 mg kg* for Pb, and 2,073mg kg* for As
(Simén et al., 1999). A rapid and highly coordinated performance from the National and
Regional Governments along with a pool of experienced scientists, prevented that the spill
caused an irreversible damage in Dofiana National Park, a key biodiversity hotspot and the
largest reserve of birds in Europe (Grimalt et al., 1999). The first activities were focused on a
rapid clean-up of the tailings and the uppermost layer of the soil (irreversibly polluted). This
was followed by the application of soil amendments (organic and/or inorganic) to immobilize
residual pollution in the soil, prevent groundwater pollution, and promote soil function
recovery. Afterwards, an intense afforestation plan was implemented with native species,
what would suppose the stabilization of the soil surface, through the accumulation of
pollutants in the root system and a low root-to-shoot transfer of PHEs (phytostabilization); the
main tree and shrub species used were: Populus alba, Celtis australis, Fraxinus angustifolia,
Quercus ilex, Quercus suber, Ceratonia siliqua, and Pinus pinea, together with Olea europaea,
Myrtus communis, Retama sphaerocarpa, Rosmarinus officinalis, Tamarix gallica, Pistacea
terebintus, and Phillyrea angustifolia (Pastor-Jauregui et al., 2020). Finally, the area was
declared a natural protected area (Protected Landscape), named “The Guadiamar Green
Corridor (GGC)” (CMA, 2003), in order to guarantee both population’s safety at first term, and
its complete rehabilitation over time. Nonetheless, many years after the spill, the GGC is still
affected by residual pollution conditioning the emergence, growth, and distribution of
vegetation in some areas. According to the thresholds recommended by the Regional
Government of Andalusia to declare a soil as potentially polluted (BOE, 2015), Pastor-Jauregui
et al. (2020) estimated that at least 11% of soils in the GGC exceeds the regulatory value for
Pb, and at least 70% surpassed the regulatory value for As. Furthermore, in some areas closest
to the mine (first 18 km downstream), an irregular distribution of the residual pollution is still
observed (Figure m.5), with highly polluted and unvegetated patches (around 7% of the area
according to Martin-Peinado et al., 2015) surrounded by less polluted and vegetated areas
(Simon et al., 2008). Residual pollution is a threat for the ecosystem and indicates that urgent
restoration activities are largely required (Martin-Peinado et al., 2015) to prevent the dispersal
of pollutants towards the surrounding rehabilitated areas (Garcia-Carmona et al., 2019). All
things considered, the Guadiamar Green Corridor has become a large outdoor laboratory for

pollution research (Madején et al., 2018).
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Figure m.5. Satellite image of an affected area in the closest sector to the Aznalcdllar mine in the
Guadiamar Green Corridor. The rectangle (white line) represents 10 Ha, where highly polluted
unvegetated patches (in orange) appeared surrounded by vegetation. In this area, the orange patches

occupy around 0.8 Ha.

2. Experimental design

Within the study area, we measured the total concentrations of the main pollutants
(Cu, Zn, Cd, Sb, As and Pb) in several unvegetated affected soils randomly selected. Pollutant
concentrations were determined in field by X-ray fluorescence in a NITON XLt 792 analyzer
(Figure m.6), with a 40 kV X-ray tube with Ag anode target excitation source, and a Silicon PIN-
diode with a Peltier cooled detector. The procedure followed the manufacturer's instructions
and the recommendations of the Method 6200 (US EPA, 1998). The accuracy of the method,
the analytical precision and the detection limits were evaluated according to US EPA (2006) in
Martin-Peinado et al. (2010). The patches with the highest load of pollutants were selected as
experimental areas for the field experiments and as sampling areas to collect polluted soils for

the greenhouse experiment.
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Figure m.6. NITON XLt 792 analyzer.

2.1. Field study 1. Characterization of affected areas (Chapter 1)

In a preliminary study, we selected four residually polluted plots and divided them into
three subareas according to a soil recovery gradient in terms of the presence of vegetation,
from unvegetated soils (UV-AA) right in the centre, to two surrounding belt subareas
characterized by a progressive vegetation appearance, an intermediate moderately re-

vegetated belt (B1) and an outer and more recovered belt (B2) (Figure m.7).

Figure m.7. Plot location in the Guadiamar Green Corridor on the left, and a detail of the different
subareas according to herbaceous species composition and abundance (UV-AA: unvegetated affected

soils; B1: belt 1; B2: belt 2) on the right.
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2.2. Greenhouse experiment (Chapter 2)

Soil samples were collected at highly polluted unvegetated areas (UV-AA), from the

uppermost 10 cm, and intensely homogenized into just one composite soil sample (Co).

The experimental design (Figure m.8) was based on the addition of gypsum mining
spoil (G) to the unvegetated polluted soils (Co) in three different proportions (treatments): 10%
G (T1), 20% G (T2), and 50% G (T3). Afterwards, we prepared 32 replicates per treatment (pot
size= 6 cm x 5.6 cm x 8 cm), plus 32 control replicates (C= 0% G) with non-treated polluted soil
(Co), where seeds of two non-genetically related species (Cynodon dactylon Pers. and
Medicago sativa L.) were sowed separately. Finally, pots with different treatments were
randomly distributed in a greenhouse located at the Andalusian Institute of Agricultural
Research and Training, IFAPA (Granada, SE Spain), which was equipped with an irrigation
programmer, a nebulization system (30 I/h irrigation flow) and a temperature control sensor,
in order to control water availability and temperature. The experiment lasted 82 days for M.

sativa and 67 days for C. dactylon, and pots were watered five minutes daily.

Figure m.8. Experimental design of the greenhouse experiment.

2.3. Field study 2. Experimental plots with soil treatments (Chapters 3 and 4)

Among the most polluted areas, we selected 6 unvegetated areas (UV-AA) to establish
6 experimental plots and test the remediation potential of different soil treatments (Figure
m.9). As external controls, we also selected 6 neighbouring vegetated affected areas (V-AA)
and an unaffected area (UA) within the Guadiamar Green Corridor, but where the spill did

never reach.
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Experimental plots (36 m?) consisted in 9 subplots (4 m? each), where eight different
treatments were applied, and a control subplot was also defined (UV-AA) (Figure m.9).

Treatments consisted in: i) Simple treatments: 1. G: Addition of 5 kg m? of gypsum mining

spoil; 2. M: Addition of 5 kg m™ of marble sludge; 3. T: crust breaking through tillage; 4. V:
mixture of V-AA and UV-AA (50% w/w) in the uppermost 10 cm of the soil; and ii) Mixed
treatments (the same treatments mixed with vermicompost “v”): 5. Gv: G+ v; 6. Mv: M +v; 7.
Tv: T + v; 8. VWv: V + v. The doses of gypsum mining spoil and marble sludge were selected
according to the doses previously applied in the area for calcium-rich amendments (Madejon
et al., 2018), and the ratio for the V treatment was successfully tested in a previous ex situ
experiment (Garcia-Carmona et al. 2017). In all cases, the dose of vermicompost was 5 kg m?
(equivalent to 50 t ha) because the organic amendments had been previously applied in the
area at a rate of 15-25 t ha™! (Cabrera et al., 2005, 2008) and resulted insufficient to promote

vegetation growth.

Figure m.9. Experimental plot with soil treatments: G: Addition of gypsum mining spoil; M: Addition of

marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T +
v; Vv: V + v. UV-AA: Unvegetated Affected Area with control subplot. V-AA: Vegetated Affected Area.
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The results of this experiment have been described in chapters 3 and 4. In chapter 3,
we focused on the effects of treatments on soil properties and PHE mobility and toxicity, and

in Chapter 4, on the effects on natural vegetation recovery and PHE uptake by plants.

3. Sampling

3.1. Plants

3.1.1. Field study 1. Characterization of affected areas (Chapter 1)

The sampling methods used for vegetation in field are based on species frequency
variables (Bonham, 2013). Total and individual cover of herbaceous species were monitored
using a 0.25 m? quadrat divided into 100 cells and expressed as the percentage of cells
occupied by herbaceous species, both as total cover and as cover per species (Elzinga et al.
2015). The quadrat was randomly placed and replicated three times per experimental subplot.
Herbaceous species richness was calculated as the average richness values per replicates of

the same subplot.

In order to analyse PHE uptake by plants per subarea, three vegetation samples
representing the whole community (composite sample) were collected in the two vegetated

belts and in the four selected plots.

3.1.2. Greenhouse experiment (Chapter 2)

Plant emergence and survival of the two model species (C. dactylon and M. sativa)
were monitored three times per week until the experiment was completed. We visually
checked cotyledon protrusion for emergence and marked the first seedling to emerge in each
pot (first individual, hereafter), for survival monitoring (Figure m.10). Following the same
criteria, a second seedling was marked to ensure that enough individuals were available to
assess growth, in case of early death of the first individual. When each pot had two seedlings,
new emerging plants were immediately clipped after recording emergence. The second
marked seedling in each pot was also clipped after 4 weeks if the first individual survived, to

avoid competition between seedlings.

At the end of the experiment, all the plants were collected in order to measure

biomass and analyse PHE content.

-42 -



Material and methods

&

¥
1
1
t
5

XK
e

Figure m.10. Survival monitoring. On the left, a pot with C. dactylon plants. On the right, a pot with M.
sativa plants. Treatments: C, non-treated soil (100% Co); T1, 90% Co + 10% G; T2, 80% Co + 20% G; T3,
50% Co + 50% G. Co: polluted soil. G: Gypsum mining spoil.

3.1.3. Field study 2. Experimental plots with soil treatments (Chapter 4)

Total and individual cover of herbaceous species were monitored using a 0.25 m?
quadrat divided into 100 cells and expressed as the percentage of cells occupied by
herbaceous species, both as total cover and as cover per species (Elzinga et al. 2015). The
quadrat was replicated four times per experimental subplot and placed avoiding subplot

borders to elude ecotones (Figure m.11).

-43-



Material and methods

Figure m.11. Vegetation cover sampling in an experimental plot with quadrats superimposed. UV-AA:
Unvegetated Affected Area; M: Addition of marble sludge; T: Tillage; G: Addition of gypsum mining spoil;
V: mixture of UV-AA and V-AA; Mv: M plus vermicompost (v); Tv: T +v; Gv: G +v; Vv: V + V.

Herbaceous species richness was calculated in two ways: 1. Mean richness, calculated
as the average richness values per replicates of the same treatment; 2. Total richness,
calculated by counting the total number of different species that appeared at least once along

all the replicates of one treatment.

In order to have an idea of the herbaceous plant diversity present in each soil type, the

Shannon-Weiner Diversity Index (H’, Shannon, 1948) was calculated as:

H' = —Zpi*lnpi

7
Where  pi ="™/y

Iis the total number of different species, pi is the proportion of individuals found in “/” species,
ni is each species individual cover, and N is total species cover. As H’ values can sometimes be

difficult to interpret and to compare between different areas (Magurran, 2004), the Effective
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Number of Species (ENS, MacArthur, 1965) that characterize a community was calculated for

each treatment according to Jost (2006) as:

ENS = e'’

In order to analyse PHE uptake by plants, one sample of the most frequent plant
species was collected in each experimental plot (per treatment), in V-AA and in UA. In most
cases, they were mixed samples formed of several individuals (same species), except where

species abundance was limited to only one individual.

3.2. Soils

3.2.1. Field study 1. Characterization of affected areas (Chapter 1)

In order to characterize the soil from the unvegetated (UV-AA) and differently
vegetated subareas (belts 1 and 2), we collected three soil samples per subarea and plot from
the upper soil layer (0-10 cm) and intensively homogenized them to provide a single sample

for each plot.

3.2.2. Greenhouse experiment (Chapter 2)

Soil samples were collected at highly polluted unvegetated areas (UV-AA) during the
preliminary field study (field study 1). These samples were collected from the uppermost 10
cm and intensely homogenized into just one composite soil sample (Co) to be used as substrate
for the experiment. Moreover, soil samples from the area where the spill never reached (UA)

were also collected to be used as background values.

At the end of the experiment we collected 5 soil samples per treatment (C, T1s, T2s,

and T3¢) and species, to analyse soil properties and PHE content in plants.

3.2.3. Field study 2. Experimental plots with soil treatments (Chapter 3)

Aiming at assessing the evolution of treated soils, three soil samples per treatment and
experimental plot (from the uppermost 10 cm) were collected every six months for 2 years (TO:
right after the preparation of the experimental plots; T6: after the first 6 months; T12 after the

first year of experiment; T18 after a year and a half after the start). Additionally, eighteen soil

-45 -



Material and methods

samples were collected in both the neighbouring vegetated affected (V-AA) and unaffected

(UA) soils.

4. Laboratory analyses
4.1. Plants (Chapters 1, 2 and 4)

Plant samples were washed with distilled water, dried (70 °C for 48 h), divided per
species into shoot and root, ground, weighed in a precision scale and digested separately in a
microwave XP1500Plus (Mars®) in HNOs:H,0, (1:1) (Sah and Miller, 1992). To control the
accuracy of the method, we used Standard Reference Material (ERM ® CD281) with PHE

average recoveries ranging from 77% to 110%.

Concentration of micro and macronutrient elements in plants (Fe, Mn, Ca, Mg, K, Na)
were measured (Chapter 1) by atomic absorption spectrometry (SpectrAA 220FS Varian) and
potential pollutants (Cu, Zn, Cd, Sb, As and Pb) by ICP-MS in a PE SCIEX ELAN-5000A

spectrometer.

In order to evaluate the capacity of plants to accumulate PHEs transferred from soils
(Chapter 1 and 4), the Bioconcentration Factor (BAF) for each PHE was calculated according to
Hobbs and Streit (1986) and Van der Ent et al. (2012) as:

BAF = CShOOt/CSOil

where ‘Cshoot’ is the PHE concentration in shoot (mg kg™ dry weight) and ‘Csoil’ the PHE
bioavailable concentrations (extracted by EDTA) in soil (mg kg?! dry soil). Concentrations
extracted by EDTA were selected for BAF calculation as this fraction represents the
bioavailable forms of PHEs for plants (Parra et al., 2014). High BAF values (>1) can be
associated to hyperaccumulation but it is not the only criteria (Van der Ent et al., 2012). For
instance, Mehes-Smith et al. (2013) reported that a plant can be classified as
hyperaccumulator only if it meets four criteria: i) [PHE]shoot/ [PHE]root >1; ii) [PHE]shoot/ [PHE]soi
>1; iii) [PHE]poliuted piants/[PHE]normat plants >10-500; iv) [Culpoiiuted plants = 300, [Zn]poiiuted plants = 3000,
[Pb]poliuted plants = 1000, (in mg kg?).
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Then, to assess the capacity of plants to translocate PHEs from roots to shoots
(Chapter 4), the Translocator Factor (TF) for each PHE was obtained according to Van der Ent

et al. (2012) as:

TF = CShOOt/Croot

where ‘Cshoot’ is the PHE concentration in shoot (mg kg dry weight) and ‘Croot’ the PHE
concentration in root (mg kg dry weight). TF values > 1 are related to PHE root-to-shoot

translocation (Macnair, 2003).

Finally, the quotient (Q) between PHE concentrations accumulated in plants at
affected and unaffected soils (Mehes-Smith et al., 2013) was calculated (Chapter 4), aiming at
establishing a quantitative relation between the studied soil types. Values of the quotient

bigger than 10-500 may indicate PHE hyperaccumulation (Mehes-Smith et al., 2013).
4.2. Soils
4.2.1. Field study 1. Characterization of affected areas (Chapter 1)

Soil samples were air dried at room temperature and sieved at 2-mm. Soil texture was
determined by the Robinson pipette method (Soil Conservation Service, 1972); calcium
carbonate (CaCOs) content by volumetric method (Barahona, 1984); soil pH was measured in
water and 0.1 M KCl in a ratio 1:2.5 with a 914 pH/Conductometer Metrohm; total organic
carbon (OC) was analysed by a LECO® TruSpec CN (St. Joseph, MI, USA) after soil samples were
acid-washed (HCI 1 mol/l for 24 h) to remove carbonates, following Ussiri and Lal (2008);
soil:water extract (1:5) was prepared to determine the electrical conductivity (EC) using a
Eutech CON700 conductivity-meter; cation exchange capacity (CEC) was determined according
to the methodology of the Soil Conservation Service (1972). Amorphous iron and manganese
oxides (Fe,, Mn,) were extracted according to Schwertmann and Taylor (1977) procedure and

measured by atomic absorption spectroscopy (SpectrAA 220FS Varian).

In the laboratory, total concentrations of PHEs (Cu, Zn, Cd, As and Pb) were
determined in soils by X-ray fluorescence in a NITON XLt 792 analyzer, with a 40 kV X-ray tube
with Ag anode target excitation source, and a Silicon PIN-diode with a Peltier cooled detector.

The procedure followed the manufacturer's instructions and the recommendations of the
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Method 6200 (US EPA, 1998). The accuracy of the method, the analytical precision and the

detection limits were evaluated according to US EPA (2006) in Martin Peinado et al. (2010).

Selective extractions were performed in order to assess the potential mobility and
bioavailability of PHEs in soils, determining from mobile or available fractions to unavailable
fractions. Soluble fraction (S) was extracted by distilled water from soil:water extract 1:5
according to Sposito et al. (1982). Exchangeable fraction (E) was obtained by 0.01M CaCl,
extraction according to Novozamsky et al. (1993). Bioavailable fraction (B) for plants was
extracted using 0.05M EDTA (pH 7) as described by Quevauviller et al. (1998). Fraction
bounded to amorphous Fe/Mn oxides (O) was extracted by 0.1M oxalic acid-ammonium
oxalate extract (pH 3) as described by Schwertmann and Taylor (1997). Total concentrations
(T) of main pollutants (Cu, Zn, Cd, As and Pb) were additionally obtained by strong acid
digestion (HNOs:HF, 3:1) in a microwave oven XP1500Plus (Mars®). The PHE content in all
extracted fractions was analyzed by inductively coupled plasma-mass spectrometry (ICP-MS) in
a PE SCIEX ELAN-5000A spectrometer. The accuracy of the method, the analytical precision

and the detection limits are detailed in Romero-Freire et al. (2016).

Residual fraction (R) was calculated as the difference between the total fraction (T)
and the fraction with the most effective extractant for each element. The oxalic acid-
ammonium oxalate reagent was generally the most effective for all the elements. According to
Ure (1995), this reagent can extract the fraction of the elements bound to oxides and

secondary clay minerals, the organically bound, exchangeable and water- soluble forms.

4.2.2. Greenhouse experiment (Chapter 2)

Both the initial composite soil sample and the soil samples from treatments were
prepared (air-dried, sieved -2mm mesh- and finely ground with a soil mill, Retsch MM 400) to
analyze their chemical properties (MAPA, 1994) and main PHEs (Cu, Zn, Cd, Sb, As and Pb).
Total concentrations (T) were obtained through microwave-assisted (XP1500Plus, Mars®) acid
digestion (HNOs:HF, 3:1), water-soluble fraction (S) was extracted by distilled water from
soil:water extract 1:5 according to Sposito et al. (1982), and bioavailable fraction (B) was
extracted using 0.05 M EDTA (pH 7) as described by Quevauviller et al. (1998). PHEs were
measured in all the extracted forms by Inductively Coupled Plasma-Mass Spectrometry (ICP-

MS) (PE SCIEX ELAN-5000 spectrometer).
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4.2.3 Field study 2. Experimental plots with soil treatments (Chapter 3)

We analysed the main physicochemical properties (pH, EC, OC and CaCOs), according
to standard methods (MAPA, 1994), and PHE (Cu, Zn, As and Pb) content in all soil types
(unvegetated: UV-AA, vegetated: V-AA and unaffected: UA). Soil samples were sieved (2mm),
finely ground and digested in strong acids (HNOs:HF, 3:1) in a microwave oven XP1500Plus
(Mars®) to analyse the total concentrations (T) of PHEs. Then, water-soluble (S) and
bioavailable (B) fractions were extracted as described by Sposito et al. (1982) and Quevauviller
et al. (1998), respectively. In all cases, PHE concentrations in soil samples were measured by
inductively coupled plasma-mass spectrometry (ICP-MS) in a PE SCIEX ELAN-5000
spectrometer. The accuracy of the method was confirmed through the analysis of the Standard
Reference Material “CRMO025-050"; the average recoveries for Cu, Zn, As and Pb ranged
between 78% and 100% of the certified reference values, being inside either the Confidence

Interval (Cu, Zn and Pb) or the Prediction interval (As).

In this work, we apply the term "soluble" to the fraction of pollutants soluble in water,
or in other words, to the pollutant concentrations that are easily mobile (short-term) from the
soil to the plant or to groundwater through leaching. Similarly, we apply the term
"bioavailable" to refer to the fraction of pollutants extracted by EDTA and that could be
considered a potentially available fraction for plants (Beckett, 1989), as plants could absorb

them from the soil in the long-term evolution.

In order to compare the relative mobility and bioavailability of PHEs in the different
soils types (UA, UV-AA and V-AA) and treatments, bioavailability and solubility ratios were
calculated for each PHE as the relation between the bioavailable (or soluble) and total
concentration of each element. Higher values indicate that the solubility/bioavailability of the

element is higher in relation to total concentrations, posing a higher risk for the ecosystem.

5. Toxicity bioassay (Chapter 3)

In order to assess the effectiveness of the soil treatments in the in-situ experiment, a
toxicity bioassay was made using Lactuca sativa L. In Petri dishes containing 5 ml of 1:5
soil:water extract, 15 seeds of L. sativa were placed and incubated at 20 + 1 2 C during 120 h

following OECD (2003) and US EPA (1996) recommendations. Then, L. sativa germination and
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root elongation were measured. Results were expressed as root elongation in the sample in
relation to water controls; values obtained ranged from 0 to 100, where O indicates no
elongation (maximum toxicity) and 100 indicates same elongation (no toxicity) compared to
the control. Values above 100 indicate overstimulation of the elongation in relation to the

control (hormesis) and were considered as no toxic response (value 100).

6. Data analysis

6.1. Plants

6.1.1. Field study 1. Characterization of affected areas (Chapter 1)

A Principal Components Analysis (PCA) was made to assess relationships among
Potentially Harmful Elements (PHEs), and a non-metric multidimensional scaling (NMDS)
ordination diagrams were performed to determine the effects of PHE concentration in the
vegetation response. It was performed with a confidence level of 95% by the non-metric

multidimensional scaling (NMDS) with Rstudio 2015 (Rstudio Team, Boston, USA).

6.1 2. Greenhouse experiment (Chapter 2)

All statistical analyses were performed using R version 3.4.2 (R Core Team, 2017). We
assessed the effects of gypsum mining spoil (G) on plant emergence, survival and biomass
production by applying generalized linear models (GLMs), through the “stats” package (R Core
Team, 2017). Model suitability was assessed by graphical exploration of the residuals (Zuur et
al. 2010). After that, final models were fitted assuming gaussian distribution and identity-link
function for biomass production. For plant emergence and total survival, we fitted GLMs
assuming binomial distribution and logit-link function. To evaluate differences among
treatments on seedling survival rates over time, we used Cox proportional hazard models and,

I”

for data visualization, Kaplan-Meier curves (Bewick et al., 2004) using “survival” package v2.44-
1.1 (Therneau, 2015). Pairwise comparisons between soil treatments in terms of plant
emergence, survival and growth were performed with Tukey’s post-hoc tests using
“multcomp” package (Hothorn et al., 2008). Graphs and confidence intervals were obtained
with R “ggplot2” v3.1.1 (Wickham, 2016) and “sciplot” v1.1-1 (Morales, 2017). Mean values

and standard deviation were calculated by using ddply function (R “plyr” package, v1.8.4;

Wickham, 2011).
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6.1.3. Field study 2. Experimental plots with soil treatments (Chapter 4)

All statistical analyses were performed using R version 3.4.2 (R Core Team, 2017). We
applied Linear Mixed Models (LMMs) and Generalized Linear Mixed Models (GLMMs) by
means of “Ime4” package (Bates et al., 2015) to assess the effectiveness of soil treatments for
the following response variables: vegetation cover, plant species richness, plant diversity (H),
Effective Number of Species (ENS), PHE uptake by plants, PHE accumulation in shoots and
roots, Bioaccumulation Factor (BAF), Translocation Factor (TF) and quotient between PHE
uptake by affected and unaffected plants (Q). In the models we included soil treatment as
fixed factor, and residual areas, sampling period and species as random factors (in the case of
cover, variable for which we had spatial pseudoreplication, the “subplot” factor was also
included as random). GLMM models were fitted for species richness and ENS assuming poisson
and gamma distributions, with log- and inverse-link functions, respectively. Plant cover, H, PHE
uptake by plants, PHE accumulation in shoot and root, TF, BAF and Q were fitted with LMMs
assuming gaussian distribution and identity-link function; in this case, the logarithmical
transformation of variables (or arcsine square root transformation for percentages) was used
to meet normality assumption. Model suitability in each case was assessed by graphical
exploration of the residuals (Zuur et al. 2010). Then, pairwise comparisons between soil
treatments were performed for all the variables with Tukey’s post-hoc tests using “multcomp”

package (Hothorn et al., 2008).

We calculated the variance explained by LMM and GLMM models using
“r.squaredGLMM” function of “MuMIn” library (Barton 2016).

Graphs and confidence intervals were obtained with R “ggplot2” v3.1.1 (Wickham,
2016) and “sciplot” v1.1-1 (Morales, 2017). Mean values and standard deviation were

calculated by using ddply function (R “plyr” package, v1.8.4; Wickham, 2011).

6.2. Soils

6.2.1. Field study 1. Characterization of affected areas (Chapter 1)

IBM SPSS Statistics for Windows, v.20.0 (IBM Corp., Armonk, N.Y., USA) was used to
analyse the influence of soil properties on the selective extractions of PHE by performing

Spearman’s correlations. Mean comparisons were made by means of Kruscall-Wallis test
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(Theodorsson-Norheim, 1986), and significant differences were determined by Kruscall-Wallis

posthoc test (p < 0.05).

6.2.2. Greenhouse experiment (Chapter 2)

All statistical analyses were performed using R version 3.4.2 (R Core Team, 2017). We
assessed the effects of gypsum mining spoil (G) on soil properties and PHE immobilization by
applying generalized linear models (GLMs). To fit GLMs for total/soluble/bioavailable PHEs in
soils, soil pH and EC, the “stats” package was used (R Core Team, 2017). We also used GLMs to
evaluate the differences between the polluted and non-polluted soils. Model suitability was
assessed by graphical exploration of the residuals (Zuur et al. 2010). After that, final models
were fitted assuming gamma/gaussian distribution and inverse/identity-link function for soil
properties and PHE immobilization. Pairwise comparisons between soil treatments in terms of
soil properties and PHE immobilization were performed with Tukey’s post-hoc tests using
“multcomp” package (Hothorn et al., 2008). Graphs and confidence intervals were obtained
with R “ggplot2” v3.1.1 (Wickham, 2016) and “sciplot” v1.1-1 (Morales, 2017). Mean values
and standard deviation were calculated by using ddply function (R “plyr” package, v1.8.4;

Wickham, 2011).

6.2.3. Field study 2. Experimental plots with soil treatments (Chapter 3)

All statistical analyses were performed using R version 3.4.2 (R Core Team, 2017). By
means of “Ime4” package (Bates et al., 2015), we applied linear mixed models (LMMs) to
assess the effectiveness of soil treatments in terms of soil properties (pH, EC, CaCOs, OC), PHE
immobilization in soils, and Lactuca sativa germination and root elongation in toxicity tests.
We assumed gaussian error and identity-link function, and the logarithmical transformation of
variables (or arcsine square root transformation for proportions and percentages) was used for
CaCO0s, OC, germination, bioavailable and soluble fractions, and bioavailable and soluble ratios
to meet normality assumption. Soil treatment was included as fixed factor, and residual areas
and sampling period as random factors. To fit LMMs, “Ime4” package was used (Bates et al.,
2015). Then, model suitability was assessed by graphical exploration of the residuals (Zuur et
al. 2010), and pairwise comparisons between soil treatments (including unaffected (UA),
unvegetated (UV-AA) and vegetated (V-AA) affected soils) were performed for all the variables

with Tukey’s post-hoc tests using “multcomp” package (Hothorn et al., 2008).
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We calculated the variance explained by LMMs using “r.squaredGLMM” function of

“MuMiIn” library (Barton, 2016).

A non-metric multidimensional scaling (NMDS) ordination analysis was performed by
means of metaMDS function in the vegan package (Oksanen et al. 2013), in order to
investigate the influence of soil properties and solubility ratios on PHE toxicity over Lactuca

sativa (bioassays). The Bray-Curtis index was chosen as a dissimilarity measure between sites.

Graphs and confidence intervals were obtained with R “ggplot2” v3.1.1 (Wickham,
2016) and “sciplot” v1.1-1 (Morales, 2017). Mean values, standard errors and standard

deviations were calculated by using ddply function (R “plyr” package, v1.8.4; Wickham, 2011).
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ABSTRACT

The present work assesses the residual pollution in the Guadiamar Green Corridor (SW,
Spain) after a long-term aging process (18 years) since the accident of the Aznalcdllar pyrite
mine. We have focused on the study of Potentially Harmful Elements (PHEs) in soils, their
fractionation and the transference to the surrounding vegetation. The residual polluted areas
are characterized by scattered plots with absence of vegetation, presenting high concentrations
of PHEs, acidic pH and low organic carbon content. Surrounding these polluted plots, two
vegetation gradient belts are clearly identified by changes in plant cover and richness. The
inhibition of plant growth in the unvegetated soils is related to the highest mobility of soluble
and exchangeable Cu, Zn and Cd forms, which significantly decrease with the distance to the
polluted plots. Plant richness and cover show differences between belts, and PHE
bioaccumulation in plants also differs, with preferential accumulation in roots. Despite the low
bioavailability of As and Pb in soils, bioaccumulation factors in plants for these elements are
significantly higher in belt 1 in relation to belt 2. High Cu and Cd potential toxic concentrations
in aerial parts of vegetation are found, posing a risk for livestock and a potential entrance to the
food chain. On the other hand, Lamarckia aurea (L.) Moench (in beltl) and Trifolium campestre
Schreb. (in belt2) were the most dominant species in severely polluted soils. Elevated
concentrations of PHEs in the vegetation growing in the area indicate plant adaptation
mechanisms to live in these severely polluted soils, which can be used as a good bioindicator of

pollution in similar polluted areas.

Keywords: Soil pollution, Potentially Harmful Elements fractionation, bioaccumulation,

Lamarckia aurea, Trifolium campestre.
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1. INTRODUCTION

The capacity of Potentially Harmful Elements (PHEs) to degrade ecosystems, and their
significant toxicological risk for human health through the food-chain are widely known.
Otherwise, soil is an essential component of ecosystems, with a great capacity to cope with
pollution and, thus, to protect the other components, both abiotic (air and water) and biotic
ones (living organisms). There are many processes that influence toxicity in soils over time (Lock
and Jannsen, 2003); soil properties largely control the mobility, bioavailability and,
consequently, the potential toxicity of PHEs in the environment. Since total concentrations of
PHEs provide limited information in relation to their toxic effects, selective extractions are a
more suitable approach to assess the PHE fractionation in soils and, thus, their bioavailability for
living organisms (Quevauviller, 1998; Margui et al., 2007). Plants absorb PHEs from the soil in
their bioavailable forms or solubilize them with their root exudates. Some PHEs are essential for
plant growth and development, such as Cu and Zn, but when their concentrations surpass a
certain threshold, they become toxic for plants, as it happens with non-essential elements.
Hence, the potential PHE toxicity for plants primarily depends on phytoavailability. This strongly
relies on the uptake capacity of each plant species, and on PHE concentration and bioavailability
in soils (Liu et al., 2013), where soil physicochemical properties like pH, Eh, water regime, clay
content, SOM, CEC and nutrient balance are key factors in the control of PHE mobility (Kabata-
Pendias, 2011).

Plants can act as bioindicators of soils polluted with PHEs due to their capacity of
interacting with them. To cope with PHE toxicity, plants adopt different strategies, including
exclusion mechanisms and prevention of transfer to aerial parts, or accumulation in the above-
ground tissues (Raskin et al., 1994; Sarwar et al., 2017). Plants that concentrate PHEs above
normal values are called hyperaccumulators (Chaney, 1983). From a restoration point of view,
the ability to grow in highly polluted soils is interesting for phytomanaging soil pollution
(Moreno-Jiménez et al., 2009), since it is a cost-effective and environmentally friendly technique
to decrease environmental risk in soils affected by mine tailings (Parraga-Aguado et al., 2014).
The restoration of vegetation cover can stabilize and control the dispersion of pollutants
throughout the ecosystem, which can also avoid soil erosion (Madejon, P. et al., 2006). However,
accumulation of PHEs in excess on plant tissues can create an exposure pathway into the food-

chain (Mclaughlin, 1999; Christou et al., 2017).
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A remarkable example of the damage that this type of pollution can produce is the mine
spill occurred in 1998 in Aznalcéllar (SW Spain), where 45 x 10° m3 of acidic waters and toxic
tailings were spilled into the Agrio and Guadiamar rivers (Simén et al., 2001), finally affecting 45
km? of soils, mainly with agricultural use. However, the environmental impact was highly
minimized thanks to the high buffer capacity of soils (Aguilar et al., 2007; Simén et al., 2008) and
the rapid rehabilitation of the affected area. During the following three years after the accident,
an important rehabilitation program was implemented to recover the affected area, which
involved the removal of tailings and heavily polluted soils, the extensive application of organic
and inorganic amendments, and the general phytostabilization of the area (Aguilar et al., 2004;
Simon et al., 2008). The rehabilitation concluded with the affected area reconverted in a natural
protected area, the Guadiamar Green Corridor (CMA, 2003). Multiple monitoring studies have
been conducted on the affected area since then, deepening the knowledge about long-term PHE
pollution and the evolution of the remediation (Madejon et al., 2018). Eighteen years after the
accident, despite the aging process decreased pollutant concentrations and bioavailability in
soils, residual pollution is still found in the area (Martin Peinado et al., 2015), posing a toxic risk
to living organisms (Romero-Freire et al., 2016a; Garcia-Carmona et al., 2017). Residual pollution
is easily identified in soils by the total absence of vegetation; those areas are surrounded by soils
with a gradual change in plant cover and richness, which indicates an interaction between

pollutants and vegetation that should be monitored over time.

Unvegetated affected soils in Aznalcdllar are a synonym of severe pollution, posing a risk
for the safety of the surrounding ecosystem (Garcia-Carmona et al., 2017). More information is
needed on PHE mobility in long-term polluted soils and their influence in the soil-plant system.
In this study, we aimed at investigating the fractionation of the main potentially harmful
elements in highly polluted soils and the influence of soil properties, in order to determine PHE
phytoavailability and its effect on vegetation distribution. Therefore, physicochemical soil
properties and constituents, mobility and bioavailability of pollutants (Cu, Zn, Cd, As and Pb)
using selective extraction methods, and species richness and cover were measured in the area.
In addition, PHE bioaccumulation in plants was analysed in order to study their response against

highly polluted soils and, thus, to assess the potential environmental risk for the ecosystem.
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2. MATERIAL AND METHODS

2.1. Soil and vegetation samples

Soils with residual pollution were detected in previous works (Martin Peinado et al.,
2015) using satellite images from Google Earth for the identification and quantification of the
unvegetated soil surface. Soils without vegetation were concentrated in the first 18 km
downstream the tailing pond, representing about 7% of the total area affected by the spill. The
residual polluted areas were randomly distributed and had a highly variable size, with

unvegetated spots occupying from <1 to >200 m?.

Four residual polluted plots were selected and divided into three subareas according to
a soil recovery gradient in terms of vegetation presence. Soils were sampled from the
unvegetated soil parts (UV-AA) right in the centre, to the two surrounding belt subareas
characterized by a progressive vegetation appearance, an intermediate moderately re-
vegetated belt (B1) and an outer and more recovered belt (B2) (Figure 1.1). Three soil samples
were taken from the upper soil layer (0-10cm) per subarea and plot, each one composed of 5
soil sub-samples (centre and four corners from a square meter) and intensively homogenized to

provide a single sample for each plot.

Figure 1.1. Plot location in the Guadiamar Green Corridor on the left, and a detail of the different subareas
according to herbaceous species composition and abundance (UV-AA: unvegetated affected soils; B1: belt

1; B2: belt 2) on the right.
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Vegetation samples representing the whole community were collected in the two
vegetated belts for the four selected plots. A 50 x 50 cm?grid divided into 100 cells was used for

the study of plant cover and species richness.

2.2. Analytical methods

2.2.1. Soil analysis

Soil samples were air dried at room temperature and sieved at 2-mm. Soil texture was
determined by the Robinson pipette method (Soil Conservation Service, 1972); calcium
carbonate content by volumetric method (Barahona, 1984); soil pH was measured in water and
0.1 M KClin a ratio 1:2.5 with a 914 pH/Conductometer Metrohm; total organic carbon (OC) was
analysed by a LECO® TruSpec CN (St. Joseph, MI, USA) after acidly washing soil samples (HCI 1
mol/I for 24 h) to remove carbonates, following Ussiri and Lal (2008) method; soil:water extract
(1:5) was prepared to determine the electrical conductivity (EC) using a Eutech CON700
conductivity-meter; and cation exchange capacity (CEC) was determined according to the
methodology of the Soil Conservation Service (1972). Amorphous iron and manganese oxides
(Feo, Mn,) were extracted according to Schwertmann and Taylor (1977) procedure and

measured by atomic absorption spectroscopy (SpectrAA 220FS Varian).

Total concentrations of PHEs (Cu, Zn, Cd, As and Pb) were determined in soils by X-ray
fluorescence in a NITON XLt 792 analyser, with a 40 kV X-ray tube with Ag anode target excitation
source, and a Silicon PIN-diode with a Peltier cooled detector. The procedure followed the
manufacturer's instructions and the recommendations of the Method 6200 (US EPA, 1998). The
accuracy of the method, the analytical precision and the detection limits were evaluated

according to US EPA (2006) in Martin Peinado et al. (2010).

2.2.2. Potentially Harmful Element fractionation

Selective extractions were performed to assess the potential mobility and bioavailability
of potentially harmful elements in soils, determining from mobile or available fractions to
unavailable fractions. Soluble fraction (S) was extracted by distilled water from soil:water extract
1:5 according to Sposito et al. (1982). Exchangeable fraction (E) was obtained by 0.01M CaCl,
extraction according to Novozamsky et al. (1993). Bioavailable fraction (B) for plants was

extracted using 0.05M EDTA (pH 7) as described by Quevauviller et al. (1998). Fraction bounded
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to amorphous Fe/Mn oxides (O) was extracted by 0.1M oxalic acid-ammonium oxalate extract
(pH 3) as described by Schwertmann and Taylor (1997). Total concentrations (T) of main
pollutants (Cu, Zn, Cd, As and Pb) were additionally obtained by strong acid digestion (HNOs:HF,
3:1) in a microwave oven XP1500Plus (Mars®). The PHE content in all extracted fractions was
analysed by inductively coupled plasma-mass spectrometry (ICP-MS) in a PE SCIEX ELAN-5000A
spectrometer. The accuracy of the method, the analytical precision and the detection limits are

detailed in Romero-Freire et al. (2016b).

Residual fraction (R) was calculated as the difference between the total fraction (T) and
the fraction with the most effective extractant for each element. The oxalic acid- ammonium
oxalate reagent was generally the most effective for all the elements. According to Ure (1995),
this reagent can extract the fraction of the elements bound to oxides and secondary clay

minerals, and the organically bound, exchangeable and water- soluble forms.

2.2.3. Plant analysis

Collected plants were divided into aerial parts and roots to analyse them separately. The
different parts were washed with distilled water, dried (70 °C for 48 h), ground and digested in
a microwave XP1500Plus (Mars®) in HNOs:H,0; (1:1) (Sah and Miller, 1992). The concentration
of micro and macronutrients in plants (Fe, Mn, Ca, Mg, K, Na) were measured by atomic
absorption spectrometry (SpectrAA 220FS Varian), and potential pollutants (Cu, Zn, Cd, As and
Pb) by ICP-MS in a PE SCIEX ELAN-5000A spectrometer.

The bioaccumulation factor (BAF) for the uptake of Potentially Harmful Elements (PHEs)
by vegetation was calculated through dividing concentrations in plants (mg kg dry weight) by
PHE bioavailable concentrations (extracted by EDTA) in the tested soils (mg kg™ dry soil) (Wang
et al., 2006; Kidd et al., 2007). PHE concentrations extracted by EDTA were selected for BAF
calculation, as this fraction represents PHE bioavailable forms for plants (Margui et al., 2007;

Parra et al., 2014).

Richness and plant cover were also estimated. Richness was calculated as the number
of species found per grid, and species cover as the percentage of the total surface covered by a
given specie. The 50 x 50 cm? grid was randomly placed and replicated three times per sampling

site.
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2.3. Data analysis

Non-parametric Kruscall-Wallis test for the analysis of mean comparison was chosen
due to sample size (Theodorsson-Norheim, 1986). Significant differences were determined by
Kruscall-Wallis post-hoc test (p < 0.05). In order to analyse the influence of soil properties on the
selective extractions of Potentially Harmful Elements (PHEs), Spearman’s correlations were
performed. A Principal Components Analysis (PCA) was made to assess relationships among
PHEs, and a non-metric multidimensional scaling (NMDS) ordination diagram was performed to
determine the effects of PHE concentrations in vegetation response. All these analyses were
performed with a confidence level of 95% by using IBM SPSS Statistics for Windows, v.20.0 (IBM
Corp., Armonk, N.Y., USA), and the non-metric multidimensional scaling (NMDS) with Rstudio
2015 (Rstudio Team, Boston, USA).

3. RESULTS AND DISCUSSION

3.1. Soil properties

Soil properties analysed in unvegetated soils (UV-AA) and in the surrounding vegetated
areas (B1 and B2) showed significant differences in most parameters (Table 1.1). Unvegetated
soils were extremely acidic (pH<4), showed high EC (>2.3 dS m™in a 1:5 soil:water extract) and
an elevated content in total iron (Fer). These conditions, along with the high presence of
Potentially Harmful Elements (PHEs), are a consequence of the continued pollution process
characterized by the oxidation of the remaining tailings in soils, which were left after a rapid and
deficient first extensive clean-up operation that mixed the tailings with the soil in depth (Simdn
et al., 2008). Strong acidity, high EC and low OC have a severe impact in the mobility of PHEs
(Ivezi¢ et al., 2012; Rodriguez-Vila et al., 2017), being these parameters directly related to seed
emergence inhibition in UV-AA. In contrast, this situation was different in the subareas
surrounding the unvegetated soils (B1 and B2), where pH rose from 4.5 in B1 to 6.7 in B2, and
CaCOs progressively increased. Calcium carbonate was intensely applied in the affected soils
during rehabilitation actions, what enhanced soil pH and enabled the re-establishment of
vegetation (Aguilar et al., 2004). The EC significantly decreased in belt areas (B1 and B2) in
relation to unvegetated soils (UV-AA), also promoting favourable conditions for the

establishment of vegetation. The presence of vegetation over time produced a significant
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increase of CEC and OC in both belt areas (B1 and B2) in relation to the unvegetated soils (UV-
AA).

Table 1.1. Main soil properties in the subareas: unvegetated soils (UV-AA), beltl (B1) and belt2 (B2). EC:
electrical conductivity; OC: organic carbon content; CaCOs: calcium carbonate content; CEC: cation
exchange capacity; V: base saturation percentage; Fer/Mnr: total concentration of Fe and Mn; Feo/Mno:
amorphous concentration of Fe and Mn. Lowercase letters represent significant differences among areas

(Kruscall Wallis test p<0.05).

UV-AA B1 B2
mean sd mean sd mean sd
Clay (%) 24.23 4.98 19.6 6.66 22.89 5.03
Coarse silt (%) 13.37b 2.00 13.00b 0.32 11.19a 0.78
Fine silt (%) 17.47 1.28 16.13 3.25 18.95 2.82
Sand (%) 44.94 6.46 51.28 9.63 46.97 7.74
Gravel (%) 3.97 1.77 341 1.21 4.67 2.21
pH (H:0) 3.32a 0.28 4.51b 0.40 6.71c 1.16
pH (kc)) 3.40a 0.27 4.19b 0.35 6.33c 0.87
EC (dS m) 2.37b 0.41 0.84a 0.83 0.39a 0.13
CaCoOs (%) 0.68a 0.05 0.67a 0.09 1.39%b 0.67
OC (%) 0.79a 0.15 2.01b 0.70 2.42b 0.28
Ca?* (cmol. kg1) 6.33a 1.6 7.53a 1.61 11.01b 0.60
Mg?* (cmol. kg™ 2.08b 0.61 0.84a 0.68 0.62a 0.07
K* (cmol. kg™?) 0.03 0.01 0.04 0.01 0.04 0.01
Na* (cmol. kg™ 0.07a 0.02 0.11ab 0.02 0.12b 0.02
CEC (cmol. kg% 8.99a 0.46 10.55b 0.94 11.79b 0.62
V (%) 94.45ab 11.10 80.75a 13.32 100.00b 0.00
Fer (mgkg) 40802b 1935 33242a 4801 30818a 2814
Feo (mgkg?) 5641b 747 3812a 954 4393ab 653
Mnr (mg kgl) 387.3a 34.6 365.3a 33.8 740.9b 53.9
Mno (mg kg™) 181.1a 53.7 190.8a 46.4 574.9b 90.9
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3.2. Potentially Harmful Elements in soils

The total concentrations of Potentially Harmful Elements (PHEs) measured in these
residual polluted plots were compared with the background values reported by Simén et al,,
(1999) for the soils in the area that remained unaffected by the mine spill. In all cases, the
concentration of PHEs studied exceeded the background values, with maximum values
exceeding 19- and 10-fold in the case of As and Pb, respectively, and 3-, 2- and 2.5-fold in the
case of Cu, Zn and Cd, respectively. Furthermore, As and Pb concentrations exceeded the
established levels (36 and 275 mg kg™, respectively) used for declaring a soil as polluted by the

Regional Government in Andalusia (Spain) (BOE, 2015).

Changes in soil PHE solubility over time within the affected area as a result of the
influence of soil properties were previously reported (Martin Peinado et al., 2015; Romero-
Freire et al., 2016a). The application of different amendments, including organic matter, iron-
rich clayey materials and sugar-refinery scum (rich in calcium carbonate) modified the properties
of treated soils, promoting changes in PHE mobility. To assess the current mobility and
bioavailability of PHEs in the affected soils and, hence, the influence on vegetation distribution,
soil PHE fractionations were carried out. PHE fractions were analysed from mobile or available
forms, what involves soluble in water, exchangeable and bioavailable forms; to immobile or
unavailable fractions, what involves those bounded to amorphous Fe/Mn oxides and the

residual fraction.

Statistically significant differences (p<0.05) were found among subareas for the different
extracted fractions depending on the specific PHE mobility (Table 1.2). Previous studies in the
area (Kraus and Wiegand, 2006; Simén et al., 2008) determined high mobility with strong
leaching in depth under acidic conditions for Zn, Cd, and to a lesser extent, for Cu; while low
mobility was detected for Pb and As, with significant accumulation in the uppermost part of the
soil. In our results, the highest values measured were generally concentrated in UV-AA subareas,
especially for soluble and exchangeable forms in the case of Cu, Zn and Cd, and bounded to
Fe/Mn oxides forms for Cu and As, while B2 subareas showed the lowest values for PHE mobile
forms, except for Pb extracted with EDTA, and bounded to Fe/Mn oxides. According to soil
properties, the mobility of Cu, Zn and Cd was mainly negatively related to pH and OC content
and positively to EC for soluble and exchangeable fractions, while no significant correlation with

any soil properties was found for As and Pb mobile forms (Spearman analysis, Appendix 1.1).
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Soluble and exchangeable Cu fractions decreased significantly in B2 from UV-AA
subareas, 74- and 54-fold, respectively. According to our findings, the reduction of Cu mobility
was related to the presence of OC and to the rise in pH. Both properties have been reported as
highly significant in Cu retention (Kabata-Pendias, 2011); while acidic conditions with pH below
5.5 enhance Cu mobility in soils (Martinez and Motto, 2000). Copper bounded to Fe/Mn oxides
reached the highest percentage extracted in relation to total concentrations in all areas (ranged
between 68.04-61.65%), followed by Cu extracted by EDTA (33.18-47.13%), although without
statistical differences among subareas. Copper associated with organic matter could be
extracted by EDTA (Kidd et al., 2007), even from organic complexes characterized by their low
bioavailability (Violante et al., 2010). According to our results, the main soil components related
to Cu retention are iron oxides and organic matter, being even more important than clay

minerals (McLaren et al., 1981).

Table 1.2. PHE concentrations (mg kg dry soil) for the different soil fractions among subareas:
unvegetated soils (UV-AA), beltl (B1) and belt2 (B2) (R: residual fraction; O: bounded to amorphous
Fe/Mn oxides fraction; B: bioavailable fraction; E: exchangeable fraction; S: soluble fraction; T: total
concentration). Lowercase letters represent significant differences among areas (Kruscall Wallis test

P<0.05). <LOD: below detection limit.

UV-AA B1 B2
mean sd mean sd mean sd
Cur 96.60b 12.71 95.58b 20.17 | 68.20a 7.70
Cus 0.74b 0.79 0.03a 0.02 0.01a 0.00
Cue 9.41c 9.92 0.93b 0.64 0.18a 0.05
< Cug 37.01 12.74 31.72 7.53 32.14 2.72
Cuo 65.73b 18.69 58.92ab  13.99 | 42.12a 5.44
Cug 30.86ab 6.25 36.64b 7.88 26.09a 4.54
Zny 242.33 57.06 277.73 37.66 | 317.80 76.03
Zns 6.77b 4.19 1.47a 1.63 0.07a 0.04
Zng 70.42c 52.41 23.66b 7.65 1.52a 2.79
& Zng 89.10 48.37 56.22 8.41 43.09 15.78
Zno 97.78 54.29 59.52 16.46 75.49 24.52
Zng 142.75a  26.05 193.48b 22.80 | 242.31b  52.15
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Cdr 0.86 0.34 0.80 0.09 0.87 0.32
Cds 0.03 0.02 0.01 0.01 <LOD -
Cde 0.34b 0.21 0.15b 0.04 0.02a 0.03
< Cds 0.54 0.25 0.45 0.04 0.57 0.22
Cdo 0.81 1.28 0.24 0.06 0.47 0.58
Cdr <LOD - 0.37 0.06 0.06 0.56
Ast 278.08b  58.03 222.05b  50.55 | 106.98a  30.90
Ass <LOD - <LOD - 0.01 0.00
Ase 0.08 0.10 0.02 0.02 0.03 0.02
As Asg 2.15 1.99 0.87 0.40 1.37 0.95
Aso 88.20b 27.11 59.52ab  16.46 36.56a 13.41
Asg 189.89b  36.65 162.54b  38.07 | 70.45a 17.86
Pbr 345.13b  80.68 | 256.58ab 64.27 | 171.23a  26.07
Pbs <LOD - 0.01 0.01 0.01 0.01
Pbe 0.02 0.03 0.01 0.01 0.01 0.00
Pb Pbs 0.61a 0.09 2.48b 1.99 18.91c 6.97
Pbo 5.54a 1.44 6.89ab 4.18 16.07b 5.72
Pbg 339.57b  79.54 249.67b  65.86 | 154.11a 31.86

A similar behaviour was found in Zn fractionation. Soluble and exchangeable Zn
concentrations were significantly higher in UV-AA, while decreased in the adjacent belts (100-
and 46-fold lower, B1 and B2, respectively). The residual fraction was the most abundant form
in revegetated areas (69.67% in B1 and 76.25% in B2), and also in unvegetated soils (58.91% of
the total concentration). pH is the most important parameter for determining Zn mobility, which
is very relevant at acidic conditions (Lock and Janssen, 2003; Romero-Freire et al., 2016b). In
addition, organic matter is a natural sink of Zn in soils that easily absorbs this element (Kumpiene
et al., 2008). The correlation between Zn and these two parameters (Appendix 1.1) was shown
for both revegetated areas (B1 and B2), where the increase in pH and OC content promoted Zn

retention in soils.

Similarly to Cu and Zn, soluble and exchangeable Cd fractions showed a strong reduction
from UV-AA to B2 (76-fold for soluble Cd and 18-fold for exchangeable). Cd extracted by EDTA
was high in all subareas (61.91% in UV-AA, 55.67% in B1 and 64.79% in B2), being the

predominating fraction in both vegetated belts in relation to the total concentration, whereas
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Cd bounded to Fe/Mn oxides was the most abundant fraction in UV-AA, reaching 93.16%,
indicating that Cd in unvegetated soils could be retained in different forms from those that
appear in soils with vegetation. Hence, Cd showed higher bioavailability in the vegetated soils
(B1 and B2) than in unvegetated soils compared to the other elements, with a very low
percentage of residual fraction, especially in B2. Soluble and exchangeable forms were
controlled by pH, confirming that Cd is very mobile under acidic conditions even after a long-
term ageing process; similar results were also showed by Clemente et al. (2008) for soils related
to metallurgical activity. Moreover, Kirkham (2006) indicated that pH was the most important
factor controlling Cd bioavailability for plants. Along with pH, OC is highly related to the
reduction of Cd mobility in soils (Bur et al., 2010; Kabata-Pendias et al., 2011); in our study area,
OC was significantly correlated with the retention of soluble and exchangeable Cd in the
subareas with a significant increase in organic carbon (B1 and B2) compared to the unvegetated

soils (UV-AA) (Appendix 1.1).

Arsenic presented a very low mobility in relation to total concentrations in all cases (less
than 2% for mobile fractions, and even less than 0.03% for soluble As); meanwhile, the residual
fraction predominated in all areas (68.29% in UV-AA, 73.20% in B1 and 65.85% in B2), followed
by the fraction bounded to Fe/Mn oxides (ranging between 26.80-34.17% of total
concentrations of As). Arsenic bounded to Fe/Mn oxide was mainly related to amorphous oxides
forms (Appendix 1.1); the retention of As by soil oxides, corroborated by many authors (Manaka,
2006; Acosta et al., 2015), is due to the anionic behaviour of As, what promotes its binding to
soil Fe/Mn oxides. The presence of poorly crystalline forms of iron oxides was previously
reported in these soils (Aguilar et al., 2007) and provides the main sorption sites for As; along
with aging, these crystalline forms can co-precipitate with As, finally immobilizing this pollutant

in the solid phase (Suda and Makino, 2016).

The residual fraction of Pb predominated in all subareas too (ranging from 98.39% in
UV-AA to 90.01% in B2), whereas the percentage of soluble and exchangeable forms were
negligible (<0.01% of total concentrations in all cases), suggesting low availability for plants. Lead
is a very immobile element in soils, being clay minerals, pH and organic matter, the most
important factors determining Pb fixation (Kabata-Pendias, 2011; Romero-Freire et al., 2015).
Generally, Pb reaches high accumulation in the uppermost part of soils, mainly due to Pb
sorption by OM, forming stable complexes and, thus, reducing phytotoxicity at low soil pH

(Udom et al., 2004). However, in our study, Pb extracted by EDTA and bounded to Fe/Mn
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amorphous oxides showed a significant increase in B2, from 0.18% and 1.16% of total
concentrations in UV-AA to 11.04% and 9.38% in B2, respectively. This could be related to the
increase of CaCOs content in B2, where Pb could be forming co-precipitates with Fe easily
extracted by EDTA and oxalic acid-ammonium oxalate reagents. Simén et al. (2005) reported
that Pb co-precipitates with Fe, coating the surface of the calcium carbonate used as an
amendment of these soils; moreover, their findings showed that the quantity of Pb precipitated
decreased at pH>6.5, increasing its bioavailability. Therefore, the addition of calcium carbonate
is a suitable remediation technique to raise pH in polluted soils, but monitoring studies are

strongly recommended after every remediation program to prevent future mobilizations.

3.3. Relationship between PHEs and vegetation

3.3.1. Vegetation distribution

A total of 27 species were identified within the studied area. Species richness showed
significant differences among subareas, nearly twice higherin B2 thanin B1, both values far from
those in UV-AA (Figure 1.2). Total cover showed a similar pattern, reaching the highest values in
B1 and B2 (95.75% - 100%, respectively) and the lowest in UV-AA (4%). Therefore, cover and
richness were significantly higher in all cases for the surrounding belts and drastically low in UV-

AA.

Richness TotalCover
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Figure 1.2. Vegetation richness and total cover per subarea (unvegetated -UV-AA- and vegetated subareas
-B1 and B2-). Lowercase letters represent significant differences among subareas (Kruscall Wallis test

P<0.05).

To assess the distribution of the different species among the three subareas, an NMDS

analysis was performed (R?=0.98) (Figure 1.3). The graphic, in which line length represents the
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abundance of species, showed an inverse relationship between pollutants and richness.
Whereas in UV-AA rarely appeared a species (only Lamarckia aurea (L.) Moench and Spergularia
rubra (L.) J. Presl & C. Presl, both with 4% cover), the two vegetated belts concentrated most of
the species, although there were significant differences in terms of species distribution between

them.

Important differences were found among subareas regarding the percentage of cover
per specie. In UV-AA, only L. aurea and S. rubra were found with a low cover. In B1, L. aurea was
dominant (80%) and appeared associated with other species such as Anthemis arvensis (L.),
Hypochaeris glabra (L.), S. rubra and Vulpia membrandcea (L.) Dumort. In contrast, in B2, the
dominant species was Trifolium campestre Schreb., with more than 70% cover, together with
Leontodon longirostris (Finch & P.D. Sell) Talavera, Avena sterilis (L.), Chrysanthemum
coronarium (L.) or Anagallis arvensis (L.). Therefore, the dominant species were different in each
belt and, thus, their distribution. Consequently, L. aurea (dominant species in B1), rarely

appeared in B2 and was replaced by T. campestre as dominant species.
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Figure 1.3. NMDS analysis representing plant species distribution among subareas. Unvegetated soils (UV-

AA): black circles, beltl (B1): red triangles, and belt2 (B2): green cross. Species (in blue): agr_te = Agrostis

tenerrima; ana_ar = Anagallis arvensis; ant_ar = Anthemis arvensis; ave_ste = Avena sterilis; bra_oxy
Brassica oxyrrhina; cal_tri = Calendula tripterocarpa; cer_dic = Cerastium dichotomum; chr_cor =

Chrysanthemum coronarium; col_myc = Coleostephus myconis; ero_aet = Erodium aethiopicum; eup_exi
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= Euphorbia exigua; gal_tom = Galactites tomentosa; hyp_gla = Hypochaeris glabra; sta_arv = Stachys
arvensis; lac_sp = Lactuca sp.; lam_aur = Lamarckia aurea; leo_lon = Leontodon longirostris; ni = No
identified; pla_cor = Plantago coronopus; sen_sp = Senecio lividus; sil_mar = Silybum marianum; spe_rub
= Spergularia rubra; tri_cam = Trifolium campestre; tri_sp = Trifolium sp.; pse_min = Pseudorlaya

minuscula; vic_das = Vicia dasycarpa; vul_mem = Vulpia membranacea.

L. aurea showed the highest tolerance to PHE toxicity, even more than other species
also tolerant to this kind of pollution in B1. According to Madejon, E. et al. (2006), L. aurea can
accumulate high quantities of Cu, Pb and Zn (the latter one with concentrations over phytotoxic
levels) without affecting their nutrient absorption capacity. S. rubra, the other species that
accompanies L. aurea, is also able to cope with high levels of PHEs beyond normal values
(Hernandez and Pastor, 2008). On the other hand, T. campestre also showed a good ability to
cope with elevated levels of this kind of pollution in B2, results that fit with those of Bidar et al.
(2007), who reported that this species could grow in soils highly polluted with Cd, Pb and Zn, by
accumulating them in roots. Consequently, both L. aurea and T. campestre were the species best
adapted to this kind of soil pollution; moreover, the high PHE concentrations in vegetation
indicates that these plants may have developed adaptation mechanisms that allow them to live
under these stressful conditions. Hence, an in-depth study about the bioaccumulation capacity
of these species per subareas could help identify potential species for the phytoremediation of

both the study area and other similar polluted areas.

3.3.2. PHE bioaccumulation

Differences in PHE accumulation in plants were found between roots and aerial parts
and between belts in some cases (Appendix 1.2). In B1, roots contained significantly more Cu
and Zn than aerial parts, and in B2, roots accumulated significantly more Cu and As than aerial
parts. In the rest of cases, there were no significant differences between parts, although roots
tended to accumulate more PHEs in both subareas. Comparing between belts, vegetation in B1
accumulated significantly more As and Pb than vegetation in B2, despite Pb bioavailable fraction
in B2 soils was higher than in B1 (Table 1.2). In this sense, an antagonistic influence was
identified between Ca-Mg and As-Pb (PCA analysis, Appendix 1.3); a higher presence of Ca in B2
could be related to the decrease in As and Pb bioaccumulation in roots. The protective action of
calcium in vegetation against the presence of As has been previously reported in these soils by
Madején, E. et al. (2006). Other studies have reported a reduction in Pb toxicity due to the

presence of Ca, blocking Pb transport into roots and, therefore, Pb toxicity (Kim et al., 2002).
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The bioaccumulation factor (BAF) using EDTA extraction of soils was calculated to
evaluate the transfer of PHEs into plants (Table 1.3). Since total concentrations have been
commonly used to predict PHE transfer from soil to plant without considering the bioavailability
of PHEs in soils, several authors highly recommend the EDTA extraction to predict this potential
for bioaccumulation (Wang et al., 2006). In most cases, BAF values were above 1, indicating
accumulation in plants, preferentially in roots despite the high variability of values. Cu BAF was
significantly higher in roots than in aerial parts, with values above 1 in both B1 and B2 subareas,
indicating high transfer of Cu from soil to plants; according to Kabata-Pendias (2011), Cu is easily
absorbed by plant’s roots due to its high solubility in soils, although this element usually shows
low mobility inside the plant, being strongly retained in roots (Ali et al., 2002). Despite no
differences were shown for Zn between roots and aerial parts, high values of BAF indicated high
transference of Zn into plants, also due to its high solubility in soils (Kabata-Pendias, 2011). BAF
values for As and Cd in roots and aerial parts revealed the transfer of these two elements from
soils to plants; furthermore, in B2, As and Cd BAF were also significantly higher in roots than in
aerial parts. Due to the high solubility of Cd in soils (Kabata-Pendias, 2011), plants easily
absorbed it, and seemed to tolerate relatively high concentrations of this element (Chan and
Hale, 2004). Arsenic and Lead belong to the group of potentially harmful elements that are
hardly translocated to aerial parts even once absorbed by plants; nevertheless, our findings
suggest the opposite. Our results showed transfer and accumulation of As in roots; moreover,
comparing our results with the findings reported by Del Rio et al. (2002), translocation into aerial
parts exits and seems to have been maintained over time. As well, the increase of Pb extracted
by EDTA in the vegetated areas, especially in B2 soils, resulted in higher transfer into plants, with
translocation from roots to aerial parts. In this sense, Kabas et al. (2012) reported the influence
of organic matter in increasing the accumulation of Pb in vegetation through the formation of

soluble organic ligands related to root exudates, what would increase the uptake of PHEs.
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Table 1.3. Bioaccumulation Factor (BAF) calculated for PHEs dividing concentrations in plants (mg kg™ dry
weight) by concentration extracted by EDTA (mg kg dry soil), for the different belts (B1 and B2) and
different part of the plants (root and aerial). Lowercase letters represent significant differences between
part of the plants (Kruscall Wallis test p<0.05). Capital letters represent significant differences between

belts (Kruscall Wallis test p<0.05).

B1 B2
Root Aerial Root Aerial
mean sd mean sd mean sd mean sd
CuBAF 2.34b 0.71 0.71a 0.22 1.85b 0.16 0.54a 0.10
ZnBAF 4.45 0.85 3.32 0.55 4.93 1.61 2.60 0.26

AsBAF 31.49B  15.57 10.93 11.37 8.20Ab 4.82 1.12a 0.67
CdBAF 4.79 1.97 2.86 1.24 3.40b 1.72 1.50a 0.97
PbBAF 33.25B  30.55 17.4678B 17.37 1.43A 1.17 0.65A 0.22

Comparing between belts, only As and Pb BAF showed significant differences; higher
BAF was observed in plant’s roots from B1 for As and Pb, also for aerial parts in B1 for Pb. Despite
their usually low mobility in soils, corroborated by the limited percentage of As and Pb extracted
by EDTA, both elements reached the highest bioaccumulation factor of all PHEs, with
significantly higher transfer from soil to plant in B1 than in B2. Therefore, both elements could

have a greater influence on the differences in vegetation distribution between B1 and B2 soils.

PHE bioaccumulation values in the aerial parts of our plants exceeded the normal values
reported by Chaney (1983); therefore, the plants growing in these polluted soils would have
certain degree of tolerance. Furthermore, the concentrations of Cu and As in the aerial parts in
B1, and the concentration of Zn in B1 and B2 were in the phytotoxic range defined by Kabata-
Pendias (2011); it was also the case of Fe, with concentrations in plants far exceeding the
maximum value reported (1000 mg kg), maybe with toxicity implication for vegetation. Chaney
(1983) established the maximum dietary levels of PHEs tolerated by domestic livestock (cattle,
sheep, swine and chicken). According to these results, Cu in the aerial parts of our plants
exceeded the maximum levels chronically tolerated by sheep (25 mg kg?) in B1, and by all types
of livestock in the case of Cd (limit value 0.5 mg kg?) in both subareas. That let us conclude there
is a potential risk of pollutant transference through the food-chain, being necessary to take

action and control polluted soils in the area to safeguard the ecosystem and human health.
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4. CONCLUSIONS

Eighteen years after the Aznalcéllar mine spill and the implementation of the
rehabilitation program, residual pollution is still found in the area. As a consequence of the high
content of Potentially Harmful Elements (PHEs), unvegetated soil patches are surrounded by
soils with two different vegetation gradients depending on the level of soil pollution. These soils

pose a high risk of pollution dispersion towards the most recovered areas.

The lack of vegetation was influenced by the most mobile elements, Cu, Zn and Cd,
which reached the highest mobility in the unvegetated soils. The surrounding vegetated belts
registered a significant decrease in PHE concentration and mobilization due to the change in soil
conditions, especially the increase of pH and organic matter content. Regarding PHE
bioaccumulation in plants, PHEs were preferentially accumulated in roots, especially in the case
of As and Pb, for which the bioaccumulation factor was significantly higher in plant’s roots than
in aerial parts, and in Belt 1 compared to Belt 2, even if As and Pb bioavailability in B1 soils was
lower. Hence, As and Pb could be possibly conditioning the different distribution of vegetation

in belts.

Vegetation is a good indicator of soil pollution. In our study, richness and plant cover
changed according to soil pollution patterns. Furthermore, many species can tolerate high
concentrations of potentially harmful elements in soils through different strategies, like
exclusion or accumulation. Lamarckia aurea and Trifolium campestre have demonstrated the
highest capacity to cope with severe soil pollution. However, the PHEs bioaccumulated in plants
can result in a risk for the ecosystem and living organisms through the food-chain. In this sense,
high concentrations of Cu and Cd measured in aerial parts pose a risk to livestock. A continuous
monitoring of PHEs in soils and their transfer to wild vegetation is necessary to ensure ecosystem
safety in the area; moreover, assisted natural remediation is required to control bioavailability

and toxicity of pollutants, especially in the unvegetated soils.
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APPENDICES

Appendix 1.1. Spearman correlation coefficients of soil properties and PHE fractions (O:
bounded to amorphous Fe/Mn oxides fraction; B: bioavailable fraction; E: exchangeable
fraction; S: soluble fraction; T: total concentration). EC: electrical conductivity; OC: organic
carbon content; CEC: cation exchange capacity; Feo,: amorphous concentration of Fe. *Significant

correlation p<0.05. ** Significant correlation p<0.01

Clay pPHu20 EC ocC CEC Fe,
Cur -0.687*
Cus -0.825**  0.853**  -0.811** -0.923**
Cue -0.876**  0.837**  -0.725**  -0.844**
Cus
Cuo -0.734%** 0.622*
Znt 0.601*
Zns -0.846**  0.874**  -0.657*  -0.755**
Zne -0.923**  0.755**  -0.818** -0.776**
Zng -0.671*
Zno
Cdr
Cds -0.928**  0.848**  -0.736** -0.816**
Cde -0.930**  0.713**  -0.727**  -0.734**
Cds
Cdo
Ast -0.713** 0.601* -0.664* -0.692*
Ass
Ase 0.636*
Asg
Aso -0.720** 0.671* -0.615* -0.587* 0.762**
Pbr -0.727** 0.636* -0.601* -0.608* 0.699*
Pbs
Pbe
Pbs 0.846**  -0.741** 0.888**  0.888**
Pbo 0.623* -0.648* 0.694* 0.729**
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Appendix 1.2. Trace element bioaccumulation (mg kg dry weight) for the different belts (B1

and B2) and different part of the plants (root and aerial). Lowercase letters represent significant

differences between part of the plants (Kruscall-Wallis test P<0.05). Capital letters represent

significant differences between belts (Kruscall-Wallis test P<0.05).

B1 B2
Root Aerial Root Aerial
mean sd mean sd mean sd mean sd
FeBA 5679.22A 1799.76 3188.76 1231.09| 3583.46B 1351.79 2903.05  860.26
MnBA 362.65 44.82  545.7B  133.55 | 287.18 182.65  155.10A 82.44
CaBA 2784.87A 1937.72 5517.11A 1097.03 |6064.78Ba 1297.37 10805.05Bb 1012.70
MgBA 1199.90A 108.79 1881.68b 325.84 | 1744.42B 376.27  2189.69  221.54
NaBA 2308.33 626.17 3552.11 1247.96| 3180.98 60588  3294.84 1818.35
KBA 1967.76 2135.11 306.43A 76.75 | 156.79a  24.87 484.79Bb  83.96
CuBA 72.35b 23.58  22.56a 9.79 59.53b 9.06 17.33a 2.15
ZnBA 244.85b  20.17 183.71a 21.08 219.69  124.44 112.96 48.09
AsBA 23.128B 8.85 7.96 7.78 9.49Ab 4.43 1.49a 1.46
CdBA 2.14 0.94 1.26 0.55 2.19 1.84 0.98 1.03
PbBA 38.08B 11.65 19.02 6.89 21.04A 7.69 11.28 3.44
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Appendix 1.3. Principal component analysis (PCA) after Varimax normalization method including

trace element bioaccumulation.

Component
1 2 3

FeBA 0.879
MnBA 0.706
CaBA  -0.811
MgBA  -0.630
NaBA 0.785

KBA 0.735
CuBA 0.804
ZnBA 0.881
AsBA 0.967
CdBA 0.966
PbBA 0.940

Acc. Var

46.95  66.77  81.43
(%)
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Chapter 2

ABSTRACT

Soil pollution is a major problem worldwide and its restoration one of the biggest
challenges of our society. In normal conditions, soils act as a buffer, filtering and immobilizing
pollutants. However, some anthropogenic activities, such as mining, may exceed soil capacity,
causing relevant health and ecosystem hazards. In this vein, the use of mineral amendments
can help reduce soil pollution. Gypsum mining spoil (G) is a waste material produced in large
guantities in gypsum mining industry, which can be very useful in the remediation of polluted
soils. In this study, we carried out an ex-situ experiment to assess the capacity of G to both
reduce the availability of potentially harmful elements (PHEs) in soils and promote seed
emergence and plant performance. Soils affected by residual pollution after the Aznalcéllar
mine spill were collected for this study, treated with G in different proportions, and sown with
seeds of two non-genetically related species. Seed emergence and biomass production were
monitored, and PHE content in soils and plants were analysed by Inductively Coupled Plasma-
Mass Spectrometry (ICP-MS). Results showed a strong and direct relation among G addition to
polluted soils, reduction of PHE availability and plant emergence, biomass production and
reduction of PHE uptake by plants. The most effective treatment of was the addition of 50% G,
highlighting the promising results of G as soil amendment and the need to assess the effective

dose of this material to be used in the remediation of polluted soils and vegetation recovery.

Keywords: Soil pollution; inorganic amendment; Cynodon dactylon; Medicago sativa
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1. INTRODUCTION

Soils provide crucial environmental functions and services, being their productivity the
most essential service for human survival and development (Kabata-Pendias and Pendias,
2000). Centuries of anthropogenic activities have resulted in the accumulation of pollutants in
soils (Rodriguez-Eugenio et al., 2018). Hence, pollution is one of the main concerns affecting
soils globally (FAO and ITPS, 2015; Paya-Pérez et al., 2018; Rodriguez-Eugenio et al., 2018).
Among all chemical pollutants, Potentially Harmful Elements (PHEs), which include heavy
metals and metalloids, are of major concern since they can persist in soils for a long period of
time (Pilon-Smith, 2005) and produce negative cumulative effects on organisms. Consequently,
they represent the main source of global environmental pollution with noxious implications for
human health (Muyessar and Linsheng, 2016). PHEs are naturally present in soils, and some of
them are essential micronutrients for plants, however, when concentrations exceed a specific
threshold, they may cause toxicity (DalCorso et al., 2014; Higueras et al., 2016). For instance,
high concentrations of PHEs can affect plant nutrition and fitness by displacing other essential
nutrients, what may cause deficiencies limiting plant performance (DalCorso et al., 2014;
Kabata-Pendias, 2011). Otherwise, some plants can stabilize PHEs in soils (phytostabilizers) or
accumulate high concentrations of PHEs in their tissues (hyperaccumulators). However, PHEs
accumulated in plants may become accessible for the subsequent links of the food chain,
posing a significant hazard for the environment and living organism (Hooda, 2010; Nworie et

al., 2019).

Remediation of soil pollution is essential to restore soil functions (Martin-Peinado et
al., 2015). This usually entails the implementation of long-term strategies focused on the
application of organic and/or inorganic amendments to reduce the mobility of pollutants
(Hooda, 2010). Henceforth, detailed studies should be conducted to assess the interaction of
PHEs with the amendment and the potential change in the behaviour of pollutants after the

modification of the soil environment (Garcia-Carmona et al., 2017).

Gypsum has been used as a soil fertilizer since its relatively low solubility makes it a
long-lasting source of calcium (Shainberg et al., 1989; Toma et al., 1999). Moreover, gypsum
can amend certain degraded soils such as acidified, salinized (with excessive sodium) or

aluminium-polluted soils (Chen and Dick, 2011; Franzen et al., 2006), and some authors have

-95-



Chapter 2

tested the capacity of gypsum and other gypsum-like byproducts to bind heavy metals, such as

Cu, Zn and Pb (Garrido et al., 2005; lllera et al., 2004; Sherene, 2010).

In 2018, gypsum world production reached 160 million tons (U.S. Geological Survey,
2019). Consequently, large quantities of gypsum mining spoil are annually produced and
accumulated in mining sites, resulting in both storage and environmental problems (Al-Farajat,
2009; Ballesteros et al., 2017). Reusing and recycling gypsum waste is lately seen as a suitable
management solution (Ahmed et al., 2011; Chandara et al., 2009) that perfectly fits the zero-
waste strategy (Greyson, 2007). Gypsum mining spoil contains a high proportion of gypsum
(50-70%), moderately high amounts of calcium carbonate (> 20%), and a mixture of fine (clay)
and coarse (gravel) particles, which gives it a good potential to be used as an amendment in

polluted soils.

The aim of this study is to assess the changes in soil properties by the use of gypsum
mining spoil, to test the effectiveness in reducing PHE mobility and availability in soils, and to

evaluate the influence of this amendment in enhancing plant performance.

2. MATERIALS AND METHODS

2.1. Experimental design

Soil samples were collected at the closest sector to the Aznalcdllar mine (Seville, SW
Spain) in the Guadiamar Green Corridor (GGC, CMA 2003), area affected by the mine toxic spill
since 1998 and where numerous restoration activities had been implemented (Madejon et al.,
2018). Nevertheless, there are still residual polluted areas characterized by high
concentrations of PHEs (mainly As, Pb, Zn, Cd, Cu, and Sb) and by the absence of vegetation
(Martin-Peinado et al., 2015), the so-called “unvegetated affected area” hereafter (UV-AA). For
this experiment, we selected five residual plots at the closest to the mine and most polluted
area, after being measured in-situ with a NITON XLT 792 field portable X-Ray fluorescence
analyser. Soil samples were collected from the uppermost 10 cm and intensely homogenized
into just one composite soil sample (Co). We also collected five samples of natural soils (Nat) in
the surrounding unaffected area to be used as background values. As soil amendment, we

used gypsum mining spoil (G) provided by Knauf-GmbH and extracted at a gypsum quarry in
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Escuzar (Granada, SE Spain). Both the soil and amendment samples were sieved through 4

mm.

The experimental design was based on the addition of G to Cp in three different
proportions (treatments): 10% G (T1), 20% G (T2), and 50% G (T3). Afterwards, we prepared 32
replicates per treatment (pot size= 6 cm x 5.6 cm x 8 cm), plus 32 control replicates (C= 0% G)
with non-treated polluted soil (Co). We sowed seeds of alfalfa (Medicago sativa L.) in each pot
(Figure 2.1), and the same experimental design was prepared for Bermuda grass (Cynodon
dactylon (L.) Pers.). M. sativa and C. dactylon are two non-genetically related and native
species present in the affected area, which are tolerant to PHEs and frequently used in

pollution and phytoremediation studies (Madejon et al., 2002; Flores-Céaceres, 2013).

Finally, the 256 pots prepared (32 replicates x 4 treatments x 2 species) were randomly
placed in a greenhouse equipped with an irrigation programmer, a nebulization system (30 I/h
irrigation flow) and a temperature control sensor. The experiment lasted 82 days for M. sativa

and 67 days for C. dactylon, and pots were watered five minutes daily.

Figure 2.1. On the left, layout of experimental pots in the greenhouse. On the right, one pot with seeds
of Medicago sativa. Treatments: C, non-treated soil (100% Co); T1, 90% Co + 10% G; T2, 80% Co + 20% G;

T3, 50% Co + 50% G. Co: polluted soil. G: Gypsum mining spoil.
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During the experiment, plant emergence and survival were monitored three times per
week. At the end of the experiment all plants were collected, divided into shoots and roots,
washed with distilled water, and dried in an oven (Memmert oven, Model 100-800) at 70°C for
48 h. After stabilization at room temperature, we weighed biomass in a precision scale (GRAM
PRECISION STA-310 S, £0.001 g). We also collected 5 soil samples per treatment (Cr, T1s, T25,

and T3¢) and species.

2.2. PHE analyses in plants and soils

Plant samples were ground by means of a conventional mill. Due to the generalized
low biomass produced, just one composite sample was prepared per treatment and species in
most cases. Finally, they were digested with an acidic solution (HNO3:H,0,, 1:1) in a microwave
XP1500Plus (Mars®) (Sah and Miller, 1992) in order to measure PHE content in plant by
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) (PE SCIEX ELAN-5000 spectrometer).

Soil samples were prepared (air-dried, sieved -2mm mesh- and finely ground with a soil
mill, Retsch MM 400) to analyse their chemical properties (MAPA, 1994) and main PHEs (Cu,
Zn, Cd, Sb, As and Pb). Total concentrations (T) were obtained through microwave-assisted
(XP1500Plus, Mars®) acid digestion (HNOs:HF, 3:1), water-soluble fraction (S) was extracted by
distilled water from soil:water extract 1:5 according to Sposito et al. (1982), and bioavailable
fraction (B) was extracted using 0.05 M EDTA (pH 7) as described by Quevauviller et al. (1998).
PHEs were measured in all the extracted forms by Inductively Coupled Plasma-Mass

Spectrometry (ICP-MS) (PE SCIEX ELAN-5000 spectrometer).

2.3. Data analysis

All statistical analyses were performed using R version 3.4.2 (R Core Team, 2017). We
assessed the effects of gypsum mining spoil (G) on soil properties, PHE immobilization in soils,
and on plant emergence, survival, and biomass production by applying generalized linear
models (GLMs). To fit GLMs for seed emergence, plant survival and biomass,
total/soluble/bioavailable PHEs in soils, soil pH and EC, the “stats” package was used (R Core
Team, 2017). Model suitability was assessed by graphical exploration of the residuals (Zuur et
al. 2010). After that, final models were fitted assuming gamma/gaussian distribution and
inverse/identity-link function for soil properties, PHE immobilization in soils and biomass

production. For plant emergence and total survival, we fitted GLMs assuming binomial
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distribution and logit-link function. We also used GLMs to evaluate the differences between
the polluted and non-polluted soils. To evaluate differences among treatments on seedling
survival rates over time, we used Cox proportional hazard models and, for data visualization,
Kaplan-Meier curves (Bewick et al., 2004) using “survival” package v2.44-1.1 (Therneau, 2015).
Pairwise comparisons between soil treatments in terms of soil properties, PHE immobilization
in soils, and plant emergence, survival and growth were performed with Tukey’s post-hoc tests
using “multcomp” package (Hothorn et al.,, 2008). Graphs and confidence intervals were
obtained with R “ggplot2” v3.1.1 (Wickham, 2016) and “sciplot” v1.1-1 (Morales, 2017). Mean
values and standard deviation were calculated by using ddply function (R “plyr” package,

v1.8.4; Wickham, 2011).

3. RESULTS

3.1. Plant performance and PHE uptake

3.1.1. Seed emergence

Our results show that in the polluted non-treated soils (C), seed emergence was totally
inhibited, whereas it was promoted by the addition of gypsum mining spoil (G) at any
proportion (T1, T2, T3), both for Medicago sativa (84 % in T1, 88 % in T2, and 100% in T3) and
Cynodon dactylon (78 % in T1, 94 % in T2, and 100 % in T3), with no significant differences

among treatments (Figure 2.2).
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Figure 2.2. Percentage (mean) of plant emergence in experimental soils. Treatments: C, non-treated soil
(100% Co); T1, 90% Co + 10% G; T2, 80% Co + 20% G; T3, 50% Co + 50% G. Co: polluted soil. G: Gypsum
mining spoil. Different letters in the upper part of the figure indicate significant differences (p<0.05) for

the post-hoc Tukey tests performed after the GLMs.

3.1.2. Survival and biomass production

M. sativa showed the highest survival rate in T3 treated soils (97 %), followed by T2 (64
%) and T1 (30 %), with statistically significant differences among all of them (Figure 2.3). On
the other hand, C. dactylon registered high survival rates (above 90%) in all treated soils, with
no statistically significant differences in any case (Figure 2.3). Results extracted from Kaplan-
Meier survival curves and Cox proportional hazard models showed that plant survival across
the experiment was rather stable for M. sativa in T3 and for C. dactylon in any treatment,
while plant survival for M. sativa in T1 and T2 experienced a sharp decrease within the first 25

days and then got stabilized (Figure 2.3).
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Figure 2.3. Kaplan-Meier survival curves representing plant survival rates along the experiment (in days)
per treatment and species. The experiment lasted 82 days for Medicago sativa (on the left) and 67 days
for Cynodon dactylon (on the right). Treatments: T1: 90% Co + 10% G; T2: 80% Co + 20% G; T3: 50% Co +
50% G. Co: polluted soil. G: Gypsum mining spoil. Different letters represent statistically significant

differences between treatments (p< 0.05).

The most effective treatments for biomass production (all components analyzed:
shoot, root, and total biomass) were T2 and T3 for C. dactylon (no significant differences
between them), and T3 for M. sativa (Figure 2.4). Seed emergence and growth only occurred
in treated soils, and biomass production for M. sativa (any treatment) and C. dactylon in T1

was rather low in terms of shoot, root and total biomass (Figure 2.4).
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Figure 2.4. Shoot, root, and plant biomass (meanSD in g) per treatment and species (Medicago sativa
on the left and Cynodon dactylon on the right). Treatments: T1, 90% Co + 10% G; T2, 80% Co + 20% G; T3,
50% Co + 50% G. Co: polluted soil. G: Gypsum mining spoil. Different letters represent statistically
significant differences (p<0.05) for the post-hoc Tukey tests performed after the GLMs.
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3.1.3. PHE uptake

As none of the seeds sown in the polluted non-treated soils (C) emerged, there was no
PHE record for plant tissues in this case. The low biomass obtained for M. sativa in all treated
soils (T1, T2 and T3) and for C. dactylon in T1 soils, compelled us to prepare only 1 mixed
sample in these cases for chemical analyses; therefore, the concentrations are included as a
single guiding value (Appendix 2.1). In our experiment, both species presented the lowest
accumulation of PHEs (Appendix 2.1) in T3, followed by T2. Moreover, both species retained a
great part of PHEs in their roots (Appendix 2.2). C. dactylon accumulated more than 80% of
total Cu, Sb, As and Pb in roots in all the treated soils (similar values). M. sativa also registered
the highest accumulation of those elements (and Cd) in roots, especially in T3 (less than 30% of
PHEs were accumulated in shoots). Both M. sativa and C. dactylon accumulated Zn (and Cd in

the case of C. dactylon) in similar quantities in roots and shoots.

3.2. Soil properties and PHE content

The natural soils (Nat) collected in the unaffected area showed nearly neutral pH
values (6.4 + 0.4), low EC (0.09 + 0.04 dS m) and low concentrations of PHEs (Appendix 2.3).
The polluted soils (Co) collected for the experiment at the selected residual areas had a strong
acidic pH (3.5 + 0.1), high EC (2.76 = 0.01 dS m?) and significantly higher total PHEs
(Appendices 2.3 and 2.4) than Nat (with values more than 10 times higher in the case of As).
Gypsum mining spoil (G) had nearly neutral pH values (7.5 + 0.2), high EC (2.90 + 0.04 dS m?)
and negligible quantities of PHEs in all their forms (Appendices 2.3 and 2.4), except for soluble

Sb, which was significantly higher than in Nat and Co.

At the end of our experiment, non-treated soil samples (C;, 0% G) still presented a
strong acidic pH (3.8 + 0.1) and high EC (2.24 + 0.02 dS m™). In treated soils, the acidic pH was
partially corrected in T1¢ (10% G) and T2¢ (20% G) (5.6 £ 0.2 and 6.4 + 0.01, respectively) and
neutralized (6.8 + 0.1) in T3¢ (50% G). In terms of electrical conductivity (EC), the addition of G
at any dose did not have a significant impact on salinity (EC > 2 dS m?), and the same
happened for the cation exchange capacity (CEC, Appendix 2.5), which was even reduced
(from 9.6 + 1.0 cmol kgt in Co, to 7.5 + 0.6 cmol kg! in T35). Total calcium significantly rose with
increasing doses of G, and the same happened for total sulphur, both being main components

of gypsum mining spoil (Appendix 2.5).
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With regard to PHEs, comparing initial non-treated soils (Co) with final non-treated
soils (Cy) (after having watered Cp daily for 12 weeks and where no plant emergence occurred),
the main PHEs lixiviated (leaching >50% of total Zn and Cd, and < 25% of total Cu, Sb and As),
with the exception of Pb. As a result, when compared to Co, total PHEs (Table 2.1) and their
soluble (Table 2.2) fractions were significantly reduced in all the treated soils, especially in T3y,
except total Pb that was only reduced in T3¢, and soluble Sb that decreased in T1ls but
significantly increased in T2¢ and T3¢. On the other hand, the bioavailable fractions (Table 2.3)
of Zn, Cd and As were reduced by G at any dose, especially in T3¢; nevertheless, bioavailable Cu

was only reduced in T3y, and bioavailable Sb and Pb only in T1s.
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Table 2.1. Mean values (#SD) of total content (mg kg?) of PHEs (Cu, Zn, Cd, Sb, As and Pb) present in
non-treated soil samples before (Co) and after the experiment (Cs) and in treated soil samples at the end
of the experiment (Cs, T1s, T2f, T3s). Letter “T” before PHEs refers to total content. Treatments: C, non-
treated soil (100% Co); T1, 90% Co + 10% G; T2, 80% Co + 20% G; T3, 50% Co + 50% G. Co: polluted soil. G:
Gypsum mining spoil. NGR (regional thresholds to declare potentially polluted soils for agricultural use in
Andalusia, BOE 2015). Nat: Reference levels of total PHEs for unaffected soils within the Guadiamar
Green Corridor). N: number of samples. Different letters (columns) represent statistically significant

differences (p < 0.05) for the post-hoc Tukey tests performed after the GLMs. ! <LOD = Under limit of

detection.
Total PHEs in soil samples (Cynodon dactylon)
Sample N TCu TZn TCd TSb TAs TPb
Nat 5 50.29+ 81.08+ <LOD <LOD 17.35+ 46.69+
22.25 12.99 7.63 31.31
NGR 5 595 10000 25 90 36 275
103.50+ 220.20% 0.77+ 68.37+ 198.53+ 240.14+
Co > 4.25¢ 11.45¢c 0.03d 456 ¢ 11.57 ¢ 17.71ab
88.92+ 69.80+ 0.21t 67.24+ 155.36+ 264.49+
C > 3.55b 9.34a 0.04 a 5.10 bc 11.54 b 14.65b
1 5 93.78% 150.50+ 0.47+ 65.69+ 160.05+ 264.31+
477 b 11.90b 0.04 bc 3.62 bc 10.70b 15.59b
T2 5 88.96+ 152.77+ 0.49+ 61.12+ 149.45+ 253.38%
443b 3.12b 0.02 ¢ 1.75b 6.97b 8.73 ab
T3 5 77.65% 136.18+ 0.42+ 53.37¢ 125.13+ 227.19+
7.06a 13.05b 0.04b 4.62a 14.31a 28.41a
Total PHEs in soil samples (Medicago sativa)
Sample N TCu TZn TCd TSb TAs TPb
Nat 5 50.29+ 81.08+ <LOD * <LOD * 17.35+ 46.69+
22.25 12.99 7.63 31.31
NGR 5 595 10000 25 90 36 275
103.50+ 220.20+ 0.77% 68.37t 198.53+ 240.14+
Co > 425b  1145¢  0.03c 456c  1157c¢  17.71b
¢ 5 97.42+ 99.82+ 0.39+ 63.65* 194.02+ 242.82+
11.36b 10.04 a 0.14a 7.02 bc 18.68 bc 45.87 b
1 5 100.29+ 225.60% 0.73% 61.32+ 185.53+ 230.98%
6.46 b 16.75¢ 0.03 ¢ 5.35 bc 11.05 bc 16.19b
2 5 90.21+ 220.88+ 0.68% 55.77+ 169.18+ 208.39+
6.27 b 14.88 ¢ 0.06 bc 2.84b 9.69b 11.82b
T3, 5 72.24+ 179.41+ 0.54+ 42.59+ 132.35+% 159.84+

11.38a 32.05b 0.11b 7.99 a 25.65 a 31.64a
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Table 2.2. Mean values (+SD) of soluble PHEs (Cu, Zn, Cd, Sb, As and Pb) (mg kg?) in non-treated soil
samples before (Co) and after (Cr) the experiment and in treated soil samples (T1f, T2f, T3) at the end of
the experiment. Letter “S” before PHEs refers to soluble fraction. Treatments: C, non-treated soil (100%
Co); T1, 90% Co + 10% G; T2, 80% Co + 20% G; T3, 50% Co + 50% G. Co: polluted soil. G: Gypsum mining
spoil. N: number of samples. Different letters (columns) represent statistically significant differences (p <

0.05) for the post hoc Tukey tests performed after the GLMs.

Soluble PHEs in soil samples (Cynodon dactylon)

Sample N SCu SZn scd SSb SAs SPb
C 123.72+ 185.81+ 0.540+ 0.06x 0.12+ 0.0400+
0 7.12b 16.84 ¢ 0.040 e 0.01b 0.01c 0.0100 b
C 5 3.38+ 16.17+ 0.140+% 0.02+ 0.05% 0.0026+
f 2.48b 9.31c 0.100d 0.00 a 0.01ab 0.0043 a
T 5 0.16% 0.12+ 0.009+ 0.10+ 0.04+ 0.0001+
f 0.01a 0.05b 0.003 ¢ 0.01c 0.00 a 0.0001 a
. 5 0.15+ 0.06+ 0.004+ 0.16+ 0.06+ 0.0003%
f 0.02a 0.01a 0.000 b 0.01d 0.00 b 0.0004 a
3 5 0.11+ 0.05+ 0.002+ 0.16+ 0.06+ 0.0004+
! 0.02 a 0.03 a 0.001 a 0.02d 0.01b 0.0006 a
Soluble PHEs in soil samples (Medicago sativa)
Sample N SCu SZn SCd SSh SAs SPb

C 5 123.72+ 185.81+ 0.540% 0.06% 0.12+ 0.0400+
0 7.12c 16.84d 0.040 ¢ 0.01b 0.01c 0.0100 b
C 5 2.44+ 8.34+ 0.080+ 0.02+ 0.05+ 0.0024+
f 1.41b 342¢c 0.020b 0.00a 0.01b 0.0016 a
T 5 0.13+ 0.33+ 0.013+ 0.08+ 0.03+ 0.0028+
f 0.02a 0.15b 0.003 a 0.02b 0.00a 0.0010a
T 5 0.15+ 0.08+ 0.004+ 0.17+ 0.05+ 0.0024+
f 0.01a 0.01a 0.001 a 0.01c 0.00 b 0.0028 a
0.11+ 0.06+ 0.002+ 0.17+ 0.05+ 0.0002+

T3¢ 5

0.03 a 0.02 a 0.000 a 0.01c 0.01b 0.0001 a
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Table 2.3. Mean values (+SD) of bioavailable PHEs (Cu, Zn, Cd, Sb, As and Pb) (mg kg’l) in non-treated
soil samples before (Co) and after (Cr) the experiment and in treated soil samples at the end of the
experiment (T1s, T2, T3s). Letter “B” before PHEs refers to bioavailable fraction. Treatments: C, non-
treated soil (100% Co); T1, 90% Co + 10% G; T2, 80% Co + 20% G; T3, 50% Co + 50% G. Co: polluted soil. G:
Gypsum mining spoil. N: number of samples. Different letters (columns) represent statistically significant

differences (p < 0.05) for the post hoc Tukey tests performed after the GLMs.

Bioavailable PHEs in soil samples (Cynodon dactylon)

Sample N BCu BZn BCd BSb BAs BPb
C 5 40.06+ 166.87+ 0.62+ 0.54+ 3.90+ 0.55+
0 1.36b 4.69e 0.02c 0.06 b 0.18d 0.05a
C 5 34,92+ 12.57+ 0.17+ 0.54+ 1.47+ 0.46+
! 3.75ab 3.71a 0.05a 0.21b 0.18 bc 0.08 a
T 5 35.83+ 73.34+ 0.51% 0.17+ 1.29+ 0.39%
f 3.36ab 13.74d 0.05b 0.05a 0.18b 0.12a
™ 5 37.33% 45.92+ 0.51% 0.45% 1.75+ 0.55%
! 6.06 b 8.33¢c 0.07b 0.09b 0.32¢c 0.16a
13 5 28.72+ 31.25% 0.42+ 0.51+ 0.68+ 0.47+
' 5.65a 5.80 b 0.06 b 0.08 b 0.14a 0.02a

Bioavailable PHEs in soil samples (Medicago sativa)

Sample N BCu BZn BCd BSh BAs BPb

C 5 40.06% 166.87+ 0.62% 0.54+ 3.90+ 0.55+
0 1.36b 4.69c 0.02¢c 0.06 b 0.18 ¢ 0.05 bc
C 5 35.84+ 17.18+ 0.22+ 0.39+ 1.50+ 0.43%
f 3.48b 10.46 a 0.12a 0.05b 0.33b 0.06 ab
1 5 37.32% 55.69+ 0.53+ 0.23+ 1.50+ 0.40+
f 3.32b 5.93b 0.04c 0.04a 0.33b 0.05a
™ 5 40.13+ 57.71% 0.58+ 0.49+ 1.99+ 0.64+
f 0.71b 6.53b 0.02¢ 0.01b 0.11b 0.19¢
22.49+ 25.22+ 0.35+ 0.42+ 0.63+ 0.54+

T3¢ 5

6.38 a 7.52 a 0.09 b 0.15b 0.12 a 0.07 bc
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The ratio between soluble and total PHEs (Appendix 2.6) decreased with the addition
of G for Cu, Zn, Cd and Pb, especially in T3, and for As, especially in T1z. On the contrary, this
ratio for Sb progressively increased in T2¢ and T3¢, and was maintained in T1:. Finally, the ratio
between bioavailable and total PHEs (Appendix 2.7) was reduced in T3¢ for Cu (M. sativa), in
T2¢and T3¢ for Zn, in all treatments for As, and only in T1¢ for Sb. For Cd and Pb, it depended on
the species and no clear results were registered in this regard, observing an increase of the
ratio for Pb in the soils where M. sativa grew and an increase for Cd in the soils with C.

dactylon.

4. DISCUSSION

4.1. Plant performance and PHE uptake

4.1.1. Seed emergence

In this ex-situ experiment, none of the species could emerge in the polluted non-
treated soils (C) as a result of the strong surface crust, the acidic pH, and the high
concentration of salts and PHEs, resulting in a lack of available essential nutrients. In fact,
Delgado-Caballero et al. (2017) found that low pH together with high concentrations of Cd, Pb
and Zn could have increased the solubility and toxicity of these elements, inhibiting seed
germination (Undersander et al., 2011; Tiller and Merry, 1981). In this context, gypsum mining

spoil had a crucial role to reinitiate plant colonization, which had been arrested for 20 years.

Thus, after having amended polluted soils with gypsum mining spoil at any proportion,
high emergence rates were observed for both model species (Medicago sativa and Cynodon
dactylon). This could be mainly due to the improvement of soil properties, including pH
increase (with values above 4), what would have promoted the reduction of PHE toxicity by
decreasing their bioavailability, being of particular importance the reduction of As, Cd, and Pb
bioavailable fractions (Kabata-Pendias, 2011; Delgado-Caballero et al.,, 2017). Seed
germination and emergence are the very first and crucial stages in plant cycle (Fenner &
Thompson, 2005); however, after emergence, survival and growth must be monitored to

evaluate the effectiveness of this amendment.
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4.1.2. Survival and growth

In our experiment, gypsum mining spoil proved to favour plant survival and growth.
Madejon et al. (2006) also saw that the application of inorganic amendments to polluted soils
enabled seedling growth under similar conditions. Moreover, both survival and growth were
higher in the treatments with a greater proportion of gypsum mining spoil. In fact, plant
survival decreased (sharply in the case of M. sativa) where a low proportion of amendment
was applied. Similarly, seedling growth was low for both species in the treatment with the
lowest dose of gypsum mining spoil. These could have been due to the excessive concentration
of PHEs accumulated in plant tissues, causing not only a limited growth but also plant death
(Chibuike and Obiora, 2014; Kabata-Pendias, 2011). In this sense, these negative effects could
have been especially important in the case of arsenic, which was accumulated at phytotoxic
levels (Kabata-Pendias, 2011) and whose deleterious effects have been previously reported

(Madejon et al. 2002; Kabata-Pendias, 2011; Kumpiene et al., 2019).

The differential survival of the two model species highlights the importance of using

tolerant species to remediate heavily polluted soils (Nirola et al. 2016).

4.1.3. PHE uptake

According to our results, the addition of gypsum mining spoil (calcium-rich
amendment, Ballesteros et al. 2018) limited PHE uptake, especially at the highest dose of
amendment, probably due to the protective action of calcium (Carbonell et al., 1998). As
calcium is one of the main antagonistic elements against some PHE sorption and metabolism
(i.e. Pb), its presence in the soil solution enhances the selectivity in the uptake of metabolic
important elements against unwanted ones (Kabata-Pendias, 2011). Moreover, sulphur may
have also reduced the availability of some PHEs such as arsenic (Kabata-Pendias, 2011). Being
the incorporation of PHEs to the food web and their biomagnification a great environmental
concern, these protective effects offered by the amendment are of paramount relevance (Gall

et al. 2015).

After PHE uptake, both species retained a great part of PHEs in their roots. C. dactylon
accumulated most Cu, Sb, As and Pb in their roots at any dose of gypsum mining spoil,
suggesting this species could act as phytostabilizer (Abou-Shanab et al., 2007; Sekabira et al.,

2011). M. sativa mostly accumulated Cu, Cd, Sb, As and Pb in its roots, especially in the soils
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with the highest dose of amendment, indicating that this species could be dose-dependent.
Nevertheless, the addition of gypsum mining spoil was less effective in immobilizing Zn in roots
for both species (and Cd too for C. dactylon), making this element more bioavailable for
herbivores. Hence, our results suggest that gypsum mining spoil addition, reduces PHE uptake
and retains them mainly in plant roots, reducing the potential risk for the ecosystem (Freitas et

al., 2004; Kumpiene et al., 2019).

4.2. Soil properties and PHE content

The polluted soils of this experiment are characterized by a strong acidic pH, salinity
and high concentrations of PHEs. The addition of gypsum mining spoil increased pH towards
neutrality, but no change was observed on EC values, probably because gypsum solubility may

have resulted in more available salts (Casas-Castro and Casas-Barba, 1999).

The addition of gypsum mining spoil, especially at its highest dose, produced a dilution
effect of total PHEs. Nevertheless, total concentrations of Cu, Cd and Zn in treated soils were
still substantially higher than the background concentrations in the surrounding unaffected
soils (Nat). Otherwise, total concentrations of As far exceeded the regional threshold for
agricultural soils (NGR, BOE 2015) (36 mg kg!), and the concentrations of Sb and Pb were still
too close (Sb=90 and Pb=275 mg kg).

Leaching was very significant for the most mobile elements (Zn and Cd) in non-treated
soils when comparing initial and final (at the end of the experiment) values of PHEs, posing a
high environmental risk (Page et al., 2014). On the contrary, the addition of gypsum mining
spoil promoted PHE immobilization in soil. Soluble and bioavailable forms of Cu, Zn and Cd
were reduced with the addition of the amendment due to pH rise (Hooda, 2010; Kabata-
Pendias, 2011). Moreover, the presence of gypsum mining spoil could have promoted the
formation of Al-hydroxy polymers in the polluted soil, immobilizing them (Garrido et al., 2005).
As well, Ca and S seem to have significantly reduced Zn solubility (Kabata-Pendias, 2011).
Soluble As did not increased along with pH as it could be expected (Hooda, 2010), but
decreased with the lowest dose of gypsum mining spoil. Moreover, bioavailable As decreased
in all treated soils, especially with the highest dose, probably because arsenate toxicity
diminished as a result of its adsorption by iron hydroxysulphates (O'Neill, 1995). Therefore,
gypsum mining spoil proved its effectiveness in reducing the toxicity of Cu, Zn, Cd and As. On

the contrary, its effect on Sb and Pb was controversial. Bioavailable Sb only descended with
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the lowest dose of the amendment and soluble Sb increased with the addition of higher doses.
This fact could have been promoted by both the presence of organic matter (Nakamaru and
Martin-Peinado, 2017) as a result of seed emergence and growth, and by a significant addition
of soluble Sb present in the amendment. Lead bioavailable fraction did not present any change
in most of the amended soils. Nevertheless, according to Pb bioavailability ratio, Pb
bioavailability increased in the treatments with higher doses of gypsum mining spoil. However,
Pb solubility was reduced with any dose of the amendment; in this sense, it has been reported
that calcium ions could reduce Pb bioavailability by direct competence (Li et al., 2014), that
sulphate ions could promote the precipitation of Pb as anglesite (PbSO,4) (Rehman et al., 2017),
and that the formation of Al-hydroxy polymers could promote Pb sorption (Garrido et al.,

2003).

According to our results, the potential toxicity of some PHEs seem to depend on the
dose of gypsum mining spoil; consequently, the right dose should be carefully studied,
especially where complex mixtures of PHEs are present (Clemente et al., 2012; Madejon et al.,

2018; Simon et al., 2010).

4.3. Applicability

PHE fixation is considered among the most effective treatments for a wide range of
polluted soils (Vangronsveld and Cunningham, 1998), since chemical immobilization prevents
the transport of pollutants into deeper soil layers and groundwater (Querol et al 2006). In this
sense, considering our result, gypsum mining spoil could be a promising amendment material

for the remediation of PHE-polluted soils.

Compared to other inorganic amendments frequently used in remediation of soils
polluted with PHEs such as lime (Clemente et al., 2003, 2006; Madején et al., 2006b; Pérez-de-
Mora et al., 2006), Wallace and Wallace (1995) observed that gypsum was more effective in
improving acid soils, especially because gypsum can reach the subsoil where lime cannot
penetrate. On top of that, and contrary to organic amendments (McGrath et al.,, 1995),

gypsum mining spoil has negligible quantities of PHEs and no pathogens.

The combination of gypsum mining spoil with organic amendments could improve its
potential in soil remediation. In this sense, Alvarenga et al. (2008) showed that organo-mineral

amendments could decreased Cu, Pb, and Zn mobile fractions in mining soils, and Jiménez-
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Moraza et al. (2006) observed the immobilization of Zn and Cd after the application of sugar-

beet lime.

Gypsum is a mineral in global demand (Herrero et al., 2013), and its extraction through
mining produces great amounts of gypsum mining spoil (Ballesteros et al. 2018). Hence, the
use of this waste as amendment would help to overcome this environmental issue. The costs
associated to the use and management of gypsum mining spoil are usually low, and as no
further processing is required, the expenses of this waste material are mainly related to its
transport, what should be reflected in reduced market prices in comparison to other gypsum
derived products such as phosphogypsum (Campbell et al., 2006). In this vein, further studies
should be conducted on the applicability of this material, including the economic viability of its

commercialisation as amendment for environmental and agricultural applications.

5. CONCLUSIONS

The presence of gypsum mining spoil (G) at any dose, and especially at 50%, enhanced
seed emergence, biomass production (growth) and survival rates in our model species. This is
directly related to the reduction of soil acidity, soil crust formation and of the availability of

Potentially Harmful Elements (PHEs).

In comparison to other soil amendments, the use of G would bring the following
benefits: i) Its relatively low solubility rates make it a great source of calcium over time; ii) It
has negligible quantities of PHEs and no pathogens described; iii) It does not need to be

processed prior to its application, reducing time and costs.

The next step would be to test the effectiveness of G in the field and assess its effects
on a wider range of native plant species. As well, further studies should be conducted in order
to enhance the potential of G as amendment of polluted soils. In this vein, it would be
interesting to test a new mixed amendment containing G and an organic matter-rich

amendment (i.e. olive mill waste compost, vermicompost, manure, etc.).

In summary, our findings suggest that G could be used as an effective amendment,
when applied in the right dose, to recover soils polluted with PHEs and their associated

vegetation. Moreover, the use of G as soil amendment, will simultaneously help mitigate two
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urgent environmental issues: (i) the sustainable management of mining waste material; and (ii)

the effective remediation of degraded soils polluted with PHEs.
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Chapter 2

APPENDICES

Appendix 2.1. Mean values (+SD where applicable) of PHEs (Cu, Zn, Cd, Sb, As and Pb)
accumulated in plants (Cynodon dactylon on top and Medicago sativa at the bottom). Soil
treatments: T1, 90% Co + 10% G; T2, 80% Co + 20% G; T3, 50% Co + 50% G. Co: polluted soil. G:

Gypsum mining spoil. N: number of composite mixed samples.

PHEs in Cynodon dactylon’s samples per soil treatment

Soil treatments .
Normal levels | Phytotoxic levels

PHE - (mg .kg'l dry (mg_kg'ldry
(N=1) T2 (N=3) T3 (N=4) foliage) ® foliage) ®

Cu 100.01 94.09 + 14.05 62.08 £+11.94 5-30 20-100

Zn 262.18 214.63 £32.96 189.52 +4.95 27-150 100-400

Cd 1.99 1.83+0.38 1.80+0.25 0.05-0.2 5-30

Sb 5.49 5.56 £0.70 4.56 +0.32 7-50" 150°

As 113.62 99.57 +£17.27 69.94 +31.08 1-1.7 5-20

Pb 181.3 167.78 £+ 31.37 93.81+27.04 5-10° 30-300"

PHEs in Medicago sativa’s samples per soil treatment

Soil treatments
Normal levels | Phytotoxic levels

PHE 1 (mg.kg’ldry (mg.kg'ldry
(N=1) T2 (N=1) T3 (N=1) foliage) @ foliage) 2

Cu 136.83 84.87 79.93 5-30 20-100

Zn 518.8 258.7 223.76 27-150 100-400

Cd 8.26 3.33 3.11 0.05-0.2 5-30

Sb 22.65 13.53 6.12 7-50" 150°

As 114.93 71.38 47.52 1-1.7 5-20

Pb 200.65 118.3 81.63 5-10° 30-300"

2Kabata-Pendias, 2011.
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Appendix 2.2. Mean percentage (+SD where applicable) of PHEs (Cu, Zn, Cd, Sb, As and Pb)
accumulated in roots and shoots (Cynodon dactylon on top and Medicago sativa at the
bottom). Soil treatments: T1, 90% Co + 10% G; T2, 80% Co + 20% G; T3, 50% Co + 50% G. Co:

polluted soil. G: Gypsum mining spoil. N: total number of composite mixed samples.

PHE accumulation in Cynodon dactylon’s tissues

PHE Cu Zn cd Sb As Pb
Soil treatment shoot | root | shoot | root | shoot | root |shoot| root |shoot | root | shoot | root
T1 (N=1) 17.65 | 82.35]42.19 | 57.81| 42.66 | 57.34 | 857 (91.43| 2.92 |97.08| 1.69 |98.31
T2 (N=3) 16.27 | 83.73 | 41.63 | 58.37 | 41.81 | 58.19 | 8.69 [91.31| 2.29 |97.71| 1.10 | 98.90
+1.83 |+1.83| +5.20 | +5.20 | +5.78 | £5.78 | +4.38 | +4.38 | £0.39 [ +0.39| +0.18 | +0.18
T3 (N=4) 19.87 | 80.13 | 53.93 | 46.07 | 51.58 | 48.42 | 9.15 | 90.85| 4.73 |95.27| 3.00 | 97.00
+6.52 |+6.52 | +9.90 | £9.90 | +12.78 | £+12.78 | £5.31 | +5.31 | +2.60 | +2.60| +1.66 | £1.66

PHE accumulation in Medicago sativa’s tissues

PHE Cu Zn Cd Sb As Pb
Soil treatment shoot | root | shoot | root | shoot | root |shoot| root |shoot | root | shoot | root
T1 (N=1) 34.60 | 65.40 | 46.75 | 53.25 | 24.40 | 75.60 | 43.53 | 56.47 | 30.90 [ 69.10| 28.41 | 71.59
T2 (N=1) 32.32 | 67.68 | 50.18 | 49.82 | 24.37 | 75.63 | 38.46 | 61.54 | 30.03 [ 69.97 | 25.25 | 74.75
T3 (N=1) 18.76 | 81.24 | 39.41 |1 60.59 | 12.24 | 87.76 | 26.12 | 73.88 | 13.97 | 86.03 | 12.76 | 87.24
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Appendix 2.3. Element content (meant SD) in natural soils (Nat), in polluted soils (Co) and in of
gypsum mining spoil (G). Cu, Zn, Cd, Sb, As and Pb: potentially harmful elements (PHEs); Letter
“T” before PHEs, Fe, Ca, S, Al and P refers to total content; “S”: soluble fraction; “B”:
bioavailable fraction. In all cases, units are mg kg. N= number of samples used for the
analyses. NA= Not Available. %<LOD = Under limit of detection. Different letters (rows)

represent statistically significant differences (p < 0.05) for the post-hoc Tukey tests performed

after the GLMs.

Elements Nat (N=18) Co (N=5) G (N=5)

TFe NA? 43032.69 + 6414.78 9501.07 £713.12
TCa NA? 7669.26 + 1139.16 186153.44 + 4288.77
TS NA? 18836.98 + 2879.15 126094.49 + 4552.09
TAI NA? 6243.83 + 1804.20 2529.57 £532.98

E — TP NA? 372.44 £ 64.04 <LOD?

E %z TCu 50.29+22.25b 103.50+4.25 ¢ 10.10+0.84 a

g £ TZn 81.08+12.99b 220.20+11.45¢c 18.07+2.06 a
TCd <LOD?a 0.77+0.03 c 0.04 +4.50E3 b
TSb <LOD?a 68.37+4.56¢c 2.62+1.18b
TAs 17.35+7.63 b 198.53+11.57 ¢ 3.50+041a
TPb 46.69+31.31b 240.14+17.71c 439+0.73 a
SCu 0.21+0.23a 123.72+7.12b 0.10+0.02 a

S SZn 0.30+0.16 a 185.81+16.84 b 0.20+0.05a

.g :l; Scd 0.00+0.00 a 0.54+0.04b 4.00E3+1.00E3a

% E" SSb 0.02+0.02a 0.06+0.01b 0.12+0.02 ¢

§ - SAs 0.03+0.02a 0.12+0.01b 0.03+0.02a
SPb 0.51+0.52b 0.04£0.01ab 3.00E3+3.00E33a
BCu 6.6916.91b 40.06+1.36¢c 0.85+0.08 a

-g BZn 7.23+5.07b 166.87 +4.69 ¢ 135+0.22a

‘g ;:o BCd 0.10£0.04b 0.62+0.02 ¢ 0.01 +3.00E3a

E E" BSb 0.10+0.08 a 0.54+0.06b 0.03+0.03a

§ - BAs 0.13+0.08 b 3.90+0.18¢c 0.01+0.01a

@ BPb 9.331+9.28b 0.55+0.05a 0.62+0.05a
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Appendix 2.4. Chemical properties (meant SD) of polluted soils (Co) and of gypsum mining
spoil (G= mineral amendment). EC: electrical conductivity; CEC: cation exchange capacity.
CaCOs: calcium carbonate; Na*, K*, Ca?*, Mg?*: exchangeable cations. N= number of samples

used for the analyses. *NA= Not Available. 212 samples (from Ballesteros, 2018).

Properties Co (N=5) G (N=5)
pH 35101 7.5+0.2
EC (dSm™) 2.76 £ 0.01 2.90£0.04
Organic carbon (%) 0,79 £ 0.07 0.04 £0.032
CaCOs(%) 1,37 £0.02 27.25 +3.52°
Gypsum (%) NA? 47.96 + 28.22°
CEC (cmol kg %) 9.63+0.97 8.48 £1.52
" K* 0.03+0.01 0.38 £0.05
g
< T Na* 0.01 + 3.00E 0.03 + 4.00E*
5 2
o g Mg** 3.80+0.20 0.88+0.13
< (S]
2 —
g Ca* 5.80+1.14 7.18+1.54
wl
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Appendix 2.5. Chemical properties and components (meantSD) of treated and non-treated

soil samples (Cs, T1s, T25, T3;) at the end of the experiment. EC (dS m™): electrical conductivity;

CEC (cmol kg?): cation exchange capacity. Na*, K*, Ca**, Mg?* (cmol kg?): exchange cations.

Letter “T” before P, Ca, S, Fe and Al refers to total concentration (in mg kg?). Treatments: C,

non-treated soil (100% Co); T1, 90% Co + 10% G; T2, 80% Co + 20% G; T3, 50% Co + 50% G. Co:

polluted soil. G: Gypsum mining spoil. Different letters (rows) represent statistically significant

differences (p < 0.05) between experimental soils for the post hoc Tukey tests performed after

the GLMs for each property and component.

Soil samples (Cynodon dactylon)

Treatments
Properties
Cr (N=5) T1s (N=5) T2:(N=5) T3¢ (N=5)

pH 3.77+0.11a 543+031b 6.41+0.20c 6.71+0.15¢

CE 2.25+0.13a 2.39+0.08b 2.30+0.08 ab 2.33+0.10b

K* 0.02+0.01a 0.02+0.01a 0.07+0.01b 0.03+0.01a

Na* 0.04+0.02a 0.05+0.01ab 0.06 + 0.004 bc 0.08+0.01c
Mg? 0.48+0.11a 2.18+0.92b 1.79+0.77 b 1.62 £0.87 ab
Cca* 8.69+0.86¢ 6.76 £1.01b 6.02+0.81 ab 5.18+1.14a
CEC 9.42+1.18¢c 9.01+0.53 bc 7.94+0.29 ab 6.90 £ 0.46 a

TP 403.07 £ 123.86 a 415.85+61.16 a 482,90+ 62.05a 428.72 +91.03 a
TCa 6229.37 £715.39a 13071.93 £1777.14b 21997.23 +1775.72 ¢ 35157.79 +8125.99d

TS 14558.94 + 2223.25 a 18618.73 £1949.29 b 21843.33 +1519.88 ¢ 25713.16 + 1006.83 d
TFe 50412.96 + 6854.40 b 47984.79 + 4062.27 ab 45990.99 + 2892.77 ab 41228.32 £4999.07 a
TAIl 7748.08 £2193.80 a 7377.61 £1193.12 a 7869.69 £323.20 a 7450.84 £ 885.05 a

Soil samples (Medicago sativa)
Treatments
Properties
Ci (N=5) T1¢ (N=5) T2¢(N=5) T3¢ (N=5)

pH 3.75+0.16 a 5.74+0.27b 6.39+0.12 ¢ 6.87+0.10d

CE 2.22+0.09 a 2.34+0.10b 2.39+0.04b 236+0.05b

K* 0.02+0.01a 0.06+0.01b 0.06+0.01b 0.14 +0.03 c

Na* 0.03+0.01a 0.08+0.01b 0.08+0.01b 0.09+0.02b
Mg? 0.79+0.31a 1.66+0.47 b 248+0.49c 2.26+£0.35 bc
Ca* 9.16+2.36b 7.86+1.56 ab 6.58 + 1.26 ab 5.92+0.92a
CEC 10.33+1.73 b 9.66 +1.26 ab 9.20+1.15ab 8.15+0.76 a

TP 407.84 £61.90 b 416.61£99.85 b 460.18+ 22.16b 291.31+23.15a
TCa 6776.12 £900.90 a 14691.51 £ 1872.04 b 21538.53 +1348.38 ¢ 52562.49 + 15836.67 d

TS 15894.84 + 1890.62 a 18086.68 + 1694.97 ab 21520.94 +1572.12 b 31886.94 +6184.92 c
TFe 52287.88 + 3700.09 ¢ 47223.68 +4463.61 bc 44965.53 + 4084.53 b 36390.33 +5031.67 a
TAIl 8711.95+844.81a 7762.13 £1258.45 a 7420.23£792.22 a 6408.54 £ 1996.16 a
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Appendix 2.6. Ratio (meantSD) of soluble and total (S/T) PHEs per species (Cynodon dactylon
and Medicago sativa) in non-treated soil samples before (Cy) and after the experiment (C¢) and
in treated soil samples at the end of the experiment (T1s, T2¢, T3¢). Treatments: C, non-treated
soil (100% Co); T1, 90% Co + 10% G; T2, 80% Co + 20% G; T3, 50% Co + 50% G. Co: polluted soil.
G: Gypsum mining spoil. Different letters (column) represent statistically significant differences

(p < 0.05) for the post hoc Tukey tests performed after the GLMs.

Cynodon dactylon

Treatment S/TCu S/TZn s/TcCd S/TSb S/TAs S/TPb
C 1,20+ 0,84+ 0,70+ 1.00E3 + 6.00E“+ 2.00E+
0 0,05¢c 0,06 c 0,03 c 1.00E* b 1.00E* cd 0.00b
C 0.04+ 0.23+ 0.68% 4.00E“+ 3.00E“+ 9.00E%+

f 0.03b 0.12b 0.50c 1.00E*a 1.00E*ab  1.00E®a
m 1.70E3 8.00E* + 0.02+ 1.60E3+ 3.00E* + 3.00E7+
f 2.00E*a 3.00E“*a 0.01b 2.00E“b 0.00a 3.00E”7 a
T 1.70E3+ 4.00E* % 0.01+ 2.60E3+ 4.00E* + 1.00E7+
f 1.00E*a 1.00E*a 5.00E*a 1.00E* ¢ 0.00 bc 1.00E® a
3 1.50E3+ 4.00E*+ 4.10E3% 3.00E3+ 5.00E* + 2.00E°+
f 3.00E“a 2.00E*a 1.30E3a 4.00E*d 1.00E* ¢ 2.00E® a
Medicago sativa

Treatment S/TCu S/TZn S/TcCd S/TSb S/TAs S/TPb
C 1,20+ 0,84+ 0,70+ 1.00E3+ 6.00E“+ 2.00E*+

0 0,05¢c 0,06 d 0,03 e 1.00E* b 1.00E*d 0.00b
C 0.03% 0.08% 0.21+ 4.00E“+ 2.00E*+ 1.00E+
f 0.01b 0.03c 0.05d 1.00E*a 0.00b 1.00E® a
m 1.30E3+ 1.40E3+ 0.02+ 1.30E3+ 1.00E*+ 1.00E>+

f 1.00E*a 6.00E*b 4.60E3c 3.00E*b 0.00 a 0.00 a
™ 1.60E3+ 4.00E*+ 6.00E3+ 3.00E3+ 3.00E“+ 1.00E°+
f 1.00E*a 1.00E*a 9.00E*b 2.00E*c 0.00b 1.00E” a
T3 1.50E3+  3.00E*+  4.00E3% 4.10E3+ 4.00E“+ 1.00E5+

f

5.00E%a 1.00E*a 1.10E3a 7.00e*d 1.00E* ¢ 1.00E® a
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Appendix 2.7. Ratio (meanSD) of bioavailable and total (B/T) PHEs per species (Cynodon
dactylon and Medicago sativa) in non-treated soil samples before (Co) and after the
experiment (C;) and in treated soil samples at the end of the experiment (Tl T2, T3¢).
Treatments: C, non-treated soil (100% Cop); T1, 90% Co + 10% G; T2, 80% Co + 20% G; T3, 50% Co
+ 50% G. Co: polluted soil. G: Gypsum mining spoil. Different letters (column) represent
statistically significant differences (p < 0.05) for the post hoc Tukey tests performed after the
GLMs.

Cynodon dactylon

Treatment B/TCu B/T Zn B/T Cd B/T Sb B/T As B/T Pb

0,39+ 0,76 = 0,81+ 8.00E3 + 0,020 + 2.00E3 +

Co 0,02 a 0,04 c 0,04 a 1.00E3b  2.00E3cd 0,00 a
c 0.39+ 0.18 + 0.77 £ 8.00E3 0.01+ 2.00E3 +
! 0.04 a 0.05a 0.11a 3.00E3b  2.00E3bc 0.00a
m 0.38 0.49 + 1.09+ 3.00E3 + 8.00E3 + 1.00E3 +

f 0.05a 0.11c 0.13 b 1.00E%a 2.00E3bc 1.00E3a
™ 0.42 + 0.30 ¢ 1.05+ 0.007 0.01+ 2.00E3 +
f 0.07 a 0.06 b 0.18b 0.002 b 2.00E3 ¢ 1.00E3 3
3 0.37 0.23 + 1.00 + 0.009 + 5.00E3+  2.00E3+
' 0.04 a 0.03 ab 0.07b 0.001b 1.00E3a 0.00a
Medicago sativa
Treatment B/TCu B/T Zn B/T Cd B/T Sb B/T As B/T Pb
C 0,39+ 0,76 + 0,81+ 8.00E3 + 0,02 + 2.00E3 +
0 0,02 b 0,04 c 0,04 c 1.00E3bc  2.00E3d 0,00 a
C 0.37 ¢+ 0.17 0.54 6.00E3 + 8.00E3 + 2.00E3 +
f 0.03 ab 0.09 ab 0.10a 1.00E3 b 1.00E3b  1.00E3a
1 037+ 0.25 + 0.73 4.00E3+  8.00E3+  2.00E3z
f 0.06 b 0.03b 0.08 b 1.00E3a 2.00E3b 0.00a
™ 0.45+ 0.26 0.86 9.00E3 + 1.20E2+  3.00E3+
f 0.03c 0.04b 0.08 c 1.00E3 ¢ 1.00E3c  1.00E3b
T3, 031+ 0.14 + 0.64 0.01+ 5.00E3+ 4.00E3

0.04a 0.02a 0.05 ab 2.00E3¢ 0.00a 1.00E3 b
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ABSTRACT

Soils are a key part of ecosystems and human society. Nevertheless, anthropogenic
activities such as mining, may seriously degrade them, causing the spread of Potentially
Harmful Elements (PHEs) throughout the ecosystem and posing a toxicity risk for living
organisms. The recovery of soils polluted with PHEs require Assisted Natural Remediation
(ANR), what, in most cases, entails the improvement of soil properties to enable the growth of
vegetation. This improvement is usually made through the addition of harmless waste
materials as soil amendments, which can be an eco-effective solution for a dual environmental
issue, in line with zero waste strategy. This study is developed in soils with high concentrations
of PHEs (mainly As and Pb) located at the Guadiamar Green Corridor, natural area affected by
the Aznalcdllar mining spill. In these soils, the residual pollution is heterogeneously distributed,
and some areas are still acidic and deprived of vegetation. We have tested under field
conditions the potential role of gypsum mining spoil, marble sludge and vermicompost in
recovering soils affected by residual pollution. The effectiveness of soil treatments in reducing
PHE mobility and bioavailability was assessed through the analysis of PHE fractions and a
toxicity bioassay with Lactuca sativa L. Results showed that marble sludge was the most
effective treatment by significantly increasing pH and reducing PHE toxicity risk. Gypsum
mining spoil also presented promising results, although less positive than marble sludge. The
addition of vermicompost significantly increased the organic carbon content in the
amendments, essential for vegetation recovery, and did not significantly increased Pb or As
availability. According to our findings, the amendments tested in these experiments could be
potentially used to remediate soils polluted with PHEs, especially marble sludge and its
combination with vermicompost, although further monitoring would be advisable to

guarantee the positive evolution of unvegetated soils in the area.

Keywords: Toxicity risk; soil remediation; gypsum mining spoil; marble sludge; vermicompost;

PHE immobilization
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1. INTRODUCTION

Soil is a key part of ecosystems (Lombi et al. 1998). It not only provides resources, but
also essential services (FAO, 2015). As a result of its unsustainable and intense exploitation
through human activities, soil is becoming degraded, being soil pollution a major

environmental concern worldwide (Liu, et al., 2018; Sierra-Aragoén et al., 2019).

Potentially harmful elements (PHEs) include heavy metals and metalloids naturally
found in soils. Their principal hazard lies in the fact that they cannot be degraded and tend to
accumulate in soils, generating a potential risk of pollution for the environment (Khan et al.,
2000) and, when exceeding a specific threshold, for living organisms (Kabata-Pendias, 2011;
Bini and Bech, 2014; Simon, 2014). In terms of food chain pollution and health risk, As and Pb
are among the most dangerous PHEs (Simon, 2014), because they may have very harmful

effects on biota at low concentrations (Rahman and Singh, 2019).

Soil pollution can be managed through ex situ and/or in situ techniques (Liu et al.
2018). For big extensions of polluted soils, ex-situ treatments are not feasible for economical,
logistical and environmental reasons (lllera et al., 2004; Liu et al., 2018). However, in these
scenarios, in-situ techniques are gaining more and more recognition as an eco-efficient
solution (Adriano et al., 2004; Aguilar et al., 2004c). In humid climates, natural remediation
(NR) is usually effective and vegetation recovers after little or no human intervention;
however, in drier climates, Assisted Natural Remediation (ANR), based in the improvement of
soil properties by the use of amendments, is necessary to rehabilitate these ecosystems,

where natural remediation is too slow (Adriano et al., 2004).

One of the most important case studies worldwide about soil pollution and
remediation is the Aznalcéllar mine spill held in 1998 (Grimalt and Macpherson, 1999). After
the accident, a coordinated large-scale rehabilitation plan was executed. First, the cleaning and
removal of the toxic tailings and strongly polluted soils was accomplished. Then, soil
amendments were applied to reduced PHE mobility and availability to the ecosystem.
Moreover, native plant species promoted the stabilization of PHEs in soils. Finally, a public
natural area (“Protected Landscape”) called the Guadiamar Green Corridor (GGC) (CMA, 2003),
was implemented in order to facilitate the rehabilitation of the affected areas over time.

Twenty years after the accident, PHE content in soils still surpass regulatory threshold values in
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some areas, what implies that residual pollution is still present in around 7% of the original
affected area (Martin-Peinado et al.,, 2015). The rapid clean-up operations and the use of
heavy machinery provoked the irregular distribution of the residual pollution, with highly
polluted and unvegetated spots surrounded by less polluted and vegetated areas (Simon et al.,
2008; Martin-Peinado et al., 2015). Since the absence of vegetation in the most polluted soils
seems to be strongly related to the high concentrations of PHEs (Sierra-Aragdn, 2019), these
spots could be a threat for the surrounding areas (Garcia-Carmona et al., 2019a) and,
therefore, rehabilitate them is especially important and urgent. In order to preserve the
positive evolution of the less polluted and vegetated areas, in-situ measures such as the

addition of soil amendments, should be the preferential choice.

Organic and inorganic soil amendments (i.e. compost, lime, iron oxides) play a key role
in the recovery of soil properties, enhancing soil natural mechanisms to reduce PHE availability
and toxicity, and helping reactivate soil biological functions (Adriano et al., 2004; Aguilar et al.,
2004c; Fernandez-Caliani and Barba-Brioso, 2010). The improvement of soil properties and
functions would facilitate the recolonization of the barren soils by plant species from the

surrounding areas (Sierra-Aragon et al., 2019), and thus the rehabilitation of the area.

The demand of large quantities of natural resources and the overall land degradation
are a global concern (Cowie et al., 2017). In a changing and unsustainable world, circular
economy is lately seen as a plausible solution. Moreover, considering that the primary sector is
the most wasteful (Velenturf et al., 2019), reusing waste materials from mining and agro-food
industries to remediate degraded soils would not only reduce waste production and disposal,
but remediate soil physicochemical properties at the same time (Xiong et al.,, 2015). As a
result, the revalorization of industrial wastes through their use as soil amendments is currently

arising trend (Gonzalez-Nuiez et al., 2015).

As the effectiveness of in-situ techniques depends on the properties of the
amendment used, on the specific PHEs involved, and on the synergistic or antagonistic relation
between PHEs in multielement pollution, the effectiveness of new wastes should be tested
prior to their use (Rodriguez-Jorda et al., 2010a). Numerous case studies corroborate the
viability of organic and/or inorganic soil amendments under field conditions (Fernandez-Caliani
and Barba-Brioso, 2010; Gonzélez et al., 2012). More precisely, the addition of calcium-rich

and organic matter-rich amendments are among the most effective ones, through the
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correction of soil acidic pH, the increase of nutrient availability and the immobilization of
certain PHEs (Palmer, 1978; Bernal et al., 2007; Pérez-de-Mora et al., 2007). Accordingly, for
this study we have used gypsum mining spoil, marble sludge and vermicompost as

amendments of unvegetated and highly polluted soils.

Gypsum mining spoil is the part discarded during gypsum processing because its purity
does not reach the standards to be used in the construction industry. Being gypsum among the
largest mined natural minerals (Escavy et al., 2012), great quantities of residue need to be
sustainably managed. Gypsum mining spoil is a low-cost waste mainly formed of gypsum
(CaS04:2H,0), calcium carbonate (CaCOs) and clay minerals, with the capacity to control soil
pH, improve soil texture and reduce soil crusting, to provide essential nutrients, and to
decrease PHE toxicity (Sharma et al., 1974; Kabata-Pendias and Pendias, 2000; Amezketa et al.,
2005; Franzen et al., 2006; Gadepalle et al., 2007). Despite its potential as soil amendment,
there are no references so far for the use of gypsum mining spoil in soil remediation.
Nevertheless, some authors have already tested other gypsum byproducts (i.e. red gypsum
and phosphogypsum) to amend soils affected by PHEs with good results, such as increasing soil
acidic pH, reducing soil crust and Cu, Cd, As and Pb leachability, and enhancing plant rooting
(Sumner et al., 1990; Garrido et al., 2003; lllera et al., 2004; Rodriguez-Jordd et al., 2010a,
2010b, 2012; Dinake and Kelebemang, 2019). As well, Rodriguez-Jorda et al. (2010a; 2012)
detected that the combination of red gypsum with organic amendments reduced Pb, Zn and

Cu leachability and neutralized soil pH.

Marble sludge is a waste material that derives from cutting and polishing marble
stones. Considering that marble is the largest produced natural stone in the world, large
amounts of this low-cost waste material are annually produced (Rayed et al., 2019), potentially
producing negative effects on the ecosystem if incorrectly discarded (Al-Hamaiedh, 2010; El-
Sayed et al., 2018). Marble sludge is very rich in calcium carbonate, which plays a key role in
buffering soil pH and PHE immobilization in soils (Fernandez-Caliani and Barba-Brioso, 2010).
On top of that, it promotes water retention and tends to decrease the electrical conductivity of
soils (Sanchez et al., 2010; Gonzélez et al., 2012). This amendment has been previously used
and tested by other authors, with promising results for pH increase and PHE toxicity reduction
in soils affected by mining activities (Pérez-Sirvent et al., 2007; Fernandez-Caliani and Barba-

Brioso, 2010; Del-Moral-Torres et al., 2010; Gonzalez et al., 2012, 2013, 2017).
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Vermicompost is an organic amendment that, in our case, derives from composting
horse manure, boosted by Eisenia Andrei. The use of earthworms optimizes the composting
process, enhancing the remediation potential of the final product (Huang et al., 2016). Large
guantities of horse manure are yearly produced (Kenny et al., 2019). Its use could enhance the
overall soil conditions by improving its physical structure, water holding capacity, cation
exchange capacity, content and availability of nutrients (i.e. N, K, P, Ca and Mg) and, thus, by
reducing PHE toxicity, what will promote the recovery of vegetation (Pérez-Esteban et al.,
2012). Nevertheless, some authors have described the controversial role of organic matter in
the restoration of soils polluted with PHEs (Gadepalle et al., 2007); for instance, Sierra-Aragdén
et al. (2019) observed a rise in Pb bioavailability and As bioavailability and solubility after
vermicompost application in moderately vegetated areas, so its application should be studied

with caution.

Some authors have pointed out that the combination of organic and calcium-rich
amendments is also a good and common technique to rise pH, immobilize PHEs, improve soil
conditions, facilitate revegetation and restore soil ecological functions (Clemente et al., 2003;

Zornoza et al., 2012).

Apart from amendment application, other physicochemical techniques were tested as
a reference point. Tillage is an inexpensive technique that would break soil crust and dilute
pollutants by loosening the soil (Kochem Mallmann et al., 2014; Busari et al., 2015), and mixing
vegetated and unvegetated affected soils could reduce PHE availability and provide

unvegetated soils with essential microbiota and a seed bank (Garcia-Carmona et al., 2017).

In view of the above, we have carried out an in-situ experiment treating PHE polluted
soils mainly with inorganic and organic amendments. The principal objective of this works lies
on assessing the effectiveness of gypsum mining spoil, marble sludge and their combination
with vermicompost, in the assisted natural remediation of residually polluted soils in the
Guadiamar Green Corridor (SW Spain), in order to provide valuable information about new

remediation strategies that could also be extrapolated to similar scenarios all over the world.
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2. MATERIAL AND METHODS

2.1, Study area

The study area is located in the Guadiamar Green Corridor (GGC) (CMA, 2003), at the
closest sector to the Aznalcéllar pyrite mine (SW Spain) and beside the Agrio river floodplain.
In geological terms, it is placed next to the Iberian Pyrite Belt (IPB), which has been intensely
exploited since the 3™ Millenium BC (Nocete et al., 2014). The bedrock consists in Neogene-
Quaternary sediments (Alastuey et al.,, 1999), with alluvial deposits made of silty-sand
materials, gravels dominated by quartzite, shales and schists, and a basement consisting of
thick Miocene blue marls (Manzano et al., 2000; Salvany et al., 2001). According to the FAO
classification (1USS, 2015), the dominant soil types in this sector are eutric Fluvisols (soils close
to the river channel) and eutric Regosols (soils not influenced by periodic floodings). The
Guadiamar river floodplain was mainly dedicated to agriculture (Madején et al., 2003), but also
had riverbank vegetation characterized by ash, poplar, elm and willow trees. The climate is
typically Mediterranean, with hot dry summers, cold wet winters, and variable rainfall during
temperate autumns and springs (Simon et al., 2008). In 1998, one of the largest mining spills in
the world occurred in the Aznalcdllar pyrite mine (SW Spain) (Simén et al., 1999; Sierra-Aragdén
et al., 2019). Despite the implementation of intense rehabilitation activities, more than twenty
years after the accident, PHE concentrations in soils are higher than pre-accident values and, in
some areas heterogeneously distributed, these concentrations also exceed the regulatory
levels, producing negative effects on the environment (Simén et al., 2008). Within the
residually polluted area, the so-called “affected area” (AA) hereafter, we can distinguish

between vegetated (V-AA) and unvegetated (UV-AA) areas.

The UV-AA areas were localized and described in previous works (Martin-Peinado et
al., 2015) using satellite images, and preliminary characterized by Garcia-Carmona et al.
(2019a). The UV-AA areas mainly appeared in the sector of the GGC closest to the mine (first
18 km downstream the tailing pond), occupying up to 7% of the AA in the form of
heterogeneously distributed spots with a surface ranging from 1 to 200 m? (Martin-Peinado et

al., 2015).
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2.2. Experimental design

For this study, we selected 6 unvegetated areas (UV-AA) to establish 6 experimental
plots (Figure 3.1). As external controls, we also selected 6 neighboring vegetated affected

areas (V-AA) and an unaffected area (UA) within the GGC but where the spill did never reach.

Spéin-

Espana

V-AA

TreatmentsD

Figure 3.1. Study area. GGC: Guadiamar Green Corridor. UA: Unaffected Area. RA1-RA6: Affected Areas
selected for the study. V-AA: Vegetated Affected Areas. UV-AA: Unvegetated Affected Areas.

Experimental plots (36 m?) consisted in 9 subplots (4 m? each), where eight different
treatments were applied, and a polluted control was defined (UV-AA) (Figure 3.2). Treatments

consisted in: i) Simple treatments: 1. G: Addition of 5 kg m™ of gypsum mining spoil; 2. M:

Addition of 5 kg m?2 of marble sludge; 3. T: crust breaking through tillage; 4. V: mixture of V-AA

and UV-AA (50% w/w) in the uppermost 10 cm of the soil; and ii) Mixed treatments (the same
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treatments mixed with vermicompost “v’): 5. Gv: G+ v; 6. Mv: M +v; 7.Tv: T+ v; 8. Vv: V + v.
The doses of gypsum mining spoil and marble sludge were selected according to the doses
previously applied in the area for calcium-rich amendments (Madején et al., 2018), and the
ratio for the V treatment was successfully tested in a previous ex-situ experiment (Garcia-
Carmona et al. 2017). In all cases, the dose of vermicompost was 5 kg m? (equivalent to 50 t

hal) because the organic amendments had been previously applied in the area at a rate of 15-

25t ha™! (Cabrera et al., 2005, 2008) and resulted insufficient to promote vegetation growth.

Figure 3.2. Experimental plot with soil treatments: G: Addition of gypsum mining spoil; M: Addition of
marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T +
v; Vv: V + v. UV-AA: Unvegetated Affected Area. V-AA: Vegetated Affected Area.

In relation to the amendment source, gypsum mining spoil derives from a gypsum
quarry in Escuzar (Granada, Spain) and contains 48% of gypsum and 27% of CaCOs; marble
sludge derives from a marble quarry in Macael (Almeria, Spain) and contains 99% of CaCOs;
and vermicompost was produced by Lombricor S.C.A, and has the ecological certificate. The

properties of the amendments are showed in Appendix 3.1.

Three soil samples per treatment (from the uppermost 10 cm) were collected at each

experimental plot every six months for 2 years (TO: right after the preparation of the
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experimental plots; T6: after the first 6 months; T12 after the first year of experiment; T18
after a year and a half after the start) in order to analyse the main soil properties and PHE
content, and the same was done for the neighbouring vegetated soils (V-AA). Additionally,
eighteen soil samples were collected in the unaffected surrounding area (UA) to lay out the

PHE background and main properties of natural soils.

2.3. Laboratory analysis

Afterwards, we analysed the main physicochemical properties (pH, electrical
conductivity -EC-, organic carbon -OC-, calcium carbonates -CaCOs-), according to standard
methods (MAPA, 1994), and PHE (Cu, Zn, As and Pb) content in all soil types (unvegetated: UV-
AA, vegetated: V-AA and unaffected: UA). Soil samples were sieved (2mm), finely ground and
digested in strong acids (HNOs:HF, 3:1) in a microwave oven XP1500Plus (Mars®) to analyse
the total concentrations (T) of PHEs. Then, water-soluble (S) and bioavailable (B) fractions were
extracted as described by Sposito et al. (1982) and Quevauviller et al. (1998), respectively. In
all cases, PHE concentrations in soil samples were measured by inductively coupled plasma-
mass spectrometry (ICP-MS) in a PE SCIEX ELAN-5000 spectrometer. The accuracy of the
method was confirmed by analysing the Standard Reference Material “CRM025-050"; the
average recoveries for Cu, Zn, As and Pb ranged between 78% and 100% of the certified
reference values, being inside either the confidence interval (Cu, Zn and Pb) or the Prediction

interval (As).

The PHEs selected for this study were Cu, Zn, As and Pb as it has been reported that
after intense rehabilitation, soils are still affected by relatively high concentrations of these
elements (Martin-Peinado et al., 2015). Galan et al. (2002) suggested Cd and Sb were not a
great concern, considering that their total concentrations were under the regional thresholds,
whereas As exceeded intervention values (Aguilar et al., 1999), requiring reclamation, and the
total concentrations of Cu, Zn and Pb indicated that further investigation in some areas would
be advisable. Moreover, according to the results in Chapter 2, our plants accumulated Cu, Zn,
As and Pb above phytotoxic levels (Kabata-Pendias, 2011), while Cd and Sb were below.

Consequently, Cd and Sb were not considered for this study.

In this work, we apply the term "soluble" to the fraction of pollutants that are soluble

in water, or in other words, to the pollutant concentrations that are easily mobile (short-term)
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from the soil to the plant or to groundwater through leaching. Similarly, we apply the term
"bioavailable" to refer to the fraction of pollutants that are extracted by EDTA and that could
be considered a potentially available fraction for plants (Beckett, 1989), as plants could absorb

them from the soil in the long-term evolution.

In order to compare the relative mobility and bioavailability of PHEs in the different
soils types (UA, UV-AA and V-AA) and treatments, solubility and bioavailability ratios were
calculated for each PHE as the relation between soluble (or bioavailable) and total
concentration of each element. Higher values indicate that the solubility/bioavailability of the
element is higher in relation to total concentrations, posing a higher risk. Therefore, low values

are desirable.

Finally, a toxicity bioassay was conducted using Lactuca sativa L. to assess the
effectiveness of each remediation technique. In Petri dishes containing 5 ml of 1:5 soil:water
extract, 15 seeds of L. sativa were placed and incubated at 20 £+ 1 2 C during 120 h following
OECD (2003) and US EPA (1996) recommendations. Then, L. sativa germination (germ) and
root elongation (LsE) were measured. Results were expressed as root elongation in the sample
in relation to water unpolluted controls; the values obtained ranged from 0 to 100, where 0
indicates no elongation/germination (maximum toxicity) and 100 indicates same
elongation/germination (no toxicity) compared to the water control. Values above 100 indicate
overstimulation of the elongation in relation to the control (hormesis) and were considered as

no toxic response (value 100).

2.4. Data analysis

All statistical analyses were performed using R version 3.4.2 (R Core Team, 2017). By
means of “Ime4” package (Bates et al., 2015), we applied linear mixed models (LMMs) to
assess the effectiveness of soil treatments in terms of soil properties (pH, EC, CaCOs, OC), PHE
immobilization in soils, and Lactuca sativa germination and root elongation in toxicity tests.
We assumed gaussian error and identity-link function, and the logarithmical transformation of
variables (or arcsine square root transformation for proportions and percentages) was used for
CaCQ0s;, OC, germination, bioavailable and soluble fractions, and bioavailable and soluble ratios
to meet normality assumption. Soil treatment was included as fixed factor, and residual areas

and sampling period as random factors. To fit LMMs, “Ime4” package was used (Bates et al.,
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2015). Then, model suitability was assessed by graphical exploration of the residuals (Zuur et
al. 2010), and pairwise comparisons between soil treatments (including unaffected (UA),
unvegetated (UV-AA) and vegetated (V-AA) affected soils) were performed for all the variables

with Tukey’s post-hoc tests using “multcomp” package (Hothorn et al., 2008).

We calculated the variance explained by LMMs using “r.squaredGLMM” function of

“MuMIn” library (Barton, 2016).

A non-metric multidimensional scaling (NMDS) ordination analysis was performed by
means of metaMDS function in the vegan package (Oksanen et al. 2013), in order to
investigate the influence of soil properties and solubility ratios on PHE toxicity over Lactuca

sativa (bioassays). The Bray-Curtis index was chosen as a dissimilarity measure between sites.

Graphs and confidence intervals were obtained with R “ggplot2” v3.1.1 (Wickham,
2016) and “sciplot” v1.1-1 (Morales, 2017). Mean values, standard errors and standard

deviations were calculated by using ddply function (R “plyr” package, v1.8.4; Wickham, 2011).

3. RESULTS AND DISCUSSION

3.1. Soil properties

Unaffected soils in the area (UA) were sampled close to the plots affected by residual
pollution, but out of the area covered by the spill (Figure 3.1). These soils are characterized by
a slightly acid pH (mean 6.34 + 0.09), no calcium carbonate (CaCOs) content, and very low
electrical conductivity (EC: mean <0.1 dS m™). The presence of natural vegetation over time in
UA has produced the accumulation of organic carbon (OC) in the uppermost part of these soils,
with values higher than 3%. The spill and the subsequent rehabilitation of the affected area
(AA) strongly changed the main properties and constituents of soils (Figure 3.3), with
significant differences, not only comparing the unaffected (UA) and affected (AA) areas, but
also between the affected areas where vegetation grows (V-AA) and where it does not (UV-
AA). In this sense, UV-AA soils presented a very strongly acid pH (mean 3.43 + 0.05) and very
high EC values (mean >3.2 dS m), indicating the oxidative effects of the pollution associated
to the tailing oxidation process (Simén et al., 2001) and limiting vegetation growth (Garcia-
Carmona et al., 2019a). Although the presence of CaCO; was detected in these soils (mean

values close to 1%), indicating that liming was applied in this area, the precipitation of metals
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around CaCOs; particles produced the isolation of this element into the soil matrix and the
strong acidification of the environment (Simén et al., 2005; Aguilar et al., 2007). The absence
of vegetation in these polluted areas (UV-AA) led to the low OC content (mean 0.50 + 0.03%).
Otherwise, V-AA soils presented slightly acid pH (mean 6.34 + 0.33) and low EC values (mean
<0.8 dS m¥), similar to those values measured in UA. The CaCO; content was significantly
higher (mean > 2 %) than in UV-AA, indicating the effectiveness of the liming treatment over
time and the improvement of soil properties, which promoted vegetation growth and thus, the
significant increase observed in the OC content (mean values close to 2%), that is already
approaching to the values of the unaffected soils (UA).
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Figure 3.3. Main soil properties and constituents (meanzSE). Soil types: i) UA: Unaffected soils; ii) UV-
AA: Unvegetated Affected soils; iii) V-AA: Vegetated Affected soils; and iv) Soil treatments: G: Addition
of gypsum mining spoil; M: Addition of marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G
plus vermicompost (v); Mv: M + v; Tv: T + v; Vv: V + v. Different letters above symbols represent

statistically significant differences (p < 0.05) for the post-hoc Tukey tests performed after the LMMs.
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3.2. Residual pollution in soils

The geochemical background concentrations of potentially harmful elements (PHEs)
were measured in the unaffected soils in the area (UA). The mean concentrations (+ SE) of Pb,
As, Zn and Cu in these soils were 61.27 + 10.62, 19.23 + 2.14, 87.04 + 3.12 and 37.37 £ 5.05 mg
kg?, respectively, and are in the range of the background values measured in the area (Simén
et al, 1999). The unvegetated affected area (UV-AA) presented significantly higher
concentrations of all the elements (Figure 3.4), with mean values (+ SE) of 818.46 + 57.60 for
Pb, 478.52 + 28.03 for As, 293.48 + 32.95 for Zn and 175.84 *+ 14.87 mg kg* for Cu,
respectively. The vegetated affected area (V-AA) also presented higher concentrations of
potentially harmful elements in relation to the background concentrations, with mean values
(+ SE) of 293.26 + 36.28, 169.91 + 25.88, 429.76 + 43.74 and 150.49 + 21.88 mg kg, for Pb, As,
Zn and Cu, respectively, although the high standard deviation of these concentrations
produced that the increase was significant only in the case of Zn and As. The comparison of
these values with the current regulatory thresholds set by the Regional Government of
Andalusia (BOJA, 2015) [275 mg kg™ for Pb, 36 mg kg™* for As, 10000 mg kg™ for Zn, and 595 mg
kg! for Cu], indicated that these levels are exceeded in the case of Pb and As, both in UV-AA
(3- and 13-fold, respectively) and in V-AA (in the case of As, 5- fold). In this sense, Pb and As
seem to have been strongly retained in soils by iron oxides, which were present in elevated
quantities in the affected areas (Aguilar et al., 2004a; Aguilar et al., 2007); tailings contained
high concentrations of iron, and after the clean-up operations, large quantities of iron-rich
amendments were also added to the affected soils, resulting in high quantities of total iron in
UV-AA soils (73620.15 + 3088.34 mg kgt). In the vegetated affected soils (V-AA), the
concentrations of total iron have been reduced by 33%, approaching to total concentrations in

the unaffected soils (UA, 37117.42 + 1726.10 mg kgl).

According to these results, and in a scenario where a long aging process have
increased the complexity of PHE availability (Romero-Freire et al., 2016), the assessment of
potential mobility and bioavailability is needed, and the implementation of in-situ
rehabilitation measures is completely justified. Applying bioassays and comparing UV-AA soils
before and after the addition of amendments will unveil the remediation potential of each
amendment in terms of enhancing soil properties and of limiting PHE availability, and will
allow us to evaluate the risk of dispersion of these pollutants and their potential toxicity to the

surrounding areas.
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Figure 3.4. Total concentration (meanSE) of main pollutants (Cu, Zn, As and Pb) in soils. Soil types: i):
UA: Unaffected soils; ii) UV-AA: Unvegetated Affected soils; iii) V-AA: Vegetated Affected soils; and iv)
Soil treatments: G: Addition of gypsum mining spoil; M: Addition of marble sludge; T: Tillage; V: mixture
of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M + v; Tv: T + v; Vv: V + v. Different letters above
symbols represent statistically significant differences (p < 0.05) for the post-hoc Tukey tests performed

after the LMMs.

3.3. Effect of amendments on soil properties and PHEs

The effectiveness of the application of certain organic and/or inorganic amendments in
the remediation of these soils have been previously reported by other authors (Adriano et al.,
2004; Aguilar et al., 2004c; Madején et al., 2018). In our case, the application of gypsum
mining spoil (G) improved some soil properties (Figure 3.3). For instance, the calcium
carbonate content and pH significantly increased in relation to UV-AA, tending to approximate
the values measured in V-AA, as a result of the high amount of CaCO; in the gypsum-rich
amendment (27.25 £ 3.52 %). The EC did not show significant differences in relation to UV-AA

because gypsum in soil releases available salts that are exchangeable with PHEs (Wallace and
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Wallace, 1995; Casas-Castro and Casas-Barba, 1999). The OC content did not show a significant
increase because gypsum mining spoil contains negligible quantities of organic matter, what
resulted in a very low OC input to the soil (0.04 £ 0.03 %). Comparing with the other
treatments, the gypsum mining spoil amendment (G) improved pH and calcium carbonate
content significantly more than treatment T and raised these variables to similar values to
those observed in treatment V. Treatment M was the one that most strongly increased the
CaCOs content (marble sludge contains 99% CaCOs), thus promoting the raise of pH (Martin et
al., 2003; Aguilar et al., 2007) to similar values to those of the soils from both the unaffected
(UA) and vegetated affected (V-AA) areas, but it neither reduced EC significantly (marginal
differences), nor increased OC content. The application of vermicompost (v), which contained
23 % of OC, to all the treatments produced significant changes in the OC content, but not in
the other soil properties analysed. The rate at which OC increased after vermicompost
application in Tv, Mv and Gv treatments was higher (between 56-69%) than in Vv (39%). This
lower relative increase in OC content in Vv treatment (addition of soils from the vegetated
affected area, V-AA) may be directly related to a higher biological activity that produced a
higher mineralization rate of the organic matter included with the vermicompost; meanwhile,
in the other treatments, as the biological activity was strongly limited before the addition of
vermicompost, the rate at which organic matter was mineralized after adding this amendment

was lower than in Vv (Garcia-Carmona et al., 2017).

The effects of treatments on the reduction of the total concentrations of Pb and As,
the least mobile elements (Galan et al., 2002; Simén et al., 2008; Yang et al., 2012), were only
significant in V treatment (Figure 3.4), as a result of a dilution effect. This dilution effect was
also assessed during the implementation of the remediation plan, and was indeed used as a
treatment itself to reduce the PHE total concentrations reached in the uppermost part of the
soil in some areas after the clean-up operations, below the regulatory thresholds (Aguilar et
al., 2004b). The case of total Cu and Zn, elements with higher mobility (Galdn et al., 2002;
Kraus and Wiegand, 2006; Simén et al., 2008), was the opposite; since the concentration of
these elements in V-AA were either similar (Cu: 150.49 + 21.88 mg kg™) or higher (Zn: 429.76 +
43.74 mg kg?) than in UV-AA (Cu: 175.84 + 14.87 and Zn: 293.49 + 32.95, in mg kg!) (Figure
3.4), their mixture in V treatment resulted in a significant increase of total Zn (392.51 + 26.03

mg kg?). In the treated soils where amendments were applied (G and M), the dose was not
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high enough as to produce a significant reduction of PHE total concentrations, and the same

was true for vermicompost addition.

3.4. Mobility of PHEs in soils and treatments

The values of soluble forms were analysed and represented as the ratio between
soluble and total concentrations (Figure 3.5), because both the solubility in water of the main
pollutants and their total concentrations strongly changed between soil types: unaffected area
(UA), vegetated (V-AA) and unvegetated (UV-AA) affected areas. The content of PHE soluble

forms can be found in Appendix 3.2.
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Figure 3.5. Ratio (meanzSE) between soluble and total concentrations of main pollutants (Cu, Zn, As and
Pb) in soils. Soil types: i) UA: Unaffected soils; ii) UV-AA: Unvegetated Affected soils; iii) V-AA: Vegetated
Affected soils; and iv) Soil treatments: G: Addition of gypsum mining spoil; M: Addition of marble sludge;
T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T+ v; Vv: V + v.
Different letters above symbols represent statistically significant differences (p < 0.05) for the post-hoc

Tukey tests performed after the LMMs.
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The solubility ratio of Cu and Zn in UA and V-AA soils (Cu: 4.79 E3 + 4.50 E* and Zn:
0.01 + 7.00 E3, on average) did not present significant differences, pointing out that the
rehabilitation plan implemented in the GGC after the accident, along with the role of
vegetation, have effectively reduced the solubility of these elements in V-AA (Simén et al.,
2010). Conversely, a sharp increase in Cu and Zn solubility was detected in UV-AA (0.09 £ 0.01
and 0.35 * 0.03, respectively); the increase in soluble forms of these elements is strongly
related to soil properties, being the acid pH in these soils the main responsible (Simén et al.,
2005). Pb presented a different behaviour, with the lowest solubility ratio in UA (0.01 + 9.00 E
4), and a very high increase both in V-AA (0.18 * 0.02) and UV-AA (0.18 * 0.02), with no
significant differences between them. The presence of residual pollution in the affected area
(both in vegetated and in unvegetated soils) indicates a clear risk of dispersion of Pb soluble
forms; in this way, the increase in Pb solubility was previously reported in acidic conditions
(McLean and Bledsoe, 1992), like in UV-AA, and also in neutral soils in the area, like in V-AA,
probably as a result of the interference of the calcium carbonate applied as part of the
rehabilitation plan, which would have reacted with iron oxides, releasing Pb from sorption
sites (Martin-Peinado et al., 2014). Moreover, the formation of complexes between Pb and
organic matter in V-AA soils may have also contributed to the high Pb solubility under these
soil conditions (Sauvé et al., 1998). Consequently, Pb solubility should be monitored over time
in more detail to avoid its rise in the areas affected by residual pollution. Arsenic presented the
highest solubility ratios both in UA (1.90 E3 + 2.44 E*) and V-AA (1.52 E® + 2.34 E#), despite the
concentrations of soluble forms in UA were the lowest (0.03 mg kg) and significantly different
to V-AA (0.17 mg kg?). The solubility of As significantly decreased in UV-AA (2.09 E* + 2.557),
indicating a different behaviour of this element compared to the other pollutants. In this way,
the adsorption of As in soils under acidic conditions is very high due to the presence of iron
oxides (Simdn et al., 2005), but when the pH approximates neutrality (like in V-AA and UA), an
increase in bioaccessibility has also been reported (McLean and Bledsoe, 1992; Yang et al.,

2012; Fleming et al., 2013).

Treatments strongly modified the ratio between soluble forms and total
concentrations for some elements when compared to UA, V-AA and UV-AA soils (Figure 3.5).
For instance, the most effective treatment in terms of reducing Cu and Zn solubility was the
application of marble sludge (M) (0.01 + 0.01 and 0.06 + 0.02 mg kg}, respectively), and the

least effective was tillage (T), whose solubility was similar to that in UV-AA soils. The role of
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CaCOs; has previously been proved to reduce Cu and Zn solubility, due to the great adsorption
capacity of carbonates (Simén et al., 2010; Garcia-Carmona et al., 2019b). The other simple
treatments (G and V) presented an intermediate effect on Cu and Zn solubility reduction,
without significant differences between them. The addition of vermicompost (v) to simple
treatments decreased Cu and Zn soluble forms in Tv, Gv and Vv, although these differences
were only significant for Cu. The influence of organic matter on the reduction of Cu mobility
has previously been reported (McLaren et al., 1981) and is related to the specific binding of Cu
by organic matter. The application of treatments did not significantly change Pb solubility
compared to V-AA and UV-AA, although marginal differences in solubility reduction were
detected when marble sludge was applied (0.15 + 0.02 mg kg?); in this sense, Simdn et al.
(2005) observed that CaCOs; can promote the precipitation of Pb soluble forms in soils with
pH> 3.8. In the case of As, treatments did not significantly change its solubility compared to
the UV-AA, maintaining it low in all the cases and with no significant differences. Nevertheless,
considering that the solubility ratio of As in V-AA and UA soils was significantly higher, the
mobility of this element should be monitored over time, especially in those treatments that
contains CaCO; and organic matter (Garcia-Carmona et al., 2017) such as Mv and Gv (marble
sludge and gypsum mining spoil with vermicompost, respectively), to prevent rise in As
mobility over time. Finally, the addition of vermicompost did not produce any significant

reduction in terms of As solubility ratio, although marginally reduced it for Pb in Tv and Gv.

3.5. Bioavailability of pollutants in soils and treatments

Bioavailable forms were analysed and represented as the ratio between bioavailable
and total concentrations (Figure 3.6), because both the availability of the main pollutants for
living organisms and their total concentrations strongly changed between soil types, especially
between unaffected (UA) and unvegetated affected (UV-AA) areas. The content of PHE

bioavailable forms can be found in Appendix 3.3.
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Figure 3.6. Ratio (meanzSE) between bioavailable and total concentrations of main pollutants (Cu, Zn,
As and Pb) in soils. Soil types: i) UA: Unaffected soils; ii) UV-AA: Unvegetated Affected soils; iii) V-AA:
Vegetated Affected soils; and iv) Soil treatments: G: Addition of gypsum mining spoil; M: Addition of
marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T +
v; Vv: V + v. Different letters above symbols represent statistically significant differences (p < 0.05) for

the post-hoc Tukey tests performed after the LMMs.

The lowest values of Cu bioavailability ratios were measured in the soils from the
unaffected (UA, 0.18 + 0.01) and vegetated affected (V-AA, 0.17 + 0.02) areas, whereas a sharp
increase was observed in the soils from the unvegetated affected areas (UV-AA, 0.38 + 0.03),
where residual pollution is still high. These results indicate that the clean-up operations,
followed by the addition of amendments and afforestation significantly reduced Cu
bioavailable forms in V-AA, probably due to the significant pH increase (Garcia-Carmona et al.,
2017; Madején et al., 2018), while the poor effectiveness of remediation measures in the
unvegetated soils (UV-AA) maintained the acid pH and thus a high ratio of bioavailable Cu.

Regarding Zn bioavailability ratio, differences between soil types were just marginal due to the
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high standard deviation; even though, the ratio (mean + SE) was highest in UV-AA (0.13 +
0.05), followed by UA (0.09 + 0.01), and lowest in V-AA (0.06 + 0.01), what implies that the risk
of Zn bioavailability in the affected areas has been drastically reduced, especially in the
vegetated ones (V-AA). In this sense, it has been described that the elements with high
mobility such as Cu and Zn, infiltrated to deeper layers or were displaced to the surrounding
less polluted soils as a result of runoff processes (Kraus and Wiegand, 2006; Martin-Peinado et
al., 2015). Conversely, the trend of the least mobile elements such as Pb and As is different; Pb
and As bioavailability ratios in the affected areas (V-AA and UV-AA) were lower than in UA (Pb:
0.20 + 0.02 and As: 6.8 E® + 8.01 E#), with significant (for Pb) and marginal (for As) differences,
suggesting that, despite the high total concentrations of these two elements in V-AA and UV-
AA, they seem to have been immobilized in soils by iron oxides (Aguilar et al., 2004a; Aguilar et
al., 2007). In the case of Pb, there were also significant differences between vegetated (0.03 *
6.59 E3) and unvegetated soils (5.02 E*+ 1.04 E*), what could be related to differences in the
solubility of the precipitates formed in each soil type; in UV-AA soils, Pb may have been
immobilized by Fe-hydroxysulphates and co-precipitated in coatings isolating CaCOs3 particles
(Simén et al., 2010; Garcia-Carmona et al., 2019a); meanwhile, in V-AA, co-precipitation with
carbonates should be dominant (Simdn et al., 2005), and the presence of vegetation may have
promoted the formation of organo-Pb complexes that increased Pb availability when the pH
raised above 6.5 (Sauvé et al., 1998). It has been described that pH and OC may increase the
availability of Pb and As (Sierra-Aragén et al., 2019); hence, Pb and As bioavailability is
controversial, and there could be a potential environmental risk in the medium-long term if
these areas are revegetated without the proper immobilization of Pb and As. Consequently,
the application of amendments to reduce the bioavailability of these elements is necessary

and requires monitoring over time.

According to the effects of treatments (Figure 3.6), Cu bioavailability ratio was reduced
by the treatments with gypsum mining spoil (G, 0.36 + 0.05) and with V-AA soil mixture (V,
0.33 + 0.04), with marginal differences, and by the treatment with marble sludge (M, 0.25 +
0.03), with significant differences and approaching the values in V-AA and UA, probably due to
the presence of CaCOs and thus pH raise (Garcia-Carmona et al., 2017; Madejon et al., 2018).
The M, G and T treatments significantly reduced Zn bioavailability ratio (0.04 + 3.17 E3 on
average), towards similar values to those in V-AA. The addition of vermicompost (v) did not

produce any significant change in the Cu or Zn bioavailability in relation to the simple
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treatments. Pb bioavailability in any treated soil was lower than in UA and in V-AA, especially
where G, M and T treatments were applied (5.94 E* + 1.44 E* on average). Nonetheless, the
addition of soil from V-AA areas (treatment V), where Pb was more bioavailable, significantly
increased the bioavailability ratio (7.34 E + 1.82 E3). Although the addition of vermicompost
(v) to these treatments (Gv, Mv and Tv) increased Pb bioavailability above the ratio in UV-AA
(marginal differences), it was still lower than that in the unaffected soil (UA). Finally, the
standard deviation of UV-AA soil samples in terms of As bioavailability ratio was high, masking
all the possible significant effects that treatments could have had on the reduction of As
bioavailable forms; for instance, G, M and T treatments tended to have the lowest values (5.81
E* + 3.16 E®). Nevertheless, focusing on As bioavailable concentration (Appendix 3.3) in the
soils treated with gypsum mining spoil (G), this value was high (at the same level as T and UV-
AA, 4.06 + 0.09 mg kg on average) probably due to the interference of sulphates with As
adsorption by iron oxides at acid pH (Hering et al., 1997; Meng et al., 2000). The addition of
vermicompost (v) to M and G treatments (Mv and Gv) tended to increase the ratio (marginal
differences), probably because CaCOs; (from marble sludge and gypsum mining spoil) and
organic matter (from vermicompost) may be forming co-precipitates with Fe (Garcia-Carmona

et al., 2019a), releasing As from sorption sites.

These results suggest that monitoring is needed when calcium, sulphate- and/or
organic matter- rich amendments are used to restore polluted soils when Pb and As are

present, to avoid an increase of bioavailability over time.

3.6. Toxicity bioassay

Regarding the potential toxicity of PHEs in a scenario where vegetation would
spontaneously recolonize unvegetated soils after the application of amendments, a toxicity
bioassay would help evaluate the potential negative effects of PHEs on living organisms
(Romero-Freire et al., 2016). Hence, we conducted a short-term toxicity bioassay with Lactuca
sativa L. based on seed germination and root elongation. According to our results (Figure 3.7),
there was no PHE toxicity in the unaffected area (UA) (100% germination and root elongation).
Despite the presence of relatively high concentrations of PHEs in the vegetated affected areas
(V-AA), L. sativa germination and root elongation were very high (>90% and > 95%
respectively) and similar to those in the unaffected area (UA), with no significant differences

between them, indicating no phytotoxicity in the vegetated affected areas. Conversely, the
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germination of L. sativa in the water extract from UV-AA soils was significantly lower (<40%),
and the same happened when comparing the root elongation of L. sativa (<20%) with the
control (distilled water), suggesting the existence of PHE toxicity in UV-AA soils, as observed by
other authors in previous studies in the area (Romero-Freire et al., 2015; Garcia-Carmona et

al., 2017; Pastor-Jauregui et al. 2020).
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Figure 3.7. Toxicity bioassays with Lactuca sativa: A) germination; B) root elongation. Soil types: i) UA:
Unaffected soils; ii) UV-AA: Unvegetated Affected soils; iii) V-AA: Vegetated Affected soils; and iv) Soil
treatments: G: Addition of gypsum mining spoil; M: Addition of marble sludge; T: Tillage; V: mixture of
UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M + v; Tv: T + v; Vv: V + v. Different letters above
symbols represent statistically significant differences (p < 0.05) for the post-hoc Tukey tests performed

after the LMMs.

In order to evaluate the relative influence of soil properties and PHE soluble and total
concentrations on organisms (bioassays), a Non-Metric Multidimensional Scaling (NMDS)

ordination analysis was performed (R?= 0.99, stress= 0.055) (Figure 3.8).
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Figure 3.8. Non-Metric Multidimensional Scaling (NMDS) ordination diagrams showing the relative
influence of Zn, Cu, Pb and As solubility ratios (STZn, STCu, STPb, STAs, respectively) and soil properties:
EC, OC, pH, CaCOs, on Lactuca sativa germination (germ) and root elongation (LsE) according to soil
types: i) UA: Unaffected soils; ii) UV-AA: Unvegetated Affected soils; iii) V-AA: Vegetated Affected soils;
and iv) Soil treatments: G: Addition of gypsum mining spoil; M: Addition of marble sludge; T: Tillage; V:

mixture of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T+ v; Vv: V + v.

In figure 3.8, factors are represented by arrows, whose lengths reflect their relative
weight. In this sense, we observe that L. sativa germination and root elongation are highly
related to pH and inversely related to the electrical conductivity (EC), probably due to
nutritional imbalances (Unliikara et al., 2008). The solubility ratio of Cu, Zn and Pb are strongly
correlated among each other, and inversely related to CaCOs content, which could have
promoted Cu, Zn and Pb precipitation through pH rise (Martin et al., 2003; Aguilar et al.,
2004a). Moreover, the solubility of these elements is inversely related to L. sativa germination
and root elongation. Altogether suggests a potential synergistic relation among these elements

(Kutrowska et al., 2017). The solubility ratio of As was inversely related to CaCOs, but directly
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related to OC; it has been described that organic matter increases pH in acidic environments,
what may transform iron oxy-hydroxides into more crystalline forms, promoting As desorption
(Pedersen et al., 2006; Sierra-Aragdén et al., 2019). Moreover, a higher availability of

phosphorus may have interfered with As for sorption sites (Costa et al., 2012).

In the unaffected (UA) and vegetated affected (V-AA) areas, the most important factor
influencing L. sativa germination and root elongation was mainly soil pH, and secondarily OC
content, suggesting that soil properties are positive for plant development and that PHE
toxicity was low. Nevertheless, in the case of the unvegetated affected areas (UV-AA), L. sativa
germination and root elongation were mainly dominated by EC, and secondarily by Zn, Cu and
Pb solubility ratios, indicating that these factors are the main responsible of phytotoxicity in

this area.

Focusing on the effect of soil treatments, remediation measures have reduced PHE
toxicity in UV-AA soils in different rates. According to bioassays (Figures 3.7 and 3.8), gypsum
mining spoil decreased toxicity (germination and elongation rates >50%) in line with the
response in V treatment (addition of V-AA soils), but just with marginal differences with UV-
AA; however, marble sludge (M) was the most effective treatment, presenting germination
and elongation rates (>80% for both) close to those in V-AA and UA, and with just marginal
differences. Both gypsum mining spoil and marble sludge are calcium-rich amendments,
however, marble sludge increased soil pH significantly more than gypsum mining spoil,
probably due to the higher CaCO; content in the former. As a result, we observed (Figure 3.8)
that the influence in Cu, Zn and Pb toxicity is higher on the soils treated with gypsum mining
spoil (G) (and in treatment V). In this sense, Romero-Freire et al. (2016) reported that Cu and
Zn solubility are strongly related to soluble salts, mainly sulphates. The electrical conductivity
in treatment G was high, what negatively affected L. sativa germination and root elongation
(Figure 3.8); in this respect, Van Lierop and Mackenzie (1975) observed that lettuce yield in
gypsum-amended soils were the lowest, probably due to a sulphate ion toxicity, and Zoca and
Penn (2017) reported that even if gypsum improves soil chemical properties, this may not be
translated into increased yields. The least effective treatment was crust breaking through
tillage (T), with germination and elongation rates (<35% in both cases) similar to those
recorded for UV-AA; in this treatment there was no PHE immobilization by amendments or

PHE solubility reduction, just a dilution effect. Finally, the addition of vermicompost enhanced
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the properties of simple treatments, with marginal differences in all the cases, probably due to

the capacity of organic matter to bind PHEs such as Cu, Zn (Sierra-Aragén et al., 2019).

Assisted Natural Remediation through amendment application could improve soil
properties (increase in OC, pH, etc.), what may produce changes in PHE mobility that should be
considered over time. Our results along with previous studies, focus on the need of monitoring
the evolution of PHEs in the Guadiamar Green Corridor, since these elements can be
remobilized both from acid soils (Kraus and Wiegand, 2006), and neutral-alkaline soils (Sierra-

Aragon et al., 2019) making them more available for living organisms.

4. CONCLUSIONS

Total concentrations of As and Pb in some areas of the Guadiamar Green Corridor
surpassed toxicity regulatory threshold and, thus, these areas need to be considered as
potentially polluted. In this sense, potential mobility of these elements was assessed. Results
indicated that the solubility and bioavailability of As were low in the polluted areas, probably
due to the effect of iron oxides, which strongly adsorbed this element. In the case of Pb, its
bioavailability was also low, probably because of the co-precipitation of this element with iron-
hydroxysulphates; however, Pb solubility was high in these soils, probably due to the

competence with CaCOs; for sorption sites in the iron oxides.

Soil treatments with inorganic and organic amendments presented different results in
relation to the reduction of PHE mobility and toxicity. Although none of the treatments
managed to reduced Pb solubility under background concentrations, marble sludge was the
most effective treatment, managing to increase pH towards neutrality as a result of the
significant increase of calcium carbonate content in soils, and to reduce PHE solubility,
bioavailability and thus, toxicity. Gypsum mining spoil was less effective, mainly because pH
increased was less pronounced and the electrical conductivity was still high, resulting in a
lesser reduction of PHE availability and toxicity. Regarding the other soil treatments, tillage did
not improve soil conditions, whereas the mixture of unvegetated and vegetated soils reduced
total concentrations of Pb and As, and Cu and Zn solubility. Despite the controversial role of
organic matter in PHE immobilization, the addition of vermicompost to simple treatments did
not increase PHE solubility or bioavailability, except in the case of As, which tended to be more

bioavailable when combined with marble sludge and gypsum mining spoil.
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Toxicity assays indicated that marble sludge was the most promising treatment and
that the addition of vermicompost to the unvegetated affected soils treated with gypsum
mining spoil, tillage or with the mixture of vegetated soils could improve their capacity to

reduce PHE toxicity.

In spite of the positive results obtained for marble sludge and gypsum mining spoil,
and due to the controversial behavior of Pb and As, there could be a potential environmental
risk in the medium-long term if these areas are revegetated without the proper immobilization
of these two elements. Thus, monitoring is highly required, especially in those areas treated
with amendments that contain CaCOs, sulphates and/or organic matter, such as marble sludge

and gypsum mining spoil with vermicompost.

The main challenge lies on finding the right dose and combination of amendments in
order to assist the natural remediation of these affected soils. Several studies have highlighted
the need to retreat the affected areas in order to maintain the effect of amendments and to
prevent new acidification processes, which could remobilize PHEs in the soils. According to our
findings, retreatment could be advisable to guarantee the positive evolution of unvegetated
soils in the area. All the lessons learnt in this study provide valuable information about new

rehabilitation strategies that could be transposed to similar scenarios all over the world.
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APPENDICES

Appendix 3.1. Chemical properties and element content in organic and inorganic
amendments. Chemical properties: pH; EC: electrical conductivity; OC: organic carbon; CaCOs:
calcium carbonates. Potentially Harmful Elements (PHEs): Cu, Zn, As and Pb. Letter “T” before

Fe, Ca, S, Al, P and PHEs refers to total concentrations. NA= Not Available.

. Vermicompost ! Marble Gypsum mining
Properties .
(mean+SD) sludge 2 spoil 3 (mean%SD)
pH 7.88+0.12 9.1 7.5%0.2
EC (dSm™) 4.18 £0.25 2.03 2.90+£0.04
OC (%) 23.16 £1.87 0.06 0.04 +0.03
CaCo3 (%) NA 99 27.25+3.52
TFe NA 1100 9501.07 £ 713.12
TCa NA 386,900 186,153.44 + 4,288.77
— TS NA NA 126,094.49 + 4,552.09
o
[eT0]
£ TAl NA 1,900 2,529.57 £ 532.98
E
f TCu 44,38 + 3.56 1.67 10.10 £ 0.84
©
k]
TZn 17.18 +2.58 7.05 18.07 £ 2.06
TAs 1.81+£0.27 3.76 3.50+£0.41
TPb 3.90+0.72 1.18 4.39+0.73

'Nakamaru and Martin-Peinado, 2017; 2Sanchez et al., 2010; 3Ballesteros, 2018.
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Appendix 3.2. Mean values +SE (N= 24) of soluble PHEs (Cu, Zn, As and Pb) (mg kg?) in soils. Letter “S”
before PHEs refers to soluble fraction. Soil types: i) UA: Unaffected soils; ii) V-AA: Vegetated Affected
soils; iii) UV-AA: Unvegetated Affected soils; and iv) Soil treatments: G: Addition of gypsum mining spoil;
M: Addition of marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v);
Mv: M +v; Tv: T + v; Vv: V + v. Different letters (columns) represent statistically significant differences (p

< 0.05) for the post hoc Tukey tests performed after the LMMs.

Soil types SCu SZn SAs SPb

T 29.01 £8.06 de 119.00 + 27.93 ef 0.13+£0.03ab 0.05+0.01ab
Tv 16.68 +5.58 cd 88.03+22.24 ef 0.12+£0.03 ab 0.06 £0.02 ab
M 2.82+1.31ab 21.667 £9.25ab 0.07+£0.01ab 0.04+0.01ab
Mv 3.66+2.41a 25.27+1691a 0.08 £0.01ab 0.03+0.01a
G 20.36£7.23bc  114.64 +33.35 cde 0.16 £0.05 ab 0.05+0.01ab
Gv 5.36 £ 2.28 abc 52.67 +£15.86 cd 0.08 £0.01ab 0.03+0.01ab
\ 10.69 +4.42 bc 94.73 £ 26.44 de 0.10+0.02 ab 0.05+0.01b
Vv 4.50 % 2.06 abc 74.33 £18.33 def 0.07+0.01ab 0.03+0.01ab

UV-AA 18.46+4.17 e 125.62 £20.84 f 0.11+£0.02ab 0.05+0.01b

V-AA 0.73+0.16 ab 7.07 £1.91 bc 0.17+0.03b 0.26+0.09 ¢
UA 0.21+£0.04 a 0.28+0.03 a 0.03+4.12E-3a  0.71+0.16 abc
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Appendix 3.3. Mean values *SE (N= 24) of bioavailable PHEs (Cu, Zn, As and Pb) (mg kg) in soils. Letter
“B” before PHEs refers to bioavailable fraction. Soil types: i) UA: Unaffected soils; ii) V-AA: Vegetated
Affected soils; iii) UV-AA: Unvegetated Affected soils; and iv) Soil treatments: G: Addition of gypsum
mining spoil; M: Addition of marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus

vermicompost (v); Mv: M + v; Tv: T + v; Vv: V + v. Different letters (columns) represent statistically

significant differences (p < 0.05) for the post hoc Tukey tests performed after the LMMs.

Soil types BCu BZn BAs BPb
T 57,24+£9,07b 135,06 £ 23,34 de 4,11+1,97 ab 0,26+ 0,04 a
Tv 50,28 £8,36 b 115,11 £ 20,14 ce 3,04+1,31bc 0,35+ 0,05 ab
M 38,52+4,45b 73,56 £12,14 bc 0,85+0,27 a 0,33+0,07 a
Mv 40,26 £6,70 b 87,20 £ 21,02 bed 1,56 £ 0,44 ac 0,46 £ 0,05 ab
G 58,83 +10,11b 162,77 £ 35,78 ce 4,11 +1,54 bc 0,70+ 0,22 ab
Gv 45,18 +5,41 b 121,48 + 21,34 ce 1,72+0,29 bc 1,92+1,13b
\Y 47,50+6,03b 146,84 £25,95 1,61 +0,28 bc 3,80+0,83 ¢
Vv 40,29+4,61b 143,97 £21,53 e 1,54 £0,43 bc 3,51+0,95¢
UV-AA 44,32 +5,98 b 149,13 £ 23,62 ¢ 396+1,46b 0,38+ 0,08 ab
V-AA 36,89+4,73 b 56,54 £6,52 b 1,37+0,31 bc 6,25+ 1,05 ¢
UA 7,19+1,35a 7,65+1,08a 0,12+0,01 ab 14,43 + 3,71 abc
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ABSTRACT

The development of a healthy vegetation cover is commonly hampered by soil pollution,
which could even inhibit seed emergence. Assisted natural remediation is essential to recover
certain heavily polluted ecosystems, such as Mediterranean mining areas. To this end, the use
of soil amendments, especially of industrial discarded wastes, is lately seen as a very convenient
cost-effective and eco-efficient option. More than twenty years after Aznalcéllar mining spill
(SW Spain), there are still highly polluted and unvegetated spots in the Guadiamar Green
Corridor posing a serious risk for the ecosystem. In this study, we have used in-situ rehabilitation
techniques, such as the use of calcium- and organic-rich amendments to enhance soil
physicochemical properties and to control the toxicity of Potentially Harmful Elements (PHEs).
Then, plant species cover, richness, diversity and PHE soil-plant transference were monitored in
areas affected (treated and non-treated) and unaffected by the spill. In general terms, all
treatments promoted plant emergence, cover and diversity, especially those with higher
content in calcium carbonates and organic matter, but pollution acted as a filter for plant
species. The most effective treatment for plant development was the mixture of unvegetated
and vegetated affected soils with vermicompost. Nevertheless, considering the reduction of PHE
toxicity, the addition of gypsum mining spoil and marble sludge were the best treatments. All
things considered, the use of marble sludge with vermicompost offered the most beneficial
alternative. On the contrary, tillage resulted the least effective option. Due to the promising
results obtained for marble sludge, gypsum mining spoil and vermicompost in soil remediation
and the recovery of vegetation, further studies should be conducted to enhance their positive

effects.

Keywords: Mining spill; soil pollution; ecosystem rehabilitation; soil amendments; spontaneous

plant recovery.
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1. INTRODUCTION

Potentially harmful elements (PHEs), among which heavy metal(loid)s are included, are
naturally present in the environment (Kabata-Pendias, 2011). Some of them are essential
nutrients (i.e. Cu and Zn) for plants and animals; however, both essential and non-essential (As
and Pb) PHEs may become toxic when exceeding a specific threshold (Kabata-Pendias, 2011; Bini
and Bech, 2014; Simon, 2014). As PHEs cannot be degraded in soils, they persist in nature,
facilitating that living organisms are more exposed to their adverse effects, what poses a
potential (long-term) risk, not only for the environment, but also for the whole food web (Hooda,

2010; Sherene, 2010).

PHE toxicity in plants can limit seed emergence, rooting, growth, or cause plant death
by disrupting the uptake of essential nutrients (Kabata-Pendias, 2011). However, many plant
species are tolerant to above normal PHE concentrations by virtue to a wide range of
physiological or behavioral strategies (Baker, 2010; Viehweger, 2014), especially those living in
metalliferous sites, the so-called “metallophytes” (Baker, 2010). After a pollution event, some
plant species outside metal-rich habitats, the pseudometallophytes (Baker, 2010), also present
a high capacity to adapt to adverse soil conditions; moreover, they have a high biomass
production, and are better competitors in soils with moderate metal toxicity (Poschenrieder et
al., 2001). Therefore, tolerant plants promote the improvement of the physicochemical and
biological conditions of these degraded soils by dealing with PHEs, increasing soil organic matter

content and nutrient availability. (Arienzo et al., 2004; Bolan et al., 2011).

In certain botanical families, the incidence of species that (hyper)accumulate PHEs in
above-ground tissues is high, as it is the case of Asteraceae, Brassicaceae, Fabaceae and
Lamiaceae (Reeves et al., 2018). Although PHE (hyper)accumulation is a very useful tool as
phytoremediation technique (Saxena et al., 2020), without the proper control, living organisms
would be more exposed to PHE toxicity through the food web. In this sense, Chaney (1989)
presented the maximum tolerable levels of dietary minerals for domestic livestock in
comparison with levels in forages, and Gupta et al. (2019) described the adverse effects of PHEs

on human beings.

In certain degraded areas, such as tropical forests, natural spontaneous succession have

proved to properly recover the former vegetation state (Prach and Hobbs 2008; Crouzeilles et
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al.,, 2017). However, this is not the case of Mediterranean ecosystems (Nunes et al., 2016),
especially in mining affected areas (Cooke and Johnson, 2002), where the harsh environmental
conditions left after mining, along with prolonged hot dry summers, would slow down natural
spontaneous recovery (Nirola et al., 2016; Nunes et al., 2016). Actually, the process to recover
the original habitat could be very slow, especially if the disturbed site is large and there are other
physical or environmental constrains such as soil compaction, slope instability, chemical
imbalance or potentially harmful elements (Prach and Hobbs 2008; Garcia-Carmona et al. 2019).
In these cases, active restoration is strongly encouraged even by national environmental legal
regulations (Burgos et al., 2013). For instance, in the case of the Aznalcdllar mining disaster (SW,
Spain), one of the world largest mining accidents (Sierra-Aragén et al., 2019), rehabilitation

actions definitely minimized the catastrophic environmental consequences (Burgos et al., 2013).

Many remediation techniques have been developed in order to restore metal-polluted
soils (Iskandar and Adriano, 1997). Among them, Assisted Natural Remediation (ANR) through
in-situ techniques indeed minimize disturbances and costs (Liu et al., 2018). On one hand, soil
tillage is frequently used with the aim of breaking soil crust and promoting aeration, water
infiltration, and pollutant dilution, although its positive effects are limited (Mallmann et al.,
2014; Busari et al., 2015; Garcia-Carmona et al.,, 2017). On the other hand, the addition of
amendments is lately seen as a cost-effective and eco-efficient solution that not only handle
pollutant toxicity but also enhance key biogeochemical processes (Adriano et al., 2004;
Rodriguez-Jorda et al., 2012; Nirola et al., 2016). The use of organic or inorganic amendments is
highly recommended, especially if these amendments become from industrial discarded wastes,
for immobilizing PHEs and preventing the dispersion of pollutants in the ecosystem.
Amendments also improve soil nutrient status and soil physicochemical properties. Altogether,
amendments promote plant germination, re-establishment and growth (Clemente et al., 2015;
Madejoén et al., 2018). The revalorization of industrial and agro-food industry wastes by applying

them to degraded soils are in line with zero waste strategy (Greyson, 2007).

Marble and gypsum mining are important economic activities all over the world and
produce vast amount of wastes (Ahmed, 2011; Rayed et al., 2019), named marble sludge and
gypsum mining spoil hereafter, respectively. As calcium-rich amendments, they have the
potential to enhance certain physicochemical properties of soils, such as increasing pH, as well
as to modify and control PHE availability (Franzen et al., 2006; Fernandez-Caliani and Barba-

Brioso, 2010). Nevertheless, as they are poor in organic matter (Sanchez et al., 2010; Ballesteros,
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2018), Clemente et al. (2003) indicated the combination of organic and inorganic amendments

as a suitable and recommended option.

Consequently, in this work, we hypothesize that gypsum mining spoil, marble sludge and
their combination with an organic amendment, vermicompost, could potentially improve soil
properties in soils affected by PHEs and strong acidification. More precisely, we aimed at testing
the effect of different soil amendments on vegetation recovery, and on the reduction of PHE

uptake by plants and PHE retention in roots.

2. MATERIAL AND METHODS

2.1. Study area

Our in-situ experiment is located within the Guadiamar Green Corridor (GGC) (CMA,
2003), at the closest sector to Aznalcdllar pyrite mine (Seville, SW Spain) and beside the Agrio
river floodplain. In geological terms, it is placed next to the Iberian Pyrite Belt, which has been
intensely exploited since the 3™ Millenium BC (Nocete et al., 2014). The bedrock consists in
Neogene-Quaternary sediments (Alastuey et al., 1999), with alluvial deposits made of silty-sand
materials, gravels dominated by quartzite, shales and schists, and a basement consisting of thick
Miocene blue marls (Manzano et al.,, 2000; Salvany et al., 2001). According to the FAO
classification (IUSS, 2015), the dominant soils in this sector are eutric Fluvisols (soils close to the
river channel) and eutric Regosols (soils not influenced by periodic floodings). The Guadiamar
river floodplain was mainly dedicated to agriculture (Madejon et al., 2003), but also had
riverbank vegetation characterized by ash, poplar, elm and willow trees. The climate is typically
Mediterranean, with hot dry summers, cold wet winters, and variable rainfall during temperate

autumns and springs (Simén et al., 2008).

In 1998, the collapse of the holding pond of Aznalcéllar pyrite mine released
approximately 6 hm? of acidic waters and toxic tailings, affecting more than 4000 Ha (Grimalt et
al., 1999). Numerous rehabilitation activities were implemented in the affected area (CMA,
2003), among which the application of soil amendments and afforestation were included.
Regarding afforestation, the activities accomplished focused on planting native Mediterranean
trees and shrub species. As far as herbaceous vegetation is concerned, the surrounding areas

acted as propagule donors (Pérez-de-Mora et al., 2011).
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Despite the implementation of a varied and exhaustive range of rehabilitation activities,
residual pollution persists in some sectors of the affected area (Burgos et al., 2013; Martin-
Peinado et al., 2015; Dominguez et al., 2016; Garcia-Carmona et al., 2019). Thus, the GGC is
composed of an unaffected area (UA) where the spill never reached, and a residually polluted
area, the so-called “affected area” (AA) hereafter. Within the affected area, in our study sector
there are highly polluted and unvegetated spots (UV-AA) alternating with less polluted and
vegetated areas (V-AA) (Madejon et al., 2018). The UV-AA areas were described in previous

works (Martin-Peinado et al., 2015; Garcia-Carmona et al., 2019).

Both the soils from the UA and V-AA areas are slightly acid (Appendix 4.1). According to
Hardie and Doyle (2012) standards, UA soils are non-saline, whereas V-AA soils are highly saline.
Total PHEs (Appendix 4.2) in UA soils had similar PHE content to that of background soils in the
area (Simén et al., 1999). According to the regional thresholds (NGR) to declare a soil as
potentially polluted for agricultural use in Andalusia (BOE, 2015) [Cu: 595, Zn: 10000, As: 36 and
Pb: 275, in mg kgl], in our experimental area, total mean concentration of Cu and Zn were under
these values, but total mean As exceeded 5-fold this threshold and total mean Pb had vales close
to this NGR. Regarding the soils from the unvegetated affected area (UV-AA), they were strongly
crusted, acidic, extremely saline, and had a high PHE load (Appendices 4.1 and 4.2), especially in
terms of As and Pb, which also surpassed (13- and 3-fold respectively) their NGR (BOE, 2015).
The solubility of Cu, Zn and Pb experience a sharp increase in UV-AA, whereas it decreased for
As (Appendix 4.3). Regarding PHE bioavailability, there was a sharp increase for Cu, but it
decreased for Pb and As (Appendix 4.4).

As a result, UV-AA soils present hostile conditions for biota (Becerra-Castro et al., 2012).
In this vein, the area constitutes an excellent place to test the use of different amendments in
order to improve soil conditions and promote the spontaneous recovery of vegetation (Martin-

Peinado et al., 2015; Garcia-Carmona et al., 2019).

2.2. Experimental design

For this study, we established 6 experimental plots (36 m? each) in 6 different UV-AA
areas randomly selected (Figure 4.1) in the closest to the mine and most polluted sector of the
GGC. In each plot, a polluted control subplot was established (UV-AA), and 8 different

treatments were applied; four of them were simple treatments, and the other four were mixed
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treatments (Figure 4.1). Simple treatments consisted in either the application of marble sludge
(M), gypsum mining spoil (G), soil from V-AA (V) or just crust breaking through tillage (T),
whereas mixed treatments consisted in the combination of the latter with vermicompost (Mv,

Gv, Vv and Tv).

Gypsum mining spoil derives from a gypsum quarry in Escuzar (Granada, Spain) and
contains 48% of gypsum and 27% of CaCOs; marble sludge derives from a marble quarry in
Macael (Almeria, Spain) and contains 99% of CaCOs; and vermicompost was produced by
Lombricor S.C.A and has the ecological certificate (CAAE, S.L.) (see Appendix 4.5 for amendments

properties).

Figure 4.1. Study area on the right and design of the experimental plot on the left: UA: Unaffected Area;
V-AA: Vegetated Affected Area; UV-AA: Unvegetated Affected Area with an experimental plot. Soil
treatments: G: Addition of 5 kg m of gypsum mining spoil; M: Addition of 5 kg m™ of marble sludge; T:
crust breaking through tillage; V: Removal of 300 kg of polluted soil (from the uppermost 10 cm) and
refilling with 300 kg of soil from the neighboring vegetated affected area; Gv: G plus 5 kg m? of

vermicompost (v); Mv: M +v; Tv: T+v; Vv: V + v.
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As our experimental plots were randomly distributed and surrounded by vegetated
affected areas (V-AA), after the application of soil treatments, we did not conduct seed sowing
with the aim of testing the effects of soil treatments on the spontaneous recovery of herbaceous
species through the improvement of soil properties and the reduction of PHE mobility (Becker
and Brandel, 2007). Soil properties and PHE content of treated soils are shown in Appendices

4.1,4.2,43 and 4.4.

2.3. Vegetation sampling

Herbaceous species were monitored and sampled in the unaffected area (UA), in the
unvegetated area (UV-AA), in our experimental plots (per treatment), and in the surrounding
vegetated areas (V-AA) in two consecutive springs (2017 and 2018). Total and individual species
cover were monitored with a 0.25 m? quadrat divided into 100 cells and expressed as the
percentage of cells occupied by herbaceous species, both as total cover and as cover per species
(Elzinga et al. 2015). We replicated these samplings four times per treatment in each
experimental plot (Figure 4.2), counting with 24 pseudoreplicates in total per treatment. In each
V-AA we also sampled 4 times, obtaining a total of 24 quadrats, and 24 quadrats more along the
UA. Sampling sites were randomly selected, and in the case of experimental plots, avoiding

subplot borders to elude ecotones.
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Figure 4.2. Vegetation cover sampling in an experimental plot with quadrats superimposed. UV-AA:
Unvegetated Affected Area; M: Addition of marble sludge; T: Tillage; G: Addition of gypsum mining spoil;
V: mixture of UV-AA and vegetated affected soils; Mv: M plus vermicompost (v); Tv: T + v; Gv: G + v; Vv:

V+v.

Plant species richness was calculated in two ways: 1. Mean richness: average richness
per treatment, and in V-AA and UA areas; 2. Total richness: total number of different species

that appeared at least once per treatment, V-AA or UA areas.

The Shannon-Wiener Diversity Index (H’, Shannon, 1948) was also calculated to have an
idea of the herbaceous plant diversity present in each soil type. As H’ values can sometimes be
difficult to interpret and to compare between different areas (Magurran, 2004), the Effective
Number of Species (ENS, MacArthur 1965) that characterize a community was calculated for

each treatment according to Jost (2006) as:

ENS = et

and it is understood as the number of equally-common species (Whittaker, 1972) required to

give a particular value of an index, the Shannon-Wiener Index in this case (Jost, 2006).
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Finally, we collected one sample of the most frequent plant species (key species
hereafter) in each experimental plot (per treatment), in V-AA and in UA. In most cases, they
were mixed samples formed of several individuals (same species), except where species

abundance was limited to only one individual.

2.4. Plant analysis

We carefully washed all plant samples (from treatments, V-AA and UA) with distilled
water and dried them in an oven (Memmert oven Model 100-800) at 70° C for 48 h. Then, we
divided them per species into shoot and root, weighed them in a precision scale (GRAM
PRECISION STA-310 S, +0.001 g), and ground them. Finally, they were acidly digested
(HNO3:H,05, 1:1) in a microwave XP1500Plus (Mars®) (Sah and Miller, 1992) in order to measure
plant PHE content. To control the accuracy of the method, we used Standard Reference Material

(ERM ® CD281); the average recoveries for the PHEs studied ranged from 77% to 110%.

In order to evaluate the capacity of plants to accumulate PHEs transferred from soils,
the Bioconcentration Factor (BAF) for each PHE was calculated according to Hobbs and Streit

(1986) and Van der Ent et al. (2012) as:

BAF = CShOOt/CSOil

where ‘Cshoot’ is the PHE concentration in shoot (mg kg?! dry weight) and ‘Csoil’ the PHE
bioavailable concentrations (extracted by EDTA) in soil (mg kg dry soil). Concentrations
extracted by EDTA were selected for BAF calculation, as this fraction represents PHE bioavailable
forms for plants (Parra et al., 2014). High BAF values (>1) can be associated to
hyperaccumulation but this is not the only criteria (Van der Ent et al., 2012). For instance,
Mehes-Smith et al. (2013) reported that a plant can be classified as hyperaccumulator only if it
meets four criteria: i) [PHE]shoot/ [PHElroot >1; ii) [PHE]shoot/ [PHElsoi >1; iii) [PHE]poiuted
plants/ [PHE]normai piants >10-500; iv) [Cu]poliuted plants = 300, [Zn]poliuted plants = 3000, [Pb]poliuted plants = 1000,

(in mg kg1).

Then, to assess the capacity of plants to translocate PHEs from root to shoot, the

Translocator Factor (TF) for each PHE was obtained according to Van der Ent et al. (2012) as:

TF = CShOOt/Croot
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where ‘Cshoot’ is the PHE concentration in shoot (mg kg dry weight) and ‘Croot’ the PHE
concentration in root (mg kg dry weight). TF values > 1 are related to PHE root-to-shoot

translocation (Macnair, 2003).

Finally, the quotient (Q) between PHE concentrations accumulated in plants at affected
and unaffected soils (Mehes-Smith et al., 2013) was calculated, aiming at establishing a
qguantitative relation between the studied vegetated soil types (UA, V-AA and treatments).
Values of the quotient bigger than 10-500 may indicate PHE hyperaccumulation (Mehes-Smith
et al.,, 2013)

2.5. Data analysis

All statistical analyses were performed using R version 3.4.2 (R Core Team, 2017). We
applied Linear Mixed Models (LMMs) and Generalized Linear Mixed Models (GLMMs) by means
of “Ime4” package (Bates et al., 2015) to assess the effectiveness of soil treatments for the
following response variables: vegetation cover, plant species richness, plant diversity (H’),
Effective Number of Species (ENS), PHE uptake by plants, PHE accumulation in shoots and roots,
Bioaccumulation Factor (BAF), Translocation Factor (TF) and quotient between PHE uptake by
affected and unaffected plants (Q). In the models, we included soil treatment as fixed factor,
and residual areas, sampling period and species as random factors (in the case of cover, variable
for which we had spatial pseudoreplication, the “subplot” factor was also included as random).
GLMM models were fitted for species richness and ENS, assuming poisson and gamma
distributions, log- and inverse-link functions, respectively. Plant cover, H’, PHE uptake by plants,
PHE accumulation in shoot and root, TF, BAF and Q were fitted with LMMs assuming gaussian
distribution and identity-link function; in this case, the logarithmical transformation of variables
(or arcsine square root transformation for percentages) was used to meet normality
assumption. Model suitability in each case was assessed by graphical exploration of the residuals
(Zuur et al. 2010). Then, pairwise comparisons between soil treatments were performed for all

the variables with Tukey’s post-hoc tests using “multcomp” package (Hothorn et al., 2008).

We calculated the variance explained by LMM and GLMM models using
“r.squaredGLMM” function of “MuMIn” library (Barton, 2016).
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Graphs and confidence intervals were obtained with R “ggplot2” v3.1.1 (Wickham, 2016)
and “sciplot” v1.1-1 (Morales, 2017). Mean values and standard deviation were calculated by

using ddply function (R “plyr” package, v1.8.4; Wickham, 2011).

3. RESULTS

3.1. Effect of soil treatments on plant cover, richness and diversity

According to our results, the soils from the unaffected (UA) and vegetated affected (V-
AA) areas were totally covered by herbaceous vegetation (100%) (Figure 4.3). In the other
extreme, vegetation was completely absent in the unvegetated affected soils (UV-AA).
Regarding the experimental plots, treatments promoted plant emergence, compared to UV-AA.
The addition of marble sludge (M), gypsum mining spoil (G), and tillage (T) increased plant cover
(8.46 + 0.60 %, on average) with marginal differences compared to UV-AA, and the mixture of
topsoil from V-AA with UV-AA soil (V treatment) increased it (40.00 + 0.05%) with significant
differences compared to UV-AA and the other simple treatments. The addition of vermicompost
(v) to simple treatments further promoted the increase of plant cover, with marginal differences
for Gv (31.81 + 0.06 %), Tv (20.27 + 0.05 %) and Vv (47.13 £ 0.05 %), and with significant
differences for Mv (31.52 + 0.05 %). Although Vv presented the highest plant cover of all
treatments, the relative increase (18%) compared with V was much lower than for the other
treatments (Gv: 336%, Mv: 239% and Tv: 131%). Moreover, coverage in Mv, Gv or V was close

to that in Vv, with just marginal differences.
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Figure 4.3. Percentage (mean % SE) of plant cover in soils. Soil types: i) UA: unaffected soils; ii) V-AA:
vegetated affected soils; iii) UV-AA: unvegetated affected soils; and iv) soil treatments: 1. G: Addition of
gypsum mining spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4. V: mixture of UV-AA and V-AA; 5.
Gv: G plus vermicompost (v); 6. Mv: M +v; 7. Tv: T +v; 8. Vv: V + v. Different letters above symbols indicate

significant differences (p<0.05) for the post-hoc Tukey tests performed after the LMMs.

Concerning total richness (total number of species that appeared at least once per
treatment, Appendix 4.6), in UV-AA soils, where no plant emerged, richness was 0. Nevertheless,
we found at least 36 different herbaceous species in UA, 30 in V-AA and 42 within the
experimental plots (Figure 4.4). Focusing on soil treatments, V treatment presented the highest
richness of herbaceous species (25), whereas T, G and M treatments presented 8, 9 and 11,
respectively. The addition of vermicompost (v) to simple treatments at least doubled the
number of different species in Gv (21), Mv (24) and Tv (16) treatments; however, in Vv

treatment, richness was just four units higher (29) than in V treatment.
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Figure 4.4. Relative percentage of different species growing in each soil type: i) UA: unaffected soils; ii) V-
AA: vegetated affected soils; iii) UV-AA: unvegetated affected soils; and iv) soil treatments: 1. G: Addition
of gypsum mining spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4. V: mixture of UV-AA and V-AA; 5.

Gv: G plus vermicompost (v); 6. Mv: M +v; 7. Tv: T+ v; 8. Vv: V + v.

Mean richness (average richness per treatment) followed a similar pattern to that of
plant cover (Figure 4.5). V-AA and UA areas presented the highest richness (8.63 + 0.36 and 9.90
+ 0.37, respectively), in contrast with UV-AA, where no species emerged during the experiment.
Regarding the experimental plots, V treatment was the most favourable treatment (4.00 + 0.53),
whereas G, M and T treatments registered a very low mean richness (0.71 + 0.06, on average).
The addition of vermicompost (v) to simple treatments marginally increased mean richness in
Gv (2.17 £ 2.56), Tv (1.48 £ 1.98) and Vv (4.69 + 0.41) treatments, and significantly increased it
in Mv treatment (2.75 + 0.33). Although Vv treatment presented the highest richness, the
relative increase (17%) compared with V treatment was lower than for the other treatments
(Gv: 175%, Mv: 267% and Tv: 147%). Moreover, richness in Mv or V treatments was close to that

in Vv treatment, with just marginally significant differences.
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Figure 4.5. Plant species richness (mean+SE) in soils. Soil types: i) UA: unaffected soils; ii) V-AA: vegetated
affected soils; iii) UV-AA: unvegetated affected soils; and iv) soil treatments: 1. G: Addition of gypsum
mining spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4. V: mixture of UV-AA and V-AA; 5. Gv: G plus
vermicompost (v); 6. Mv: M +v; 7. Tv: T+ v; 8. Vv: V + v. Different letters above symbols indicate significant

differences (p<0.05) for the post-hoc Tukey tests performed after the GLMMs.

Diversity Index (H’, Figure 4.6a) in V-AA (2.95 £ 0.12) and UA (2.83 £ 0.15) areas was the
highest, and presented significant differences with UV-AA and any soil treatment, especially
compared to the unvegetated affected areas (UV-AA), where no seed emergence occurred and,
thus, H was 0, and to T and M treatments, where H’ was below 0.30 (with no significant
differences between them). G treatment presented marginally significant differences with the
formers, with an H’ lower than 0.40, and in V treatment, H’ (1.06 + 0.24) was significantly higher
than in the other simple treatments. The addition of vermicompost (v) to simple treatments
marginally increased H’ in Gv (0.69 + 0.22), Tv (0.44 £ 0.20) and Vv (1.36 + 0.18) treatments, and
significantly increased it in Mv treatment (1.04 + 0.21). Although Vv presented the highest H’ of
all treatments, the relative increase (28%) compared with V was lower than for the other
treatments (Gv: 92%, Mv: 420% and Tv: 144%). Moreover, H’ in Mv or V treatment was close to

that in Vv treatment, with just marginally significant differences.
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Figure 4.6. Mean (%SE) values of plant species diversity index (6a) and Effective Number of Species (ENS,
6b) in soils. Soil types: i) UA: unaffected soils; ii) V-AA: vegetated affected soils; iii) UV-AA: unvegetated
affected soils; and iv) soil treatments: 1. G: Addition of gypsum mining spoil; 2. M: Addition of marble
sludge; 3. T: Tillage; 4. V: mixture of UV-AA and V-AA; 5. Gv: G plus vermicompost (v); 6. Mv: M +v; 7. Tv:
T+v; 8. Vv: V +v. ENS refers to the Effective Number of Species. Different letters above symbols indicate

significant differences (p<0.05) for the post-hoc Tukey tests performed after the LMMs.

In terms of the Effective Number of Species (ENS, Figure 4.6b), V-AA and UA areas had
21 and 19 equally-common species, respectively. T and M treatments only had 1 equally-
common species, G had 2, and V had 4. The addition of vermicompost (v) increased one unit the
number of equally-common species in Gv (3) and Vv (5) treatments, and at least doubled it Tv

(2) and Mv (4) treatments.

3.2. Effect of soil treatments on species composition

Regarding plant species composition, it was similar in UA and V-AA areas, whereas it
rather changed among treatments (Appendix 4.6). Focusing on simple treatments, V and T
treatments were the most and least diverse, respectively. The addition of vermicompost (v) to
G, M, T and V treatments promoted the emergence of new different species in Gv, Mv, Tv and
in Vv, although in the case of Vv, species composition was rather different to thatin V treatment

(Appendix 4.6).
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A similar trend was observed when grouping plant species according to their botanical

family (Table 4.1).

Table 4.1. List of families present per soil type: i) UA: unaffected soils; ii) V-AA: vegetated affected soils;
iii) UV-AA: unvegetated affected soils; iv) soil treatments: 1. G: Addition of gypsum mining spoil; 2. M:
Addition of marble sludge; 3. T: Tillage; 4. V: mixture of UV-AA and V-AA; 5. Gv: G plus vermicompost (v);
6.MVviM+v;7.Tv:T+v; 8. Vv:V +v.

Family UA V-AA UV-AA T Tv M Mv G Gv V VW
Asteraceae X X X X X X X X X X
Boraginaceae X X
Brassicaceae X X X X X X X X X
Caryophyllaceae X X X X X X X X X X
Chenopodiaceae X X X X X X
Euphorbiaceae X X
Fabaceae X X X X X X X X
Geraniaceae X X X X X
Juncaceae X X
Lamiaceae X X
Malvaceae X X
Oxalidaceae X X
Plantaginaceae X X X X X X X X X
Poaceae X X X X X
Polygonaceae X
Primulaceae X X
Rosaceae X
Rubiaceae X X
Unkonwn X X X X X X
TOTAL 16 13 0 4 8 7 9 5 8 8 9

Some species were only found in the UA and/or V-AA areas, such as Astragalus sp.,
Echium plantagineum, Euphorbia sp., Galactites sp., Lupinus albus, Rumex bucephalophorus,
Rubia sp. and Sanguisorba sp. Conversely, Andryala ssp., Capsella bursa-pastoris, Chaetopogon
fasciculatus, Dianthus lusitanicus, Filago sp., Juncus sp., Gastridium ssp., Lavatera sp., Lolium sp.,
Malva sp., Phalaris minor, Plantago lanceolata, Poa sp., Polypogon maritimus and Silene gallica
only appeared in treated soils. Regarding treatments, most of the species growing in T, G or M
treatments were present after vermicompost addition in Tv, Gv or Mv treatments, but that was
not the case of Vv. Moreover, some species mainly appeared in soils with vermicompost, such
as Andryala sp., Hordeum spp and P. maritimus; Raphanus raphanistrum L. was only present in

treatments with marble sludge or gypsum mining spoil (M, Mv, G and Gv) and in Vv treatment;
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Hirschfeldia incana (L.) Lagr.-Foss. was absent in T, G, V, and Vv treatments; Lolium sp. only
appeared in M and Mv treatments; and Vulpia ssp. appeared in all the treatments except in M

and Mv.

Among all the plant species present at the study area (Appendix 4.6), Anthemis arvensis
L., Chrysanthemum coronarium L., Lamarckia aurea (L.) Moench, Plantago coronopus L.,
Plantago lagopus L., and Spergularia rubra (L.) J. Presl & Presl., the so-called “key species”
hereafter (Appendix 4.7), were common to all the vegetated soil types (UA, V-AA and
treatments). Although several species from Vulpia, Bromus and Medicago genera were also
found in most of the treatments, we could not identify them at species level, excluding them as

key species for this study.

The relative cover of each key species varied with soil properties (Figure 4.7). Hence, L.
aurea presented very low cover (<1%) in UA, V-AA and simple treatments, but increased in mixed
treatments, especially in Vv, ranging from 1.29 to 12.83%; S. rubra also had very low cover in UA
and V-AA, especially in UA (<0.1%), while cover was higher in treatments, especially in those
with higher organic carbon content, ranging from 18.83% in V treatment to 29.75% in Vv
treatment; P. coronopus registered the highest cover in UA area (5.67%), followed by Vv
treatment (1.29%), whereas it was <1 in V-AA and in the rest of treatments, although cover
generally increased with the addition of vermicompost; P. lagopus had low cover (<1%) in all the
cases, except in V-AA area (17.79%), and V and Vv treatments (5.16% on average); A. arvensis
and C. coronarium presented higher cover in UA (2.04%), V-AA (11.75%) and mixed treatments
(ranging from 1.19% in Mv to 7.71% in Gv), whereas cover was lower than 1% in simple
treatments. In the case of A. arvensis and C. coronarium, due to their phylogenetical proximity,
the distinctive morphological features of some individuals were not properly developed during
plant cover samplings as to distinguish between these two species; consequently, the species

cover for them was calculated jointly (Aar_Cco).
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Figure 4.7. Percentage (mean) of key species cover in each soil type: i) UA: unaffected soils; ii) V-AA:
vegetated affected soils; iii) UV-AA: unvegetated affected soils; and iv) soil treatments: 1. G: Addition of
gypsum mining spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4. V: mixture of UV-AA and V-AA; 5.
Gv: G plus vermicompost (v); 6. Mv: M +v; 7. Tv: T + v; 8. Vv: V + v. Aar_Cco_cover refers to the total

cover of A. arvensis and C. coronarium calculated jointly.

3.3. Effect of soil treatments on PHE uptake

PHE uptake by plants showed significant differences among key species. L. aurea
accumulated most Cu (134.83 + 11.20 mg kgl), As (74.56 + 6.27 mg kg) and Pb (140.58 + 11.72
mg kg?), followed by S. rubra (Cu: 86.57 + 7.66, As: 32.87 + 3.04 and Pb: 69.46 + 6.57, in mg kg
1Y and P. coronopus (Cu: 66.90 *+ 4.52, As: 24.19 + 2.86 and Pb: 44.24 + 4.42, in mg kg?),
presenting significant differences between the former and L. aurea. The highest concentration
of Zn were found in P. coronopus (928.19 + 100.98 mg kg) and S. rubra (709.73 + 56.66 mg kg
1), and then, in L. aurea (415.07 + 32.29 mg kg?), presenting significant differences with the

former. On the contrary, A. arvensis showed the lowest content of Cu (44.18 + 3.20 mg kg'), Zn
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(392.11 + 33.74 mg kg!), As (17.53 + 2.00 mg kg*) and Pb (31.82 + 3.30 mg kg!), followed by P.
lagopus (Cu: 46.55 + 4.1, Zn: 453.94 + 51.35, As: 17.59 + 2.53, Pb: 37.20 + 6.83, in mg kg?), with

no significant differences between them.

Regardless of the species, we are especially interested in PHE uptake by plants per
treatments. As no plant emerged in the unvegetated affected soils (UV-AA), there was no PHE
record there, so we used PHE uptake in the unaffected (UA) and vegetated affected (V-AA) areas
instead as a reference. The plants growing in UA contained significantly less PHEs (Cu: 68-82%,
Zn:46-77%, As: 91-97% and Pb: 71-93%) than the plants growing in the V-AA or the experimental
plots (Figure 4.8). Considering simple treatments, the plants from M and G treatments
presented similar values for Cu (Figure 4.8a) to those in V-AA soils (76.61 + 5.77 mg kg}), and
accumulated (on average) 19% and 44% less Cu than the plants from V (87.80 + 10.12 mg kg™)
and T (125.95 + 37.89) treatments, respectively. With respect to Zn uptake (Figure 4.8b), plants
in M and G treatments accumulated 37% less Zn than in T treatment and V-AA soils (615.16 +
64.88 mg kg, on average), with marginally significant differences, and 53% less Zn than in V
treatment (741.78 + 115.74 mg kg'), with significant differences. In terms of As uptake (Figure
4.8c), there were no marginal or significant differences among simple treatments, where plants
accumulated (on average) 53% more than in V-AA soils (23.08 + 2.49 mg kg'). Finally, the plants
from V accumulated 28% less Pb than the plants from G, M or T (105.78 + 7.59 mg kg, on
average), with marginal differences, but they all had significantly higher values than plants from
V-AA soils (42.52 + 4.36 mg kg?) (Figure 4.8d). The addition of vermicompost (v) to simple
treatments increased the concentration of Zn in plants for any treatment (Figure 4.8b), with
marginally significant differences, and the concentration of Pb for Vv (33%) and Tv (56%)

treatments (Figure 4.8d), whereas in the rest of cases, it did not promote significant changes.
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Figure 4.8. PHE uptake (mean * SE) by key species in soils. PHEs: a) Cu; b) Zn; c) As; d) Pb. Soil types: i) UA:
unaffected soils; ii) V-AA: vegetated affected soils; and iii) soil treatments: 1. G: Addition of gypsum mining
spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4. V: mixture of UV-AA* and V-AA; 5. Gv: G plus
vermicompost (v); 6. Mv: M + v; 7. Tv: T + v; 8. Vv: V + v. Different letters above symbols represent
statistically significant differences (p < 0.05) for the post-hoc Tukey tests performed after the LMMs. It

should be noted that the vertical scale is different for each graph. *UV-AA: unvegetated affected soil.

3.4. Effect of soil treatments on PHE translocation and bioaccumulation in plants

In the unaffected (UA) and vegetated affected (V-AA) areas, plants accumulated
significantly more PHEs in roots than in shoots (Appendix 4.8). Nevertheless, the plants from any
treated soil presented PHE concentrations in shoots similar to those in roots, except for My,

which preferentially accumulated Cu (64 %) in their roots (Appendix 4.8a).

Regarding PHE translocation from roots to shoots (Translocation Factor, TF, Figure 4.9),
we observed that it was similar in plants from both UA and V-AA (Cu: 0.71 £ 0.01, Zn: 0.90 + 0.00,
As: 0.85 £ 0.10 and Pb: 0.61 + 0.25, on average), with just marginally significant differences

between the two areas, and with values below 1. Comparing UA area with simple treatments,
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the TF for Cu (Figure 4.9a) was only higher in the plants from V treatment, with significant
differences and values around 1; TF for Zn (Figure 4.9b) was similar in all cases but in T, M and V
treatments, it presented values higher than 1; and TF for As (Figure 4.9¢c) and Pb (Figure 4.9d) in
any treatment presented marginal and significant differences, respectively, and values higher
than 1. The addition of vermicompost (v) increased TF in Tv and Vv treatments for Cu (Figure

4.9a) and As (Figure 4.9c), in Vv treatment for Zn (Figure 4.9b), and in Tv and Mv treatment for

Pb (Figure 4.9d).
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Figure 4.9. Translocation factor (mean + SE) of PHEs from roots to shoots in plants from each soil type: i)
UA: unaffected soils; ii) V-AA: vegetated affected soils; and iii) soil treatments: 1. G: Addition of gypsum
mining spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4. V: mixture of UV-AA* and V-AA; 5. Gv: G plus
vermicompost (v); 6. Mv: M +v; 7. Tv: T+ v; 8. Vv: V + v. PHEs: a) Cu; b) Zn; c) As; d) Pb. Different letters
above symbols represent statistically significant differences (p < 0.05) for the post-hoc Tukey tests
performed after the LMMs. It should be noted that the vertical scale is different for each graph. *UV-AA:

Unvegetated Affected Soil.
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Regarding the relation between PHE availability in soils and accumulation in plant shoots
(Figure 4.10), we observed that UA soils had the lowest Bioaccumulation Factor (BAF) for Cu
(0.54 + 0.05) and As (0.12 + 0.02), although they did not present significant differences with
those in V-AA area or any treated soils. The BAF for Pb (Figure 4.10d) did not have significant
differences among treatments either, nevertheless, soil transfer of Pb into plants tended to be
higher in UA area. In the case of Zn (Figure 4.10b), and compared with UA (2.01 £ 0.25), BAF was
similar in V (2.30 + 0.45) and G (1.50 + 0.19) treatments, lower in M treatment (1.19 % 0.14),
with marginally significant differences, and higher in T treatment (2.86 + 0.62), with marginally
significant differences; in any case, BAF values were higher than 1. The addition of vermicompost

(v) did not significantly change the BAF for any PHE in any treatment.
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Figure 4.10. Bioaccumulation Factor (mean *SE) of PHEs from soils to shoots in each soil type: i) UA:
unaffected soils; ii) V-AA: vegetated affected soils; and iii) soil treatments: 1. G: Addition of gypsum mining
spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4. V: mixture of UV-AA* and V-AA; 5. Gv: G plus
vermicompost (v); 6. Mv: M +v; 7. Tv: T+ v; 8. Vv: V + v. PHEs: a) Cu; b) Zn; c) As; d) Pb. Different letters
above symbols represent statistically significant differences (p < 0.05) for the post-hoc Tukey tests
performed after the LMMs. It should be noted that the vertical scale is different for each graph. *UV-AA:

Unvegetated Affected Soil.
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Finally, the quotient (Q) between PHE concentrations in plants from the affected (V-AA
and treatments) and the unaffected areas (UA) were less than 10 times higher in the case of Cu
(Figure 4.11a) and Zn (Figure 4.11b), and around 10 times for Pb, (except in Tv that was 18 times,
Figure 4.11d); in the case of Zn, there were significant differences between treatments,
presenting G and M treatments the lowest values, and V treatment the highest. The
accumulation of As in the plants from any treatment was more than 20 times higher than in UA,
with no significant differences among treatments (Figure 4.11c). The addition of vermicompost
(v) to simple treatments did not produce any significant change, except in Tv and Vv treatments

for Pb (Figure 4.11d), where the quotient marginally increased.
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Figure 4.11. Quotient (mean 1SE) between PHE concentrations in plants from each soil type: i) V-AA:
vegetated affected soils; ii) UA: unaffected soils; and iii) soil treatments: 1. G: Addition of gypsum mining
spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4. V: mixture of UV-AA* and V-AA; 5. Gv: G plus
vermicompost (v); 6. Mv: M +v; 7. Tv: T+ v; 8. Vv: V + v. PHEs: a) Cu; b) Zn; c) As; d) Pb. Different letters
above symbols represent statistically significant differences (p < 0.05) for the post-hoc Tukey tests
performed after the LMMs. It should be noted that the vertical scale is different for each graph. *UV-AA:

Unvegetated Affected Soil.
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3.5. Treatment effectiveness

As a summary, Table 4.2 shows the most effective treatments according to the variables

studied.

Table 4.2. List of soil treatments with the best results according to the studied variables. Soil treatments:
G: Addition of gypsum mining spoil; M: Addition of marble sludge; T: Tillage; V: mixture of UV-AA and V-
AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T +v; Vv: V + v. INatural plants refers to the plants growing
in UA. ?Polluted plants refers to the plants growing in V-AA and treatments. UA: Unaffected soils; V-AA:

Vegetated Affected soils.

Variables Treatment(s) with the best results
Plant cover Vv
Plant species richness Vv
Plant diversity (H’) Vv
Effective Number of Species (ENS) Vv
Cu M and G
Zn M
PHE uptake
As No significant differences among treatments
Pb \
Cu G,Gv,M,MVand T
Translocation Zn No significant differences among treatments
Factor (TF) As No significant differences among treatments
Pb T, M, G and Gv
Cu No significant differences among treatments
Bioaccumulation Zn M and Mv
Factor (BAF) As No significant differences among treatments
Pb No significant differences among treatments
Quotient Cu M and G
natural Zn M and Mv
plants'/polluted As M and V
plants? (Q) Pb Y
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4. DISCUSSION

4.1. Effect of soil treatments on plant cover, richness, and diversity

The soils from the vegetated affected areas (V-AA) were completely covered by
herbaceous vegetation, similarly to the soils where the spill never reached (UA), suggesting the
effectiveness of the intense rehabilitation program carried out after the mining accident, which
included, not only cleaning and remediation, but also afforestation (CMA, 2003). Moreover,
these areas registered the highest diversity of herbaceous species; in the case of V-AA, richness
was even higher than in the surrounding vegetated affected areas within the Guadiamar Green
Corridor (GGC) described in previous studies (Belt 1 in Garcia-Carmona et al, 2019). These results
indicate that soil conditions in V-AA are rather remediated, favouring the recovery of a
developed plant cover. These vegetated affected areas (V-AA) are acting as propagule donors
(Pérez-de-Mora et al., 2011) through vegetation with high seed production, effective dispersal
mechanisms (Burgos et al., 2013) and PHE tolerance (Del Rio et al., 2002; Poniedzialek et al.,
2005; Burgos et al., 2008; Hernandez and Pastor, 2008; Sierra et al. 2008; Gawronski et al., 2011;
Pérez-de-Mora et al., 2011; Montiel-Rozas et al.,, 2016; Garcia-Carmona et al., 2019).
Nevertheless, the still extreme soil conditions in the unvegetated affected areas (UV-AA), mainly
acidic pH and high PHE concentrations, have completely inhibited seed emergence and plant re-
establishment (Becker and Brandel, 2007) despite the proximity to propagule donors (Garcia-

Carmona et al., 2019).

After treatment application in UV-AA soils, plant emergence was reactivated, similarly
to what Madejdn et al. (2006) reported in the area, and plant cover, richness and diversity were
recovered at different levels depending on the treatment. Although marble sludge (M), gypsum
mining spoil (G) and tillage (T) promoted plant emergence, they still resulted quite ineffective in
comparison with the unaffected (UA) and vegetated affected (V-AA) areas, presenting rather
low plant cover, richness and diversity, and suggesting that soil conditions are not completely
recovered there yet; for instance, the diversity index (H’) for these treatments was under the
normal values usually obtained for empirical data (1.5-3.5, Magurran, 2004). The unvegetated
affected soils contained their own seeds from the surrounding vegetated areas (seed sink) prior
to treatment application, but it has been inactive for more than 20 years, blocking organic
matter input, what entailed a constraining factor for the evolution of a healthy soil ecosystem

(Bot and Benites, 2005). As neither marble sludge, gypsum mining spoil or tillage contained
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organic matter, they could not improve soil organic carbon levels (Sanchez et al., 2010), limiting
the availability of essential nutrients, and then resulting in low plant covers. Moreover, these
treatments presented other limitations. In the case of marble sludge, despite the elevated CaCOs3
content, carbonate particles may have been isolated to some extent by iron hydroxysulphate
coatings, reducing the capacity of marble sludge to neutralize the acidic pH and PHE fixation
(Martin et al., 2003; Simén et al., 2005); in the case of gypsum mining spoil, the solubility of
sulphate ions can promote the relative mobility of PHEs and produce toxicity to plants (Grattan
and Grieve, 1999); and in the case of tillage, although crust breaking may enhance aeration and
soil water infiltration, no other properties are improved to reduce PHE toxicity in comparison to
the unvegetated affected soils (UV-AA), which explains the poor plant performance in this
treatment (Garcia-Carmona et al., 2017). On the contrary, the mixture with vegetated topsoil
presented the highest plant cover, richness and diversity, facilitated by both the seed bank and
organic matter content brought from V-AA; in this vein, in a short period of time, plant species
richness in this treatment was similar to that in the surrounding vegetated affected areas (V-AA)

described by Garcia-Carmona et al. (2019).

The addition of vermicompost enhanced the properties of simple treatments by
increasing the organic matter content, rising their capacity to improve soil physicochemical
properties such as pH and structure, and thus, the re-establishment of plant cover, richness and
diversity (Clemente et al., 2015). The most effective treatment was, the mixture with vegetated
topsoil and vermicompost addition, presenting a similar richness to that in vegetated affected
soils in the area (Belt 1 in Garcia-Carmona et al., 2019); this topsoil contained, not only the
highest organic matter content, but also the seed bank from V-AA. On the contrary, plant species
richness in the soils treated with marble sludge and vermicompost or with gypsum mining spoil
and vermicompost was half the richness in vegetated affected soils in the area (Belt 1 in Garcia-
Carmona et al.,, 2019). Nevertheless, the rate at which plant cover, richness and diversity
increased after vermicompost addition to tillage (Tv), and especially for marble sludge and
gypsum mining spoil with vermicompost (Mv and Gv, respectively), was much higher than in the
mixture with vegetated topsoil and vermicompost (Vv). This much higher relative increase was
probably related to the fact that the lack of organic matter was a serious limiting factor in soils
treated with tillage, marble sludge and gypsum mining spoil. Moreover, the combination of
organo-mineral amendments has proved very effective in similar scenarios (Alvarenga et al.,

2008; Jiménez-Moraza et al., 2006). On one hand, organic matter provides nutrients, give
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structure to the soil and has the capacity to bind and make less available cationic PHEs (Bot and
Benites, 2005; Gall et al., 2015); on the other hand, marble sludge and gypsum mining spoil also
help restructuring the soil and are both rich in calcium (and in sulphur, in the case of G), essential
macronutrient(s) for plants (Maathuis 2009). Anyway, the effect of organic matter on the
mobility of PHEs should be monitored over time, because an increase in the availability of some
elements related to the rise in soil organic matter was also described in the area (Nakamaru et

al., 2017; Sierra-Aragdn et al., 2019).

4.2, Effect of soil treatments on species composition.

Our key species, Anthemis arvensis, Chrysanthemum coronarium, Lamarckia aurea,
Plantago coronopus, Plantago lagopus, and Spergularia rubra, appeared in all the vegetated soil
types (UA, V-AA and treatments). Nevertheless, the relative cover of each of them varied with
soil properties after treatment application. L. aurea and S.rubra cover was very low in the
unaffected (UA) and vegetated affected (V-AA) areas, whereas it increased in treated soils,
especially in treatments with vermicompost and in the mixture with vegetated topsoil, which
had similar OC content to that in UA and V-AA, and higher PHE load. Both species seem to be
opportunistic generalist species with a high ability to get adapted to high loads of pollutants,
what may affect their capacity to compete in non-polluted environments (Bichi and Vuilleumier,
2014). Despite P. coronopus, P. lagopus, A. arvensis and C. coronarium have been previously
described as PHE-tolerant species (Del-Rio et al., 2002; Montiel-Rozas et al., 2016; Serrano et
al., 2017), their presence and cover in the most degraded soils seem to have been more affected

by limiting soil properties (mainly the low OC content) than by PHE load.

Observing the overall species composition, the adverse soil properties seem to have
acted as a filter for plant species emergence and development. For instance, as soil acidification
and pollution are a threat for plant diversity, in the soils with the least effective treatments (T,
G and M) we mainly found herbaceous species that could get adapted to the new acidic
conditions and high PHE loads, and which belong to families frequently used in
phytoremediation for their tolerance to PHEs, such as Asteraceae, Brassicaceae,
Caryophyllaceae, Fabaceae, Plantaginaceae or Poaceae (Broadley et al., 2001; Gawronski et al.
2011; Gutiérrez-Ginés et al., 2015). A higher effectiveness of the treatment is linked to higher
plant species diversity; hence, we could think that the addition of vermicompost has made

simple treatments more effective, especially in combination with gypsum mining spoil and
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marble sludge. In general terms, most of the species found in our treatments did not show a
relation with the treatment itself but with the improvement of the soil properties. Nevertheless,
there are a few cases that seem to be affected by a certain treatment; for instance, Raphanus
raphanistrum could be calcium-dependent, mainly appearing in those treatments with gypsum
mining spoil and marble sludge, and Lolium sp. only appeared in those treatments with marble
sludge (M and Myv), suggesting that the application of amendments with significant
concentrations of Ca could increase the uptake of this element at the expense of the absorption
of PHEs (Madejon et al., 2006). On the contrary, Vulpia spp. appeared in all the treated soils,
exceptin M and Myv; although Vulpia spp. grows extremely well in infertile and acidic soils (Tozer,
2004), it has a low calcium requirement (Loneragan et al., 1967), which may limit the presence
of this species in soils with high Ca content. Anyway, although an excess in calcium may promote
nutrient imbalances (Tuna et al., 2007), in a scenario of soil pollution such as Aznalcdllar case
study, the protective action of Ca against the toxicity of PHEs (Mengel and Kirkby, 1987) seem
to be more important. Thus, the addition of organo-mineral amendments seems to enhance the
spontaneous emergence of herbaceous species coming from the surrounding areas by the

reduction of PHE mobility and toxicity.

4.3. Effect of soil treatments on the uptake of Potentially Harmful Elements by plants

Most of the species (or families) growing in our treatments (Appendix 4.6) seem to have
the ability to deal with high amounts of PHEs (Broadley et al., 2001; Del-Rio et al., 2002; Madején
et al., 2006; Burgos et al., 2008, 2013; Hernandez and Pastor, 2008; Sierra et al. 2008; Pérez-de-
Mora et al., 2011; Gutiérrez-Ginés et al., 2015; Montiel-Rozas et al., 2016; Serrano et al., 2017;

Garcia-Carmona et al., 2019).

Our key species accumulated PHEs differently, probably due to morpho-physiological
differences (Gupta et al., 2019), being L. aurea, S. rubra and P. coronopus the species with the
highest PHE concentrations in tissues, indicating they are good PHE accumulators (Del-Rio et al.,
2002; Madejon et al., 2006; Hernandez and Pastor, 2008; Gutiérrez-Ginés et al., 2015; Serrano
et al., 2017; Midhat et al., 2017). Moreover, key species grew in most of the soil types in this
study, except in the unvegetated affected areas, where no plant emergence was registered,
suggesting they are pseudometallophyte species with a high capacity to cope with soil pollution
and, thus, to get adapted to adverse soil properties, such as salinity or acidity, what has also

been supported by other authors’ research, both within the Guadiamar Green Corridor (Del-Rio
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et al., 2002; Burgos et al., 2008, 2013; Pérez-de-Mora et al., 2011; Montiel-Rozas et al., 2016;
Garcia-Carmona et al., 2019) and in other areas with similar scenarios of pollution (Hernandez
and Pastor, 2008; Fernandez-Caliani and Barba-Briso, 2010; Gutiérrez-Ginés et al., 2013; Midhat
etal., 2017).

Apart from the capacity of plant species to deal with pollution and further adverse soil
properties, PHE accumulation in plants also depends on abiotic factors such as soil pH, soil
exchange capacity, soil organic matter content and concentration of available PHEs in soils
(Gupta et al., 2019). As the soil from the unvegetated affected areas still presents extreme
conditions, as acidic pH, and total As and Pb surpassing the regional thresholds (NGR) (BOE
2015), no plant development was registered there, which is further evidence that residual
pollution and soil degradation are still too high in certain areas in the Guadiamar Green Corridor,

and that additional rehabilitation measures are required.

Reference values for plants are highly variable (Kabata-Pendias, 2011), but the range for
normal levels are: Cu: 5-30, Zn: 25-150, As: 1-1.5, and Pb: 5-10, in mg kg; and for toxic levels
are: Cu: 20-100, Zn: 100-400, As: 5-20, and Pb: 30-300, in mg kg). According to them, the key
species that grew in the unaffected area accumulated Cu, Zn, As and Pb at normal levels, or very
close to them, and at phytotoxic levels in the vegetated affected areas, highlighting the presence
of residual pollution in these soils twenty years after the accident. Regarding experimental plots,
key species accumulated Cu, Zn, As and Pb at phytotoxic levels in any treatment, with no
significant differences among treatments. Even though, the treatments with gypsum mining
spoil and marble sludge have been the most effective reducing Cu and Zn uptake. This correlates
with the effect of these amendments on the reduction of Cu and Zn availability in soils. Kabata-
Pendias (2011) detected Cu and Zn immobilization in soils rich in calcium and sulphur, and
Garrido et al. (2005) observed how the Al-hydroxy polymers formed in gypsum amended soils
immobilized Zn. Antoniadis et al. (2017) reported that the addition of calcium-rich amendments
could be a successful strategy to reduce the availability of cationic PHEs such as Cu and Zn, and
that even low carbonate content gives enormous buffering capacity to soils through pH rise and
the formation of insoluble compounds. In terms of As uptake reduction, none of the treatments
showed a positive effect, presenting similar uptake by plants in all treatments, and higher to
that in the vegetated affected areas, probably due to the remobilization of this element through
pH increase after treatment application (Martin Peinado et al., 2012). Finally, Pb concentration

in plant’s tissues was also similar in all treatments, just presenting slightly lower values in the
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mixture with vegetated topsoil as a result of a dilution effect. Nevertheless Pb uptake in
treatments was higher than in the vegetated affected areas, despite Pb bioavailability was lower;
on one hand, the acidic pH in most treated soils compared to the vegetated affected soils could
have mobilize Pb (Romero-Freire et al., 2015); on the other hand, although Pb bioavailability
could rise in direct relation with the increase of organic matter content (Garcia-Carmona et al.,
2019), the higher availability of macronutrients in the vegetated affected area may have
interfered with Pb, favouring nutrient uptake and reducing Pb accessibility for plants (Kabata-
Pendias, 2011; Antoniadis et al., 2017). Finally, the addition of vermicompost to simple
treatments did not significantly affect PHE uptake, although an increasing trend was observed.
Organic matter has controversial effects on PHE mobility; although organic matter tends to
promote PHE immobilization as a result of the formation of organo-metallic ligands of high
molecular weight (Antoniadis et al., 2017), some authors have observed right the opposite
behavior depending on the type of organic matter added (Kumpiene et al., 2008; De-la-Fuente

et al., 2011; Sierra-Aragén et al., 2019).

As the plants that grew in the experimental plots still accumulated significantly more Cu,
Zn, As and Pb than the plants from the unaffected soils, further management of our
experimental plots (i.e. repeated tillage and/or amendment application over time) should be

accomplished, similar to what other authors observed in the area (Madejon et al., 2018).

4.4, Effect of soil treatments on PHE translocation and bioaccumulation in plants

A well-established vegetation cover with low capacity to translocate and accumulate
PHEs in shoots is of major interest, since it would promote PHE stabilization in soil and would

hinder its transfer to the food web (Clemente et al., 2015).

The edible parts (shoots) of the plants from the affected areas, both vegetated and
experimental, surpassed the toxic levels proposed by Chaney (1989) for all PHEs, except for As
(any treatment and V-AA), for Zn in marble sludge and gypsum mining spoil (with and without
vermicompost in both cases), and for Pb in V-AA. All these evidence that the prohibition of
introducing herbivores in the Guadiamar Green Corridor is still required, and that further
rehabilitation techniques based on PHE immobilization in soils (i.e. amendment application and

phytostabilization) must be implemented.
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As the toxic potential of each PHE is not the same, the use of contamination indexes is
especially recommended when it refers to multi-element pollution, in order to compare among
elements in a more realistic way (Antoniadis et al., 2017). In our case, we are especially
interested in low translocation (TF) and bioaccumulation (BAF) factors (values below 1) to
guarantee PHE stabilization in soils (Mehes-Smith et al., 2013). These low values were found for
the vegetated affected areas, suggesting that the rehabilitation activities implemented after the
spill have been rather effective stabilizing pollutants (Madején et al., 2018). In the case of our
experimental plots, considering that the concentrations of Zn, As and Pb in plant shoots were
similar to those in roots and that TF values were generally above 1, there was a certain
translocation of these pollutants in most treatments. Moreover, the plants in the affected soils
accumulated more PHEs than the plants in the unaffected soils, and it was especially remarkable
for As, which was more than 20 times higher in the former, indicating As was rather available
for plants regardless of the treatment. Nevertheless, BAF values for Cu, As and Pb were below 1
in nearly all the cases, with no significant differences among the studied soils and treatments,
suggesting that plants did not hyperaccumulate these elements. On the contrary, BAF for Zn was
above 1 in all the studied soils and treatments, what could be related to the essential metabolic
role that Zn plays in plants; moreover, tolerant species may accumulate Zn up to 1% in storage
tissues, limiting the presence of this metal in cellular locations and reducing phytotoxicity
(Kabata-Pendias, 2011). Focusing on treatments, tillage (with and without vermicompost) was
the only one with higher BAF values for Zn than the unaffected area, what could be due to the

strong acidity of these soils promoting Zn availability (Garcia-Carmona et al., 2019).

5. CONCLUSIONS

Mixing the uppermost 10 cm of vegetated affected soils (V-AA) with the unvegetated
soils (UV-AA) and vermicompost resulted the most effective rehabilitation technique in order to
promote the emergence of herbaceous species, and the recovery of developed plant cover and
diversity in the unvegetated affected soils in the Guadiamar Green Corridor; this treatment
strongly improved soil properties, and supported vegetation recovery by the presence of an
active seed bank from V-AA. The addition of marble sludge with vermicompost also showed a
positive effect, achieving the highest plant cover and diversity with the lowest PHE uptake and
translocation, except in the case of Pb, for which the best option was the mixture with vegetated

topsoil. All this suggests that, along with acidity, salinity, and high load of PHEs, the lack of
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available nutrients and active seed bank are also key limiting factors for plant emergence and
development. Tillage was the least effective treatment and should be used in combination with
other soil amendments or treatments. The mixture of marble sludge and vermicompost is also
a cost-effective and environmentally friendly rehabilitation option for large polluted areas since
it is based on the reuse of wastes coming from other human activities. Notwithstanding, further
studies should be conducted in order to improve the positive effects of this organo-mineral
amendment, such as sowing native species after amendment application or considering
retreatment over time, actions that could also enhance the amending properties of gypsum
mining spoil (with or without vermicompost). The assessment of the transfer and bioavailability
of PHEs to plants also needs to be monitored over time to avoid the potential risk of pollution

into the food chain.
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APPENDICES

Appendix 4.1. Main soil properties and constituents (mean % SE). Soil types: i) UA: Unaffected
soils; ii) UV-AA: Unvegetated Affected soils; iii) V-AA: Vegetated Affected soils; and iv) soil
treatments: G: Addition of gypsum mining spoil; M: Addition of marble sludge; T: Tillage; V:
mixture of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T+v; Vv: V + v. Different

letters (columns) represent statistically significant differences (p < 0.05) for the post-hoc Tukey

tests performed after the LMMs. N= 24.
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Appendix 4.2. Total concentration (mean + SE) of main pollutants (Cu, Zn, As and Pb) in soils.

Soil types: i) UA: Unaffected soils; ii) UV-AA: Unvegetated Affected soils; iii) V-AA: Vegetated

Affected soils; and iv) soil treatments: G: Addition of gypsum mining spoil; M: Addition of marble

sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T

+v; Vv: V +v. Different letters (columns) represent statistically significant differences (p < 0.05)

for the post-hoc Tukey tests performed after the LMMs. N= 24.

Total PHEs
Soil types Cu Zn As Pb

T 199,71 + 16,99 bc 311,46 + 26,15 bc 458,89 + 26,28 de 778,36 + 55,80 cd
Tv 195,34 + 16,31 bc 273,12 £25,48 b 529,42 +47,66 e 784,17 £+ 47,47 cd
M 195,30 + 14,72 bc 283,39+17,67 bc 454,55 + 27,09 de 701,11 + 48,83 bd
Mv 185,22 + 16,25 ab 298,82 + 26,43 bc 462,02 £ 25,67 e 740,26 + 62,89 bd
G 212,08 +18,96 ¢ 378,37 +40,71 cd 479,49 £ 26,93 e 723,16 + 32,70 bd
Gv 193,56 + 15,61 bc 315,50 + 31,83 bc 490,51 +39,78 e 728,89 + 25,65 bd
\Y 187,23+ 13,70 ab 392,51 +26,03 d 369,73 + 16,38 cd 638,54 + 34,49 bc
Vv 172,87 + 11,69 ac 386,17 £21,18d 337,61 +£16,61 ac 612,58 £33,52 b
UV-AA 175,84 + 14,87 ab 293,49+32,95b 478,52 £28,03 e 818,46 +57,60d
V-AA 150,49+ 21,88a 429,76 £ 43,74 d 169,91+ 25,88 b 293,26+ 36,28 a

UA 37,37 £5,05ab 87,04+3,12a 19,23 +2,14a 61,27 +10,62 a
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Appendix 4.3. Ratio (mean + SE) between soluble and total concentrations of main pollutants

(Cu, Zn, As and Pb) in soils. Soil types: i) UA: Unaffected soils; ii) UV-AA: Unvegetated Affected

soils; iii) V-AA: Vegetated Affected soils; and iv) Soil treatments: G: Addition of gypsum mining

spoil; M: Addition of marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus

vermicompost (v); Mv: M + v; Tv: T + v; Vv: V + v. Different letters (columns) represent

statistically significant differences (p < 0.05) for the post-hoc Tukey tests performed after the

LMMs. N=24.,
Ratio Soluble/ Total PHEs
Soil types Cu Zn As Pb
T 0,11 +2,81E ef 0,31 +0,05 de 2,38E%4+4,671E% a 0,22+0,03c
Tv 0,06 + 1,56E2 df 0,26 £ 0,04 de 1,89E%4 + 3,43E0%° 3 0,19 £ 0,03 bc
M 0,01 +5,35E% ab 0,06 + 0,02 ab 1,46E9%4+1,83E% 3 0,15+0,02 b
Mv 0,01+ 7,02E% 3 0,04 £ 0,03 ab 1,76E% + 1,61E% a 0,15+0,02b
G 0,07 +2,31E bed 0,21+0,05b 3,12E%4+9,72E% 3 0,21+0,03c
Gv 0,02 +9,31E% ac 0,14 £ 0,04 bc 1,72E% £ 2,54E% a 0,18 £ 0,02 bc
\" 0,04 +1,41E2 cd 0,20+ 0,04 bc 2,78E%4+4,84E% 3 0,19 + 0,03 bc
Vv 0,02 +7,37E% ad 0,16 + 0,03 bd 2,14E% + 4,18E% 3 0,17 £ 0,02 bc
UV-AA 0,09 +1,33E%2 e 0,37+0,03 e 2,09E%4+ 2, 55E0° 3 0,18 £ 0,02 bc
V-AA 4,35E0% + 4,94F % 3 0,02 + 4,956 ab 1,52E9 +2,34E% b 0,18 £ 0,02 bc
UA 5,25E03+4,26E%a 3,22E%+2,47E% a 1,90E% + 2,44E% b 0,01 +9,00E% a
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Appendix 4.4. Ratio (mean * SE) between bioavailable and total concentrations of main

pollutants (Cu, Zn, As and Pb) in sails. Soil types: i) UA: Unaffected soils; ii) UV-AA: Unvegetated

Affected soils; iii) V-AA: Vegetated Affected soils; and iv) Soil treatments: G: Addition of gypsum

mining spoil; M: Addition of marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus

vermicompost (v); Mv: M + v; Tv: T + v; Vv: V + v. Different letters (columns) represent

statistically significant differences (p < 0.05) for the post-hoc Tukey tests performed after the

LMMs. N=24.
Ratio Bioavailable/ Total PHEs
Soil types Cu Zn As Pb
T 0,39+0,04c 0,05+0,02 ac 5,20E% +1,69E% 3 3,66E% +596E% 3
Tv 0,35+0,03 cd 0,08 £ 0,03 bce 6,31E%4+2,30E% a 4,97E% + 8,53E% ab
M 0,25 +0,03 ab 0,04 £0,02 a 5,98E%4 +2,49E% 3 5,55E04+1,34E04
Mv 0,25+0,03 bd 0,05+ 0,02 ab 2,09E%% + 8,32E% 3 7,41E% + 1,14E% ab
G 0,36 £ 0,05 bc 0,04 £ 0,01 bed 6,26E%4 +2,07E% a 8,61E%4 +2,39E% ab
Gv 0,34 £ 0,04 bc 0,07 £ 0,02 bce 1,53E% +5,96E% a 2,86E+1,70E% b
\ 0,33 +0,04 bc 0,07 £ 0,03 ce 1,25E% + 4,85E% 3 7,34E03 + 1,82E% ¢
Vv 0,30+ 0,03 bc 0,09 £ 0,04 ce 1,87E% +1,22E% 3 7,16E%% +2,30E% ¢
UV-AA 0,38+0,03c 0,13 £ 0,05 de 2,92E% +2 3560 5,03E%4+1,04E% 3
V-AA 0,17+0,02a 0,06+0,02 e 2,15E0% + 4,82E% b 3,39E%2+ 6,59E % d
UA 0,18 + 0,01 abc 0,09 £ 0,01 ace 6,82E%% + 8,10E% ab 2,03E01 + 1,852 d
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Appendix 4.5. Physicochemical properties and PHE content (mean+SD) of soil amendments. Cu,
Zn, As and Pb: Potentially Harmful Elements (PHEs). T: total concentrations (in mg kg?) of PHEs,
Fe, Ca, S and Al. NA= Not Available.

Soil amendments
Properties thermicompost Marble; Gyp:um mining spoil
(meanzSD) sludge (meanzSD)
pH 7.88+0.12 9.1 7.5+0.2
EC (dSm™) 4.18 £0.25 2.03 2.90+0.04
Organic
carbon (%) 23.16 £1.87 0.06 0.04 +£0.03
CaCo3 (%) NA 99 27.25+3.52
TFe NA 1100 9501.07 £ 713.12
TCa NA 386900 186153.44 + 4288.77
i‘:‘) TS NA NA 126094.49 + 4552.09
T%,o TAl NA 1900 2529.57 £ 532.98
g TCu 44.38 +£3.56 1.67 10.10+0.84
g | 17.18 +2.58 7.05 18.07 +2.06
" TAs 1.81+0.27 3.76 3.50+0.41
TPb 3.90+0.72 1.18 4.39+0.73

!Nakamaru and Martin-Peinado, 2017; Sanchez et al., 2010; 3Ballesteros, 2018.
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Appendix 4.6. List of species found at the study area in each soil type: i) UA: Unaffected soils; ii) UV-AA:
Unvegetated Affected soils; iii) V-AA: Vegetated Affected soils; and iv) Soil treatments: G: Addition of
gypsum mining spoil; M: Addition of marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus

vermicompost (v); Mv: M +v; Tv: T + v; Vv: V + v. Presence is marked with a cross.

Family Species UA V-AA UV-AA T Tv Mv Gv Vv
Andryala ssp. X X X X
Anthemis arvensis L. X X X X X X X
Calendula officinalis L. X X X
Calendula tripterocarpa Rupr. X
Chrysanthemum coronarium L. X X X X X X X
Asteraceae
Crepis sp. X
Filago sp.
Galactites sp. X
Leontodon sp. X X X
Senecio sp. X X X X X
Boraginaceae Echium plantagineum L. X X
Alyssum sp. X X
Capsella bursa-pastoris L. X X
Brassicaceae Diplotaxis sp. X X X
Hirschfeldia incana (L.) Lagr. -Foss. X X X X X
Raphanus raphanistrum L. X X X X X
Dianthus lusitanicus Brot. X
Caryophyllaceae Silene gallica L. X
Spergularia rubra (L.) C. Presl X X X X X X X
Atriplex halimus L. X
Chenopodiaceae
Chenopodium sp. X X X X X
Euphorbiaceae Euphorbia sp. X X
Astragalus sp. X
Lupinus albus L. X
Fabaceae Medicago ssp. X X X X X X
Trifolium ssp. X X X
Vicia sp. X X
Geraniaceae Erodium ssp. X X X X X X
Juncaceae Juncus sp. X
Lamiaceae Lamium amplexicaule L. X X
Lavatera sp. X
Malvaceae
Malva sp. X
Oxalidaceae Oxalis pes caprae L. X X
Plantago coronopus L. X X X X X X X
Plantaginaceae Plantago lagopus L. X X X X X X X
Plantago lanceolate L.
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Appendix 4.6. (Cont.) List of species found at the study area in each soil type: i) UA: Unaffected soils; ii) UV-AA: Unvegetated
Affected soils; iii) V-AA: Vegetated Affected soils; and iv) Soil treatments: G: Addition of gypsum mining spoil; M: Addition of
marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T+ v; Vv: V + v. Presence

is marked with a cross.

Family Species UA V-AA UV-AA T Tv M Mv G Gv \' Vv
Agrostis sp. X X X X

Avena sterilis L. X X X
Bromus ssp. X X X X X X X X

Chaetopogon fasciculatus (Link) Hayek X X X
Gastridium ssp. X X
Holcus ssp. X X X X X

Hordeum ssp. X X X X X

Poaceae
Lamarckia aurea (L.) Moench X X X X X X X X X X
Lolium sp. X X X
Phalaris minor Retz. X
Poa sp. X
Polypogon maritimus Willd. X X X
Trisetaria panicea (Lam.) Paunero X X X X X X
Vulpia ssp. X X X X X X X X
Polygonaceae Rumex bucephalophorus L. X
Lysimachia arvensis (L.) U.Manns &
Primulaceae X X
Anderb.
Rosaceae Sanguisorba sp. X
Rubiaceae Rubia sp. X X

TOTAL 36 30 0 8 16 11 24 9 21 25 29
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Appendix 4.7. Species common to all the vegetated soils types (UA, V-AA, and treatments) (key species).

( . ‘_' ./ ;.. <. ;‘.‘
Lamarckia aurea (L) Moench Spergularia rubra (L.) J. Pres| & C. Presl

Anthemis arvensis L. Chrysanthemum coronarium L.
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Appendix 4.8. PHE content (mean =Cl in mg kg'!) accumulated in shoots and roots in plants from each soil

type: i) UA: unaffected soils; ii) V-AA: vegetated affected soils; and iii) soil treatments: 1. G: Addition of
gypsum mining spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4. V: mixture of UV-AA* and V-AA; 5.
Gv: G plus vermicompost (v); 6. Mv: M +v; 7. Tv: T+ v; 8. Vv: V + v. PHEs: a) Cu; b) Zn; c) As; d) Pb. Different
letters above symbols represent statistically significant differences (p < 0.05) for the post-hoc Tukey tests

performed after the LMMs. *UV-AA: Unvegetated affected soil.
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GENERAL DISCUSSION

1. Soil pollution and habitat rehabilitation

Soils are essential for life and play a critical role in supporting ecosystem services
(Robinson et al., 2013). An intense and unsustainable use of soil by human beings is leading to
the intense degradation of many terrestrial ecosystems. Many anthropogenic activities are
causing soil pollution, which poses a serious threat for the environment and humans’ health
(Rodriguez-Eugenio et al., 2018) and, thus, the restoration of the soil ecosystems is one of the
biggest challenges to face ever (Liu, et al., 2018). Restoration activities frequently take a long
time to pay off, especially in highly degraded ecosystems and/or where the climatic conditions
act as limiting factors, hindering natural restoration. Numerous are the cases in which, even
after the implementation of intense restoration measures, residual pollution and ecosystem
degradation remain a concern. This is certainly the case of the Guadiamar Green Corridor

(GGC)(SW Spain).

Throughout this thesis, we have assessed the current toxicity and recovery status of
the Guadiamar Green Corridor in the sector closest to the Aznalcéllar pyrite mine, by means of
a detailed study of soils and vegetation. According to previous studies (Martin-Peinado et al.,
2015), the area is still affected by residual pollution heterogeneously distributed, and certain

spots remain barren and unvegetated.

These unvegetated soils are characterized by high concentrations of Potentially
Harmful Elements (PHEs), acidic pH, high presence of soluble salts and surface crust formation
during the dry season. Total concentrations of PHEs (Cu, Zn, As and Pb) exceeded the
background values reported by Simén et al. (1999) for the unaffected soils in the area (from 5-
to 25- fold, depending on the element), especially in the case of As and Pb, which in many
residual areas, even surpassed by far (13- and 3- fold, respectively) the levels for declaring a
soil as potentially polluted (NGR) by the Regional Government in Andalusia (Spain) (BOE,
2015). Remediation measures considerably improved soil properties, especially pH and organic
carbon (OC) content, facilitating vegetation growth in most parts of the affected area. Even
though, PHE total concentrations also surpassed background values in the vegetated affected

areas and, although to a lesser extent, intervention thresholds for As and Pb.
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In order to assess the current mobility and bioavailability of PHEs in the affected soils,
selective extractions of pollutant elements were analyzed (Chapters 1, 2 and 3), from short-
(soluble in water and exchangeable forms) to long-term mobile forms (bioavailable), and
unavailable fractions (bounded to amorphous Fe/Mn oxides forms and residual fraction).
Differences among affected areas were found (Chapter 1), with the highest values generally
concentrated in the unvegetated ones, especially for soluble and exchangeable forms of Cu, Zn
and Cd, and for bounded to Fe/Mn oxides forms of Cu and As. On the contrary, the most
densely vegetated areas showed the lowest values of PHE mobile forms, except for
bioavailable and bounded to Fe/Mn oxides Pb forms, what could have been related to the
increase of pH caused by the raise in CaCOs; content (Simdn et al., 2005), and to the co-
precipitation with Fe as long-term and unavailable extracted forms. Arsenic presented a very
low mobility in all cases, mainly due to the retention of As by the amorphous iron oxides
(Acosta et al., 2015; Manaka, 2006) present in these soils (Aguilar et al., 2007). According to
our results (Chapter 1, 2 and 3), the risk of pollutant dispersion of some PHEs is still present in
the area, and further remediation and monitoring actions are required (Garcia-Carmona et al.,

2019; Pastor-Jauregui et al., 2020).

Chemical analyses and selective extractions give us information about the potential
mobility and availability of PHEs in these polluted soils; however, the assessment of potential
toxicity of PHEs is essential to evaluate the potential ecological risk in the area (Alvarenga et
al., 2008). In this vein, toxicity bioassays are a useful tool for the assessment of soil quality
(Conder et al., 2001; Van Gestel et al., 2001) and to obtain indicators for the restoration of
habitat functions (Brown et al., 2005; I1SO/DIS 17402, 2006). Toxicity bioassays can be made
using different organisms as bioindicators, being Lactuca sativa, Eisenia andrei and Vibrio
fischeri among the most commonly used (Garcia-Carmona et al.,, 2017) because they are
representative of three major groups of soil organisms (primary producers, detritivores, and

microbes).

In our case, we conducted a short-term toxicity bioassay with Lactuca sativa L.
controlling seed germination and root elongation (Chapter 3). According to our results, the
most important factors related to the toxicity over L. sativa were low pH, low OC and CaCO;
content, and high electrical conductivity (EC) and PHE solubility in soils from the unvegetated
areas. Otherwise, despite the presence of relatively high concentration of PHEs in the
vegetated affected areas, L. sativa germination and root elongation were similar to control

(unpolluted) samples, indicating no phytotoxicity in the vegetated affected areas and
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suggesting that the evolution of soil properties after remediation actions are positive for plant
performance. Conversely, toxicity bioassays suggested the existence of PHE toxicity in the
unvegetated affected soils, as previously observed by other authors in the area (Romero-Freire
et al.,, 2015; Garcia-Carmona et al., 2017; Pastor-Jauregui et al. 2020). The application of
additional remediation actions and monitoring of the potential toxicity in these areas are

needed and should be a priority in future studies.

Finally, information about vegetation distribution, species richness or PHE uptake and
translocation was required to assess the recovery of the Guadiamar Green Corridor (Chapter 1
and 4). As far as we could observed, both the soils from the area where the spill never reached
and from the vegetated affected area were completely covered by vegetation. Moreover, they
presented similar species richness and diversity, which suggests that soil conditions in the
vegetated affected areas are rather remediated, favouring the recovery of vegetation.
According to these results, the intense rehabilitation program carried out after the mining
accident was rather effective, favoured by soil amendment application and phytostabilization
(Pastor-Jauregui et al., 2020) through native tree and shrub species plantation (CMA, 2003).
The natural evolution of the rehabilitation process promoted the recovery of herbaceous
species through the arrival of propagules from the surrounding unaffected areas (Pérez-de-
Mora et al., 2011; Burgos et al., 2013). Nevertheless, spontaneous revegetation depends on
abiotic and biotic factors such as soil properties, the abundance and quality of seeds, and the
capacity of local species to tolerate harsh conditions (Cérdova et al., 2011; Gupta et al., 2019),
and although many of the species found in the study area present physiological mechanisms to
cope with PHE pollution, the still extreme soil conditions in the unvegetated affected areas
have completely inhibited seed emergence and plant establishment (Tiller and Merry, 1981;
Becker and Brandel, 2007; Undersander et al., 2011; Delgado-Caballero et al., 2017; Chapters
1, 2 and 4). According to our results, the key species that grew in the unaffected area
accumulated Cu, Zn, As and Pb in the range of normal levels established by Kabata-Pendias
(2011), or very close to them. Due to the presence of residual pollution in the vegetated
affected soils, some plants accumulated PHEs at phytotoxic levels (Kabata-Pendias, 2011),
highlighting the capacity of these species to cope with these pollutants. Moreover, although
translocation (TF) and bioaccumulation (BAF) factors were low, the edible parts (shoots) of
some plants surpassed toxic levels for livestock in all PHEs (Chaney, 1989), except for Pb. In
this sense, although Pb tended to be more available for plants in the vegetated affected areas
than in the unvegetated affected ones due to the higher OM content, the also higher

availability of macronutrients in this vegetated area may have interfered with Pb, favouring
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nutrient uptake and reducing Pb accessibility for plants (Kabata-Pendias, 2011; Antoniadis et
al., 2017). A well-established vegetation cover with low capacity to translocate and accumulate
PHEs in shoots is of major interest, since it would promote PHE stabilization in soil and would
hinder its transference to the food web (Clemente et al., 2015). Anyway, according to our
results, the Guadiamar Green Corridor is not yet prepared to host herbivores and requires

further rehabilitation and monitoring actions (Chapter 4).

2. Gypsum mining spoil as soil amendment; benefits and limitations

Many studies have been conducted in the area (Madejon et al., 2018) aiming at getting
a better understanding of how soil pollution behaves in those Mediterranean ecosystems
affected by mining activities. The development of innovative remediation techniques that
would facilitate the complete rehabilitation of the area and that could help in similar scenarios
has also been a focus of interest. In this vein, in-situ techniques based on immobilization of
Potentially Harmful Elements (PHEs) in soils (i.e. amendment application and
phytostabilization) would be essential to diminish the potential toxicity risk for the food chain

(Mendez and Maier, 2008).

In order to offer a sustainable solution for the rehabilitation of polluted areas based on
ecological aspects and zero waste strategy, the use of innocuous waste materials as
amendment of polluted soils is highly recommended, as well as a cost-effective and eco-
efficient option (Rodriguez-Jorda et al., 2012; Liu et al., 2018). In this sense, gypsum is among
the largest mined natural minerals (Escavy et al., 2012), producing large quantities of gypsum
mining spoil that require sustainable management. The benefits of gypsum for certain types of
degraded soils have already been confirmed by other authors. For instance, red gypsum and
phosphogypsum (gypsum-rich waste materials) have been used as raw material to fertilize
poor soils and to amend polluted ones (Sumner et al., 1990; Garrido et al., 2003; lllera et al.,
2004; Rodriguez-Jorda et al., 2012; Dinake and Kelebemang, 2019), but there are no available
references for gypsum mining spoil so far. Considering that gypsum has the capacity to
decrease soil crusting, to adjust pH, to reclaim sodic and saline-sodic soils, to rise plant
essential nutrient availability and to reduce PHE availability (Sharma et al.,, 1974; Kabata-
Pendias, 2011; Amezketa et al., 2005; Franzen et al., 2006; Gadepalle et al., 2007), we have
evaluated the potential role of gypsum mining spoil as amendment of soils affected by
acidification, salinization and PHEs, such as those found in the Guadiamar Green Corridor

(GGC), aiming at promoting and enhancing the potential ecological value of this mining waste
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material along with the natural remediation of polluted soils and their associated plant

communities.

We tested the effect of different doses of gypsum mining spoil on soil and vegetation
recovery under controlled conditions (Chapter 2). In a greenhouse experiment, we observed
that the addition of gypsum mining spoil significantly increased soil pH, especially the dose of
50%, due to the high amounts of calcium carbonate it contains (27%), but no change was
registered for EC values, probably because gypsum solubility maintains slight saline condition
and increases available salts (Casas-Castro and Casas-Barba, 1999). Total concentrations of
PHEs were reduced after the application of 50% gypsum mining spoil by a dilution effect,
whereas smaller doses were not effective in general terms. This dilution effect was also
assessed after the spill, during the implementation of the rehabilitation plan, and was used as
a treatment itself, either through the application of liming amendments or deep tillage (Aguilar
et al., 2004a). We observed that gypsum mining spoil significantly reduced Cu, Zn, Cd, As and
Pb soluble fractions in direct relation with its dose, mainly due to the rise in pH, but increased
Sb solubility, probably due to the relatively high concentration of soluble Sb in the
amendment. Regarding PHE availability for plants, Sb and Pb bioavailable fractions were
similar to those in the unvegetated affected areas after the addition of gypsum mining spoil,
whereas the bioavailability of Zn and As was reduced at any dose; on one hand, calcium may
have reduced the availability of cationic PHEs such as Zn by competing effects (Antoniadis et
al., 2017). On the other hand, sulphur and iron may have retained As by the formation of iron
hydroxysulfates (Garcia et al., 2009). Cu and Cd seemed to be dose-dependent since their
bioavailability was only reduced by the highest dose of gypsum mining spoil (50%), probably
due to the presence of significant quantities of CaCO3 which would have significantly raised soil
pH, promoting the precipitation of these elements (Garcia-Carmona et al., 2017; Madejon et
al., 2018). In terms of vegetation, the addition of gypsum mining spoil promoted high
emergence of seeds and also increased seedling growth and survival, all in direct relation with
the dose and as a result of the improvement of the overall soil properties. Nevertheless, plants
from any treatment accumulated Zn, As and Pb at phytotoxic levels (Kabata-Pendias, 2011),
and Cu concentrations were close in the treatments with the lowest doses of gypsum mining
spoil. Even though, PHEs were mainly retained in roots (except for Zn), what would limit the

toxicity risk for the food web.

Considering the positive results obtained in the greenhouse experiment for gypsum

mining spoil, we conducted a field experiment to test the suitability of gypsum mining spoil in
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the assisted natural remediation of the soils affected by residual pollution in the GGC and their
associated vegetation (Chapters 3 and 4). We were especially interested in testing the capacity
of gypsum mining spoil to increase acidic pH; to reduce salinity and PHE toxicity; to enhance
native plant species propagation, vegetation growth and species richness; and to reduce PHE
uptake by plants. In this case, the PHEs selected for this study were Cu, Zn, As and Pb, as it has
been reported that, after intense remediation, soils are still affected by relatively high
concentrations of these elements (Martin-Peinado et al., 2015). Galdn et al. (2002) suggested
Cd and Sb were not a great concern, considering that their total concentrations were under
the regional thresholds, whereas As exceeded intervention values (Aguilar et al., 1999),
requiring reclamation, and the total concentrations of Cu, Zn and Pb indicated that further
investigation in some areas would be advisable. Moreover, according to the results in Chapter
2, our plants accumulated Cu, Zn, As and Pb under phytotoxic levels (Kabata-Pendias, 2011),

while Cd and Sb were below. Consequently, Cd and Sb were not considered for this study.

Concerning acidity remediation (Chapter 3), the addition of gypsum mining spoil (rich
in calcium carbonate) to unvegetated polluted soils in the GGC proved to significantly increase
soil acidic pH; moreover, gypsum can minimize the phytotoxic conditions related to the excess
of soluble aluminum in acid soils by reacting with AlI** and reducing its toxic effects (Shainberg

et al., 1989).

In terms of amending soil salinity (Chapter 3), the effect of gypsum mining spoil on EC
was negligible in this case. It has been described that gypsum solubility releases available ions
that are exchangeable with PHEs, what contributes to maintain a buffered EC (Wallace and
Wallace, 1995; Casas-Castro and Casas-Barba, 1999). Nevertheless, gypsum is considered the
most common amendment for sodic soil reclamation (Lwin et al., 2018), and its beneficial
effects may improve soil physical and chemical properties to greater depth compared to
calcitic lime (more limited to the soil surface), due to the relatively much higher solubility of
gypsum (Toma et al., 1999); hence, the improvement of rooting depth would allow plants to

have more available water and nutrients (Chen et al., 2005).

Regarding PHE pollution (Chapter 3), gypsum mining spoil significantly reduced Cu
solubility and Zn soluble and bioavailable fractions mainly due to pH rise and co-precipitation
on carbonates (Hooda, 2010; Simén et al., 2010; Kabata-Pendias, 2011; Garcia-Carmona et al.,
2019). Moreover, gypsum mining spoil could have promoted the formation of Al-hydroxy
polymers, immobilizing Cu (Garrido et al., 2005). Nonetheless, gypsum mining spoil could not

reduce Cu bioavailability, probably due to the low OC content in soil. It has been described that
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Cu complexation by soil organic matter can effectively control Cu bioavailability (Matijevic et
al., 2014), but in this case, as gypsum mining spoil was poor in organic matter, the OC content
in the polluted soil remained low after amendment application. The dose of gypsum mining
spoil applied in field was not effective in reducing total concentrations of PHEs. Consequently,
total concentrations of PHEs far exceeded background values and, in the case of Pb and As,
also the current regulatory thresholds (12- and 25- fold, respectively) set by the Regional
Government of Andalusia (BOE, 2015). In this sense, this dose of gypsum mining spoil could
not reduce the soluble and bioavailable fractions of As and Pb. In our study, Pb soluble fraction
was under toxic levels (100 pg Pb kg?) (Ewers, 1991), but in the case of As, the mean values of
the soluble fraction reached the toxic levels estimated by Bohn et al. (1985) (40 ug As kg?),
probably due to the competence between gypsum sulphates and As for sorption sites in the

iron oxides (Hering et al., 1997; Meng et al., 2000).

The different results obtained in the greenhouse and field experiments for gypsum
mining spoil, especially in terms of PHE reduction, could mainly be due to the fact that the
doses applied in the greenhouse experiment, which were higher than in field, generally
produced a dilution effect in direct relation with increasing doses. Moreover, controlled
conditions could have also influenced the results; for instance, pots were daily watered,
possibly generating higher leaching in our substrates, reducing total, soluble and bioavailable
concentrations of PHEs. As well, plants would have had a higher effect on pots than in field,

where the sampled soil was not necessarily covered by vegetation.

According to toxicity bioassays with L. sativa (Chapter 3), gypsum mining spoil
decreased PHE toxicity, but it was not as effective as expected (mean germination and
elongation rates under 60% compared to the unpolluted control). We observed that the
phytotoxicity in soils treated with gypsum mining spoil was influenced by soluble Cu, Zn and
Pb, probably because these elements are strongly related to soluble salts, mainly sulphates
(Romero-Freire et al., 2016); the EC in this treatment remained high, negatively affecting L.
sativa’s performance; in this respect, Van Lierop and Mackenzie (1975) observed that lettuce

yield in gypsum-amended soils were low, probably due to sulphate ion toxicity.

With respect to plant performance (Chapter 4), plant emergence was reactivated after
gypsum mining spoil application to the polluted soils, similarly to what Madejon et al. (2006)
reported in the area, as a result of the improvement of soil properties. Nevertheless, plant
cover, richness and diversity were still rather low compared to those in the vegetated affected

and unaffected areas, suggesting that soil conditions are not completely recovered yet; for
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instance, the diversity index (H’) was under the normal values usually obtained for empirical
data (Magurran, 2004). The unvegetated affected soils, acting as seed sink, contained seeds
from the surrounding vegetated areas prior to treatment application, but they had been
inactive for more than 20 years, blocking organic matter input, what entailed a constraining
factor for the evolution of a healthy soil ecosystem (Bot and Benites, 2005). Being a mineral
amendment, gypsum mining spoil does not contain organic matter in substantial quantities
and, thus, soil organic carbon levels could not have been improved, limiting the availability of
essential nutrients and, then, resulting in low plant cover. Moreover, CaCO; content in gypsum
mining spoil may have been isolated to some extent by iron hydroxysulphates, also reducing its
capacity to neutralize the acidic pH and PHE fixation (Martin et al., 2003). The still high PHE
load in the soil may have negatively interfered with essential nutrient uptake (Madejon et al.,
2002), limiting growth or reducing plant survival (Marschner, 1995; Chibuike and Obiora, 2014;
Kabata-Pendias, 2011). The sampled plant species accumulated Cu, Zn, As and Pb at phytotoxic
levels (Kabata-Pendias, 2011); moreover, PHE translocations was not significantly reduced, and
the edible parts (shoots) of the plants surpassed toxic levels for livestock in all PHEs (Chaney,
1989), except for As and Zn. Even though, this treatment showed a positive effect on the
reduction of Cu and Zn uptake, what correlates with the effect of gypsum mining spoil on the
reduction of Cu and Zn availability in soils (Chapters 2 and 3). The reduction of Cu and Zn
uptake was probably due to the protective action of calcium (Carbonell et al., 1998). It has
been detected Cu and Zn immobilization in soils rich in calcium, sulphur, and carbonates
(Kabata-Pendias, 2011; Antoniadis et al., 2017). Moreover, Garrido et al. (2005) observed how
the Al-hydroxy polymers formed in gypsum amended soils immobilized Zn. Nevertheless,
gypsum mining spoil was not effective in terms of As uptake reduction, presenting higher plant
uptake in this treatment than in the vegetated affected areas, probably due to the
remobilization of this element through pH increase after treatment application (Martin-
Peinado et al., 2012). Lead uptake was also higher in the soils treated with gypsum mining spoil
than in vegetated affected soils, even if Pb bioavailable soil fraction was lower; the still acidic
pH in gypsum mining spoil treated soils could have mobilize Pb (Aguilar et al., 2004b). As
gypsum solubility is relatively low (Shainberg et al., 1989), the effects on PHE immobilization in
the soils treated with gypsum mining spoil may be negligible so far, whereas the increase in
salt concentrations in soils under semi-arid conditions, may have influenced phytotoxicity
(Grattan and Grieve, 1999). Therefore, in-situ experiments more extended in time are needed

to assess the effect of gypsum mining spoil on the recovery of soil properties and plant growth.
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3. Combination of gypsum mining spoil with organic amendments and comparison

with other treatments.

The combination of organo-mineral amendments has proved very effective in similar
scenarios (Alvarenga et al.,, 2008; Jiménez-Moraza et al., 2006). Thus, in order to test the
potential improvement of gypsum mining spoil (G) in combination with organic materials for
soil remediation purposes, we mixed G with vermicompost (v), obtaining a new amendment
(Gv). This combination produced significant and positive changes in OC content, what would
have enhanced soil biological activity (Gupta et al., 2016), and provided calcium and sulphur,
essential macronutrients for plants (Maathuis 2009). As a result, Gv registered higher plant
cover, species richness and species diversity compared to G. Nevertheless, the addition of
vermicompost did not improved the other soil chemical properties analyzed (pH, EC and
CaC0s) compared to G. Regarding PHEs, Cu soluble forms were reduced, due to the binding
capacity of organic matter for Cu (MclLaren et al., 1981; Sierra-Aragdn et al., 2019), but it did
not produce any significant reduction in terms of Zn, As or Pb solubility. The addition of
vermicompost neither reduced Cu, Zn, As or Pb bioavailability, although a decreasing trend
was observed for Zn bioavailable fraction in direct relation with higher OC values. An
increasing trend was observed for Pb bioavailability, probably because CaCOs; and organic
matter may be forming co-precipitates with Fe (Garcia-Carmona et al., 2019), releasing Pb
from sorption sites. Consequently, this could explain the slight increase in the translocation of
Pb from roots to shoots. Moreover, plants absorbed more Zn in Gyv; in this sense, Sinha and
Prasad (1977) described a rise in Zn uptake after the addition of organic chelating agents to
soils rich in CaCOs. PHE uptake by plants, and translocation and bioaccumulation factors for

the other elements were similar in G and Gv.

In order to compare and evaluate the effects of gypsum mining spoil in field, we also
applied other waste materials and remediation treatments previously used in the area or in
similar scenarios (Fernandez-Caliani and Barba-Brioso, 2010; Garcia-Carmona et al., 2017;
Madejon et al., 2018). The first two treatments were mainly based on physical actions: tillage
(T) and mixture of vegetated topsoil from the surrounding V-AA area with unvegetated
affected soil (V). Tillage is an inexpensive technique that would break soil crust and dilute
pollutants by loosening the soil (Mallmann et al., 2014; Busari et al., 2015), but does not
provide any organic or inorganic amendment. In this sense, V treatment would break soil crust,
reduce PHE availability and provide unvegetated soils with the essential microbiota and seed

bank (Garcia-Carmona et al., 2017). The rest of treatments were based on the in-situ
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application of soil amendments: marble sludge (M) and a mixture of vermicompost (v) with
single treatments. Marble sludge has the capacity to rise acidic pH and to immobilize PHEs in

soil, whereas vermicompost is a great source of organic carbon.

According to our results (Chapters 3 and 4), G treatment significantly improved pH and
calcium carbonate content in relation to T treatment and raised these variables to similar
values to those observed in V treatment. Nevertheless, M treatment, which presented the
highest concentration of carbonates, was the one that most increased soil pH (Martin et al.,
2003; Aguilar et al., 2007), towards similar values to those in the unaffected (UA) and
vegetated affected (V-AA) soils. M and V treatments marginally decreased EC, but G or T
treatments did not significantly modify soil salinity. V treatment was the only treatment that
significantly rise OC through the addition of organic matter from vegetated affected soils. A
significant reduction of the total concentration of PHEs was only observed in V treatment
(mainly for Pb and As), due to the higher dilution effect of this treatment compared to the
others (Galan et al., 2002; Simén et al., 2008; Yang et al.,, 2012). On the contrary, total Zn
concentration was higher in V since the topsoil from V-AA contained high amounts of Zn.
Focusing on PHE mobility, Cu and Zn solubility was most effectively reduced by M treatment,
due to the great adsorption capacity of carbonates for these elements (Simén et al., 2010;
Garcia-Carmona et al., 2019). G and V treatments were less effective than M treatment but
also reduced Cu and Zn solubility, while T treatment presented similar values to those in UV-
AA soils. Only marble sludge (M treatment) tended to reduce Pb solubility; in this sense, Simdén
et al. (2005) observed that CaCOs can promote the precipitation of Pb soluble forms in soils
with pH>3.8. Finally, observing PHE bioavailable fractions, M was the treatment that most
reduced Cu bioavailability, approaching the values in V-AA and UA, probably due to the
presence of CaCO; and to pH raise (Garcia-Carmona et al., 2017; Madejon et al., 2018). The M,
G and T treatments significantly reduced Zn bioavailability, towards similar values to those in
V-AA. As and Pb bioavailability were lower in any treated soil than in UA and V-AA soils,
especially where G, M and T treatments were applied; nonetheless, V treatment significantly

increased Pb bioavailability.

The application of vermicompost (v), which contained 23% of OC, to single treatments
(T, M, G and V) produced significant changes in the OC content, especially in Tv, Mv and Gy,
but not in the other soil properties analyzed. Moreover, although the dose of vermicompost
was not high enough as to produce a significant reduction of PHE total concentrations by

dilution effect, it decreased Cu soluble forms, especially in Tv, Gv and Vv, as a result of the
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capacity of organic matter to bind Cu (MclLaren et al., 1981). It slightly reduced Pb solubility in
Tv and Gyv; in this sense, it has been described the formation of relatively stable complexes
between Pb and soil organic matter (Romero-Freire et al., 2015), and sulphate ions could
promote the precipitation of Pb as anglesite (PbSO4) (Rehman et al., 2017). On the contrary, it
did not produce any significant change in terms of Zn or As solubility, nor in Cu, Zn or As
bioavailability. It slightly increased Pb bioavailability in Gv, Mv and Tv, probably due to the
interference of CaCOs; and organic matter with Pb for sorption sites in Fe oxides (Garcia-
Carmona et al., 2019); even though, Pb solubility was still lower than in the unaffected soil
(UA) in the area. Although all the treatments maintained As solubility and bioavailability low,
the mobility of this element should be monitored over time, especially in those treatments
that contains CaCOs and organic matter (Garcia-Carmona et al., 2017) such as Mv and Gy, to

prevent rise in As mobility over time.

Focusing on the effects of treatments on plant performance, although marble sludge
(M), gypsum mining spoil (G) and tillage (T) promoted plant emergence, they still resulted not
completely effective when compared to vegetated affected soils in the area, presenting rather
low plant cover, richness and diversity, and suggesting that soil conditions have not been
completely recovered in the short-term period of this experiment. Hence, in these treatments,
we mainly found herbaceous species that could get adapted to acidic soils and to high PHE
loads. On the contrary, the soils with V treatment, presented the highest plant cover, richness
and diversity, facilitated by both the seed bank and organic matter content brought from
vegetated affected soils. Regarding PHE uptake by plants, none of the treatments could
significantly reduce it under the phytotoxic levels set by Kabata-Pendias (2011), but a
decreasing trend was observed for Cu and Zn in G and M treatments, due to the effect of
carbonates, calcium, and sulphur (Garrido et al., 2005; Kabata-Pendias, 2011; Antoniadis et al.,
2017). On the contrary, none of the treatments showed a positive effect on As uptake
reduction, probably due to the remobilization of this element through pH increase after
treatment application (Martin Peinado et al., 2012). Finally, Pb concentration in plant tissues
was also similar in all treatments, just presenting slightly lower values in V, probably due to the
higher availability of macronutrients which may have interfered with Pb, reducing Pb
accessibility for plants (Kabata-Pendias, 2011; Antoniadis et al., 2017). Nevertheless, the plants
in treated soils accumulated more PHEs than the plants in the unaffected soils, and it was
especially remarkable for As, which was more than 20 times higher, indicating As was rather
available for plants regardless of the treatment. The concentrations of Zn, As and Pb in plant

shoots were similar to those in roots, suggesting that there was a certain translocation of these
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pollutants in most of the treatments. Moreover, the edible parts (shoots) of the plants that
grew in treatments surpassed toxic levels for livestock (Chaney, 1989) for all PHEs, except for
As (any treatment) and for Zn (M, Mv, G and Gv treatments). Finally, bioaccumulation factor
values were under 1 in nearly all cases (except in T and Tv treatments for Zn), suggesting that
plants did not hyperaccumulate PHEs. The addition of vermicompost increased plant
performance, especially in Tv, Mv and Gv treatments when compared to simple treatments,
through the enhancement of soil properties and increased soil organic matter content
(Clemente et al., 2015). Nevertheless, it did not significantly affect PHE uptake, although an
increasing trend was observed. Organic matter has controversial effects on PHE mobility;
although organic matter tends to promote PHE immobilization as a result of its metal-chelating
ability (Antoniadis et al.,, 2017), some authors have observed right the opposite behavior
depending on the type of organic matter added (Kumpiene et al., 2008; De-la-Fuente et al.,
2011; Sierra-Aragoén et al., 2019). The addition of vermicompost increased the translocation of
Cu and As from root to shoot in Tv and Vv treatments, in Vv treatment for Zn, and in Tv and Mv
treatments for Pb. Nevertheless, the addition of vermicompost did not significantly change the

bioaccumulation for any PHE in any treatment.

Finally, according to toxicity bioassays, G and Gv decreased toxicity in line with the
response in V treatment, whereas M and Mv were the most effective treatments, presenting
germination and elongation rates close to those in V-AA and UA; moreover, the slight
reduction of EC by M and Mv could have promoted the reduction of Cu, Zn and Pb toxicity

compared to G (Romero-Freire et al., 2016).

4. Lessons learnt and future research direction

Soil amendments have been extensively used for the recovery of degraded soils. As
their application is focused on the immobilization of PHEs, the assessment of their positive and
negative effects, their long-term effects on the environment and their cost effectiveness
should be considered before application (Palansooriya et al., 2020). Moreover, the suitable
dose should be also carefully studied (Clemente et al., 2012; Moreno-Jiménez et al., 2013;
Simdn et al., 2010). In this sense, excessive doses of soil amendments could cause negative
effects on plants; for instance, special attention should be paid to the nutritional imbalances
and, in the case of As-polluted soils, the rise in its availability (Simén et al., 2010). On the
contrary, insufficient doses could not have the required effects (Cabrera et al., 2005, 2008).

From the greenhouse experiment (Chapter 2) we learnt that the application of low amounts of
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gypsum mining spoil to PHE-polluted soils resulted rather ineffective, whereas higher doses
promoted better plant performance. Consequently, the dose selected for our field experiment
was based on effective doses previously applied in the area for calcium-rich amendments
(Madejon et al., 2018). Nevertheless, the doses applied in-situ seemed to have been
insufficient considering that plant cover and diversity in the soils treated with gypsum mining
spoil were still low, and that the accumulation of As and Pb in plant tissue was rather high,
when compared with the vegetated affected soils from the surrounding areas (Chapter 4).
Moreover, the application of gypsum mining spoil to the affected soils on surface and without
mixing it in depth could have slow down its effects. On the contrary, the same dose of marble
sludge obtained better results, probably because it presents much higher CaCOs content,
promoting higher pH rise. Several studies have highlighted the need to retreat affected areas
to maintain the effect of amendments and to prevent new acidification processes, which could
remobilize PHEs in soils over time. In this sense, we could maintain the dose of gypsum mining
spoil and repeat amendment application over time (Madejon et al., 2018), or mix it with the
soil to reach deeper layers. If still insufficient, we could also increase the single dose of the
amendment. Furthermore, considering that gypsum has a relatively low solubility rate
(Shainberg et al., 1989; Toma et al., 1999), and that the duration of the study was too short (2
years), a longer-term study could enhance the positive effects of the amendment providing

better results.

We observed that the soils treated with gypsum mining spoil presented high electrical
conductivity and strong soil crust formation. As a result of the weathering of tailings, sulphates
releases and precipitates in the soil surface during the dry season (Alastuey et al., 1999). The
addition of gypsum mining spoil could have increased the concentrations of sulphates in soil,
intensifying soil crusting formation. In this regard, the combination of gypsum mining spoil and
tillage over time could reduce surface crusting, although the formation of soil aggregates could

facilitate the leachability of excessive salts (Norton and Rhoton, 2007).

The effectiveness of gypsum mining spoil could have also been limited due to the low
organic matter content in the polluted soils, which was not compensated after amendment
application. Consequently, we tested the combination of gypsum mining spoil and
vermicompost in our field experiment (Chapter 3 and 4). In this case, we maintained the dose
of gypsum but doubled the dose previously applied in the area for organic amendments, in the
light that it resulted insufficient to promote vegetation growth (Cabrera et al., 2005, 2008).

Nevertheless, although this mixed amendment registered better results in terms of plant
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performance, the overall soil conditions were not substantially enhanced, and plant cover and
richness remained rather low compared to the surrounding vegetated affected areas.
Consequently, further studies should be conducted in order to improve the positive effects of
this organo-mineral amendment and to calculate the adequate ratio between both
amendments. Moreover, an interesting research line for the future would be to test the
combined effect of gypsum mining spoil with other organic waste materials as amendment of
polluted soils. In this vein, our group is already investigating the effects of a calcium- and
organic -rich amendment composed of gypsum mining spoil and olive mill waste compost with
promising results. Furthermore, it would also be interesting to test the role of gypsum mining

spoil (as simple or mixed amendment) in combination with seed sowing.

The results obtained throughout this thesis will certainly help to develop better
rehabilitation plans for mining affected sites such as the Guadiamar Green Corridor, as well as
a better understanding of the potential of gypsum mining spoil as amendment of soils polluted
with PHEs. Nevertheless, the monitoring of rehabilitated areas after amendment applications
is needed, especially when PHEs cope with the presence of sulphates, carbonates, iron oxides
and organic matter, as changes in soil properties over time may produce variations in the

mobility and potential toxicity of PHEs.

In order to evaluate the economic viability of gypsum mining spoil, in-depth studies
should be performed. The costs associated to gypsum mining spoil are usually low and, as no
further processing is required because it is considered a mining waste, gypsum mining spoil
expenses are mainly related to its transport, what should be reflected in reduced market
prices. Moreover, as its storage in the mine facilities entails costs and space limitations, the
commercialization of this gypsum-rich mining waste could constitute a new sustainable and

profitable business.

The potential of this material to promote a well-established vegetation cover with low
capacity to translocate and accumulate PHEs in shoots is of major interest, so it would reduce
PHE biomagnification through the food chain. As well, its contribution to soil physical
stabilization, and the improvement of soil chemical properties are promising enough as to
consider this amendment a friendly and environmentally sustainable material to use in the

rehabilitation of polluted soils.
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CONCLUSIONS

More than twenty years after the Aznalcéllar mine accident, Assisted Natural Remediation is
still required in the sector of the Guadiamar Green Corridor closest to the mine, which is
affected by residual pollution. This remediation should be based on the immobilization of
potentially harmful elements through the addition of soil amendments, followed by

phytostabilization with native vegetation.

Soils in the unvegetated affected areas are highly acidic, extremely saline, and have low
organic carbon content and a high load of potentially harmful elements, especially As and Pb,
which strongly inhibit seed emergence, survival and plant growth. Although soil properties
improved in the vegetated affected areas and promoted vegetation cover and plant species
diversity, the accumulation of potentially harmful elements in plant tissues poses a potential

toxicity risk for the food chain that should be monitored.

Under controlled conditions (greenhouse experiment), the addition of gypsum mining spoil to
soils affected by potentially harmful elements enhances seed emergence, survival and plant
growth, and it is especially effective at higher doses. This is directly related to the
improvement of soil properties such as the reduction of soil crust, the delivery of essential
nutrients for plants (Ca and S) and the rise of pH, which would promote the reduction of the
solubility and/or bioavailability of some potentially harmful elements such as Cu, Zn, Cd, As

and/or Pb.

Amendment application of gypsum mining spoil in field would improve some soil properties
and promote the spontaneous recovery of vegetation. It is rather effective amending acidic
soils highly polluted by Cu and Zn, but does not seem to alleviate soils affected by Pb or As
pollution, nor to produce significant changes in the physical properties of the soil to modify the
leaching of soluble salts. Nonetheless, the relatively low solubility of this amendment may

improve its positive effects in the long term, requiring further studies to this respect.

The application of other amendments and treatments were also studied in comparison with
gypsum mining spoil: i) Marble sludge proved to be more effective in terms of soil properties
improvement, reduction of the mobility of potentially harmful elements and vegetation

recovery. ii) The addition of neighbouring vegetated affected soil presented similar results to
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gypsum mining spoil, although the provision of seeds from vegetated soils is a key factor to
consider in this case study. iii) The physical treatment of tillage broke soil crusting but did not
improve soil conditions or vegetation cover and diversity; as such, using this technique in

isolation should be discouraged.

The addition of vermicompost appear to produce positive effects in terms of vegetation cover
and species diversity when applied to gypsum mining spoil, marble sludge, mixture of
vegetated and unvegetated affected soils, and tillage. The effectiveness of treatments would
be as followed: mixture of vegetated and unvegetated affected soils (due to the presence of an
active seed bank), marble sludge, gypsum mining spoil and, finally, tillage. Further monitoring
would be advisable to prevent new acidification processes and the remobilization of

potentially harmful elements, and to assess the positive evolution of these treatments.

Toxicity bioassay with Lactuca sativa L. indicated no potential phytotoxicity in the vegetated
affected areas in relation to the unaffected ones, while strong toxicity is still detected in
unvegetated affected soils. All the treatments used seem to reduce phytotoxicity in relation to
unvegetated areas, with the exception of tillage, being marble sludge (with or without
vermicompost) the most effective treatment; gypsum mining spoil and the mixture of
vegetated and unvegetated affected soils would present intermediate results. In any case, due
to the potential environmental risk derived from treatment application, it would be required
to conduct detailed studies of the medium- to long- term effects of carbonates, sulphates and

organic matter on soil toxicity.

This thesis improves the understanding of the use of gypsum mining spoil and other
treatments in the remediation of degraded polluted soils, and provides valuable information
about new remediation strategies that could be transposed to similar scenarios all over the
world. The improvement of soil properties is the key factor that promotes the spontaneous

development of vegetation, laying the basis for the evolution of a healthier ecosystem.
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1.

CONCLUSIONES

Mas de veinte anos después del accidente de la mina de Aznalcdllar, todavia es necesaria la
remediacidn natural asistida en el sector del Corredor Verde del Guadiamar mas cercano a la
mina, el cual esta afectado por contaminacidn residual. Esta remediacién debe basarse en la
inmovilizacién de los elementos potencialmente téxicos mediante la adicidn de enmiendas al

suelo, seguida de su fitoestabilizacién con vegetacién autéctona.

Los suelos de las zonas afectadas aln sin vegetacion son altamente acidos, extremadamente
salinos, y tienen bajo contenido en carbono organico y una alta carga de elementos
potencialmente téxicos, especialmente As y Pb, que inhiben sustancialmente el crecimiento y
la supervivencia de las plantas. Aunque las propiedades del suelo mejoraron en las zonas
afectadas ya vegetadas promoviendo la cobertura y la diversidad de especies, la acumulacion
de elementos potencialmente téxicos en los tejidos de las plantas supone un riesgo potencial

de toxicidad para la cadena tréfica que debe ser monitorizado.

En condiciones controladas (experimento en invernadero), la adicion de yeso de rechazo,
especialmente a altas dosis, a suelos afectados por elementos potencialmente téxicos mejora
la emergencia de semillas, asi como la supervivencia y crecimiento de las plantas. Este hecho
esta directamente relacionado con la reduccién de la costra superficial del suelo, el aporte de
nutrientes esenciales para las plantas (Ca y S) y el aumento de pH, lo que promoveria la
reduccion de la solubilidad y/o la biodisponibilidad de algunos elementos potencialmente

téxicos como el Cu, Zn, Cd, As y/o Pb.

La aplicacién de la enmienda de yeso de rechazo en campo mejoria algunas propiedades del
suelo y promoveria la recuperacion espontanea de la vegetacion. Resulta bastante eficaz a la
hora de enmendar suelos acidos con alto contenido en Cu y Zn, pero no parece poder
remediar suelos contaminados con Pb o As, ni producir cambios significativos en las
propiedades fisicas del suelo que limiten el lixiviado de las sales solubles. No obstante, la
solubilidad relativamente baja de esta enmienda podria mejorar sus efectos positivos a largo

plazo, por lo que seria recomendable la realizacion de estudios ulteriores al respecto.
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Conclusiones

También se estudid la aplicacién de otras enmiendas y tratamientos en comparacién con el
yeso de rechazo: i) El lodo de marmol demostrd ser mas eficaz en cuanto a la mejora de las
propiedades del suelo, la reduccion de la movilidad de los elementos potencialmente téxicos y
la recuperacidn de la vegetacion. ii) La mezcla de suelos contaminados con y sin vegetacion
también presentd resultados similares a los del yeso de rechazo, aunque el aporte de un banco
de semillas a través del suelo vegetado es un factor clave a considerar en estos casos. iii) El
arado rompié la costra del suelo, pero no mejord sus condiciones ni la cobertura vegetal o la
diversidad de especies herbdceas; por lo tanto, el uso aislado de esta técnica debe ser

desaconsejado.

La adicién de vermicompost parece producir efectos positivos en términos de cobertura
vegetal y diversidad de especies cuando es aplicado en combinacién con yeso de rechazo, lodo
de mdrmol, mezcla de suelos contaminados con y sin vegetacién, y con el arado del suelo. La
efectividad de los tratamientos seria: mezcla de suelos contaminados con y sin vegetacion
(debido a la presencia de un banco de semillas activo), lodo de marmol, yeso de rechazo y, por
ultimo, el arado. Seria aconsejable monitorear los suelos tratados para prevenir nuevos
procesos de acidificacién y de removilizacion de los elementos potencialmente toéxicos, asi

como para evaluar la evolucidn positiva de estos tratamientos.

El bioensayo de toxicidad con Lactuca sativa L. no indicd la existencia de fitotoxicidad potencial
en las zonas con vegetacidon afectadas en relacidn con las no afectadas, mientras que si se
detectd una fuerte toxicidad en los suelos afectados aun sin vegetacidon. Todos los
tratamientos empleados, a excepcion del arado, parecen reducir la fitotoxicidad en
comparacién con las zonas contaminadas no vegetadas, siendo el lodo de marmol (con o sin
vermicompost) el tratamiento mads eficaz; el yeso de rechazo y la mezcla de suelos
contaminados con y sin vegetacion presentarian resultados intermedios. En cualquier caso,
debido al posible riesgo ambiental derivado de la aplicacion de los tratamientos, seria
necesario realizar estudios detallados de los efectos a medio y largo plazo de los carbonatos,

sulfatos y materia orgdnica sobre la toxicidad del suelo.

Esta tesis mejora la comprensidn del uso del yeso de rechazo y otros tratamientos para la
remediacidn de suelos contaminados y degradados, y proporciona informacién valiosa sobre
nuevas estrategias de remediacion que podrian transponerse a escenarios similares en todo el
mundo. La mejora de las propiedades del suelo es el factor clave que promueve el desarrollo

espontdneo de la vegetacion, sentando las bases para un ecosistema mds saludable.
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Different letters (rows) represent statistically significant differences (p < 0.05) for the

post-hoc Tukey tests performed after the GLMs.

Appendix 2.4. Chemical properties (meant SD) of polluted soils (Co) and of gypsum
mining spoil (G= mineral amendment). EC: electrical conductivity; CEC: cation
exchange capacity. CaCOs: calcium carbonate; Na*, K*, Ca**, Mg™: exchangeable
cations. N= number of samples used for the analyses. INA= Not Available. 212 samples

(from Ballesteros, 2018).

Appendix 2.5. Chemical properties and components (meanSD) of treated and non-
treated soil samples (Cr, T1s, T2, T3;) at the end of the experiment. EC (dS m™):
electrical conductivity; CEC (cmol kg): cation exchange capacity. Na*, K*, Ca®*, Mg?*
(cmol kg?): exchange cations. Letter “T” before Fe, Ca, S and Al refers to total content
(in mg kg?). Treatments: C, non-treated soil (100% Co); T1, 90% Co + 10% G; T2, 80% Co
+20% G; T3, 50% Co + 50% G. Co: polluted soil. G: Gypsum mining spoil. Different letters
(rows) represent statistically significant differences (p < 0.05) between experimental
soils for the post hoc Tukey tests performed after the GLMs for each property and

component.

Appendix 2.6. Ratio (meanzSD) of soluble and total (S/T) PHEs per species (Cynodon
dactylon and Medicago sativa) in non-treated soil samples before (Co) and after the
experiment (C¢) and in treated soil samples at the end of the experiment (T1¢, T2¢, T3¢).
Treatments: C, non-treated soil (100% Co); T1, 90% Co + 10% G; T2, 80% Co + 20% G; T3,
50% Co + 50% G. Co: polluted soil. G: Gypsum mining spoil. Different letters (column)
represent statistically significant differences (p < 0.05) for the post hoc Tukey tests

performed after the GLMs.

Appendix 2.7. Ratio (mean#SD) of bioavailable and total (B/T) PHEs per species
(Cynodon dactylon and Medicago sativa) in non-treated soil samples before (Co) and
after the experiment (Cs) and in treated soil samples at the end of the experiment (T1s,
T2¢, T3¢). Treatments: C, non-treated soil (100% Co); T1, 90% Co + 10% G; T2, 80% Co +
20% G; T3, 50% Co + 50% G. Co: polluted soil. G: Gypsum mining spoil. Different letters
(column) represent statistically significant differences (p < 0.05) for the post hoc Tukey

tests performed after the GLMs.
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Appendix 3.1. Chemical properties and element content in organic and inorganic
amendments. Chemical properties: pH; EC: electrical conductivity; OC: organic carbon;
CaCOs: calcium carbonates. Potentially Harmful Elements (PHEs): Cu, Zn, As and Pb.
Letter “T” before Fe, Ca, S, Al, P and PHEs refers to total concentrations. NA= Not

Available.

Appendix 3.2. Mean values +SE (N= 24) of soluble PHEs (Cu, Zn, As and Pb) (mg kg?) in
soils. Letter “S” before PHEs refers to soluble fraction. Soil types: i) UA: Unaffected
soils; ii) V-AA: Vegetated Affected soils; iii) UV-AA: Unvegetated Affected soils; iv) Soil
treatments: G: Addition of gypsum mining spoil; M: Addition of marble sludge; T:
Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T +
v; Vv: V + v. Different letters (columns) represent statistically significant differences (p

< 0.05) for the post hoc Tukey tests performed after the LMMs.

Appendix 3.3. Mean values +SE (N= 24) of bioavailable PHEs (Cu, Zn, As and Pb) (mg
kg?) in soils. Letter “B” before PHEs refers to bioavailable fraction. Soil types: i) UA:
Unaffected soils; ii) V-AA: Vegetated Affected soils; iii) UV-AA: Unvegetated Affected
soils; iv) Soil treatments: G: Addition of gypsum mining spoil; M: Addition of marble
sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M
+v; Tv: T + v; Vv: V + v. Different letters (columns) represent statistically significant

differences (p < 0.05) for the post hoc Tukey tests performed after the LMMs.

Appendix 4.1. Table S1. Main soil properties and constituents (mean * SE). Soil types:
i) UA: Unaffected soils; ii) UV-AA: Unvegetated Affected soils; iii) V-AA: Vegetated
Affected soils; iv) Soil treatments: G: Addition of gypsum mining spoil; M: Addition of
marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v);
Mv: M + v; Tv: T + v; Vv: V + v. Different letters (columns) represent statistically
significant differences (p < 0.05) for the post-hoc Tukey tests performed after the
LMMs. N= 24,

Appendix 4.2. Total concentration (mean * SE) of main pollutants (Cu, Zn, As and Pb)
in soils. Soil types: i) UA: Unaffected soils; ii) UV-AA: Unvegetated Affected soils; iii) V-
AA: Vegetated Affected soils; and iv) soil treatments: G: Addition of gypsum mining
spoil; M: Addition of marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G

plus vermicompost (v); Mv: M + v; Tv: T + v; Vv: V + v. Different letters (columns)
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represent statistically significant differences (p < 0.05) for the post-hoc Tukey tests

performed after the LMMs. N=24.

Appendix 4.3. Ratio (mean % SE) between soluble and total concentrations of main
pollutants (Cu, Zn, As and Pb) in soils. Soil types: i) UA: Unaffected soils; ii) UV-AA:
Unvegetated Affected soils; iii) V-AA: Vegetated Affected soils; and iv) soil treatments:
G: Addition of gypsum mining spoil; M: Addition of marble sludge; T: Tillage; V: mixture
of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T + v; VW: V + v.
Different letters (columns) represent statistically significant differences (p < 0.05) for

the post-hoc Tukey tests performed after the LMMs. N=24.

Appendix 4.4. Ratio (mean * SE) between bioavailable and total concentrations of
main pollutants (Cu, Zn, As and Pb) in soils. Soil types: i) UA: Unaffected soils; ii) UV-
AA: Unvegetated Affected soils; iii) V-AA: Vegetated Affected soils; and iv) soil
treatments: G: Addition of gypsum mining spoil; M: Addition of marble sludge; T:
Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T +
v; Vv: V + v. Different letters (columns) represent statistically significant differences (p

< 0.05) for the post-hoc Tukey tests performed after the LMMs. N=24.

Appendix 4.5. Physicochemical properties and PHE content (meanSD) of soil
amendments. Cu, Zn, As and Pb: Potentially Harmful Elements (PHEs). T: total

concentrations (in mg kg?) of PHEs, Fe, Ca, S and Al. NA= Not Available.

Appendix 4.6. List of species found at the study area in each soil type: i) UA: Unaffected
soils; ii) UV-AA: Unvegetated Affected soils; iii) V-AA: Vegetated Affected soils; and iv)
Soil treatments: G: Addition of gypsum mining spoil; M: Addition of marble sludge; T:
Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T +

v; Vv: V + v. Presence is marked with a cross.

Appendix 4.7. Species common to all the vegetated soils types (UA, V-AA, and

treatments) (key species).

Appendix 4.8. PHE content (mean +Cl in mg kg?) accumulated in shoots and roots in
plants from each soil type: i) UA: unaffected soils; ii) V-AA: vegetated affected soils;
and iii) soil treatments: 1. G: Addition of gypsum mining spoil; 2. M: Addition of marble
sludge; 3. T: Tillage; 4. V: mixture of UV-AA* and V-AA; 5. Gv: G plus vermicompost (v);
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6. Mv: M +v; 7.Tv: T+v; 8. Vv: V + v. PHEs: a) Cu; b) Zn; c) As; d) Pb. Different letters
above symbols represent statistically significant differences (p < 0.05) for the post-hoc

Tukey tests performed after the LMMs. *UV-AA: Unvegetated affected soil.
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Figure m.1. Satellite image of the study area in Aznalcdllar (Seville, SW Spain).

Figure m.2. Geological map of the southwestern lberian Peninsula (adapted from
Quesada et al. 1991 and Fernandez-Caliani et al., 2009) showing the location of the
major massive sulfide deposits in the Iberian Pyrite Belt (IPB): 1 Lagoa-Salgada, 2
Lousal, 3 Aljustrel, 4 Neves-Corvo, 5 Sdo Domingos, 6 Herrerias, 7 Tharsis, 8 Sotiel-
Migollas, 9 La Zarza-Perrunal, 10 Nueva Aguas Teiiidas, 11 Riotinto, 12 Aznalcéllar-Los

Frailes, 13 Las Cruces.

Figure m.3. Aznalcéllar mine site. Source: Andalusian Regional Government. Retrieved
at:

http://www.juntadeandalucia.es/economiainnovacioncienciayempleo/pam/img/azn

alcollar.jpg

Figure m.4. Location map of the mining accident site, the area affected by the spill in
red (Guadiamar Green Corridor), and Dofiana National Park (adapted from Domenech
et al., 2002). The picture shows the breakage of the Aznalcéllar tailing pond and
released of toxic sludge and acidic waters to the Agrio river. Retrieved at:

https://www.elconfidencial.com/espana/andalucia/2018-04-25/aznalcollar-desastre-

pudo-evitarse-ecologistas-alerta 1554645/

Figure m.5. Satellite image of an affected area in the closest sector to the Aznalcéllar
mine in the Guadiamar Green Corridor. The rectangle (white line) represents 10 Ha,
where highly polluted unvegetated patches (in orange) appeared surrounded by

vegetation. In this area, the orange patches occupy around 0.8 Ha.

Figure m.6. NITON XLt 792 analyzer.

Figure m.7. Plot location in the Guadiamar Green Corridor, and a detail of the different
subareas according to herbaceous species composition and abundance (UV-AA:

unvegetated affected soils; B1: belt 1; B2: belt 2).

Figure m.8. Experimental design of the greenhouse experiment.
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Figure m.9. Experimental plot with soil treatments: G: Addition of gypsum mining spoil;
M: Addition of marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus
vermicompost (v); Mv: M +v; Tv: T +v; Vv: V + v. UV-AA: Unvegetated Affected Area.
V-AA: Vegetated Affected Area.

Figure m.10. Survival monitoring. On the left, a pot with C. dactylon plants. On the
right, a pot with M. sativa plants. Treatments: C, non-treated soil (100% Co); T1, 90%
Co+10% G; T2, 80% Co +20% G; T3, 50% Co + 50% G. Co: polluted soil. G: Gypsum mining

spoil.

Figure m.11. Vegetation cover sampling in an experimental plot with quadrats
superimposed. UV-AA: Unvegetated Affected Area; M: Addition of marble sludge; T:
Tillage; G: Addition of gypsum mining spoil; V: mixture of UV-AA and V-AA; Mv: M plus

vermicompost (v); Tv: T+v; Gv: G+ v; Vv: V + v.

Figure 1.1. Plot location in the Guadiamar Green Corridor, and a detail of the different
subareas divided by different vegetation composition (UV-AA: unvegetated soils; B1:

belt 1; B2: belt 2).

Figure 1.2. Vegetation richness and total cover per subarea. Lowercase letters

represent significant differences among subareas (Kruscall Wallis test P<0.05).

Figure 1.3. NMDS analysis representing plant species distribution among subareas.
Unvegetated soils (UV-AA): black circles, beltl (B1): red triangles, and belt2 (B2): green
cross. Species (in blue): agr_te = Agrostis tenerrima; ana_ar = Anagallis arvensis; ant_ar
= Anthemis arvensis; ave_ste = Avena sterilis; bra_oxy = Brassica oxyrrhina; cal_tri =
Calendula tripterocarpa; cer_dic = Cerastium dichotomum; chr_cor = Chrysanthemum
coronarium; col_myc = Coleostephus myconis; ero_aet = Erodium aethiopicum;
eup_exi = Euphorbia exigua; gal_tom = Galactites tomentosa; hyp_gla = Hypochaeris
glabra; sta_arv = Stachys arvensis; lac_sp = Lactuca sp.; lam_aur = Lamarckia aurea;
leo_lon = Leontodon longirostris; ni = No identified; pla_cor = Plantago coronopus;
sen_sp = Senecio lividus; sil_mar = Silybum marianum; spe_rub = Spergularia rubra;
tri_cam = Trifolium campestre; tri_sp = Trifolium sp.; pse_min = Pseudorlaya

minuscula; vic_das = Vicia dasycarpa; vul_mem = Vulpia membranacea.
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Figure 2.1. On the left, layout of experimental pots in the greenhouse. On the right,
one pot with seeds of Medicago sativa. Treatments: C, non-treated soil (100% Co); T1,
90% Co + 10% G; T2, 80% Co + 20% G; T3, 50% Co + 50% G. Co: polluted soil. G: Gypsum

mining spoil.

Figure 2.2. Percentage (mean) of plant emergence in experimental soils. Treatments:
C, non-treated soil (100% Co); T1, 90% Co + 10% G; T2, 80% Co + 20% G; T3, 50% Co +
50% G. Co: polluted soil. G: Gypsum mining spoil. Different letters in the upper part of
the figure indicate significant differences (p<0.05) for the post-hoc Tukey tests

performed after the GLMs.

Figure 2.3. Kaplan-Meier survival curves representing plant survival rates along the
experiment (in days) per treatment and species. The experiment lasted 82 days for
Medicago sativa (on the left) and 67 days for Cynodon dactylon (on the right).
Treatments: T1: 90% Co + 10% G; T2: 80% Co + 20% G; T3: 50% Co + 50% G. Co: polluted
soil. G: Gypsum mining spoil. Different letters represent statistically significant

differences between treatments (p< 0.05).

Figure 2.4. Shoot, root, and plant biomass (meanzSD in g) per treatment and species
(Medicago sativa on the left and Cynodon dactylon on the right). Treatments: T1, 90%
Co+10% G; T2, 80% Co+20% G; T3, 50% Co + 50% G. Co: polluted soil. G: Gypsum mining
spoil. Different letters represent statistically significant differences (p<0.05) for the

post-hoc Tukey tests performed after the GLMs.

Figure 3.1. Study area. GGC: Guadiamar Green Corridor. UA: Unaffected Area. RA1-
RA6: Affected Areas selected for the study. V-AA: Vegetated Affected Areas. UV-AA:

Unvegetated Affected Areas.

Figure 3.2. Experimental plot with soil treatments: G: Addition of gypsum mining spoil;
M: Addition of marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus
vermicompost (v); Mv: M +v; Tv: T + v; Vv: V + v. UV-AA: Unvegetated Affected Area.
V-AA: Vegetated Affected Area.

Figure 3.3. Main soil properties and constituents (meanSE). Soil types: UA:
Unaffected soils; UV-AA: Unvegetated Affected soils; V-AA: Vegetated Affected soils;

and soil treatments: G: Addition of gypsum mining spoil; M: Addition of marble sludge;

-275-



p. 145

p. 145

p. 148

p. 151

List of figures

T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M + v; Tv:
T + v; Vv: V + v. Different letters above symbols represent statistically significant

differences (p < 0.05) for the post-hoc Tukey tests performed after the LMMs.

Figure 3.4. Total concentration (meanzSE) of main pollutants (Cu, Zn, As and Pb) in
soils. Soil types: UA: Unaffected soils; UV-AA: Unvegetated Affected soils; V-AA:
Vegetated Affected soils; and soil treatments: G: Addition of gypsum mining spoil; M:
Addition of marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus
vermicompost (v); Mv: M + v; Tv: T + v; Vv: V + v. Different letters above symbols
represent statistically significant differences (p < 0.05) for the post-hoc Tukey tests

performed after the LMMs.

Figure 3.5. Ratio (meanzSE) between soluble and total concentrations of main
pollutants (Cu, Zn, As and Pb) in soils. Soil types: UA: Unaffected soils; UV-AA:
Unvegetated Affected soils; V-AA: Vegetated Affected soils; and soil treatments: G:
Addition of gypsum mining spoil; M: Addition of marble sludge; T: Tillage; V: mixture
of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T+ v; W: V + v,
Different letters above symbols represent statistically significant differences (p < 0.05)

for the post-hoc Tukey tests performed after the LMMs.

Figure 3.6. Ratio (meantSE) between bioavailable and total concentrations of main
pollutants (Cu, Zn, As and Pb) in soils. Soil types: UA: Unaffected soils; UV-AA:
Unvegetated Affected soils; V-AA: Vegetated Affected soils; and soil treatments: G:
Addition of gypsum mining spoil; M: Addition of marble sludge; T: Tillage; V: mixture
of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M+ v; Tv: T +v; Vv: V + v.
Different letters above symbols represent statistically significant differences (p < 0.05)

for the post-hoc Tukey tests performed after the LMMs.

Figure 3.7. Toxicity bioassays with Lactuca sativa: A) germination; B) root elongation.
Soil types: UA: Unaffected soils; UV-AA: Unvegetated Affected soils; V-AA: Vegetated
Affected soils; and soil treatments: G: Addition of gypsum mining spoil; M: Addition of
marble sludge; T: Tillage; V: mixture of UV-AA and V-AA; Gv: G plus vermicompost (v);
Mv: M +v; Tv: T + v; Vv: V + v. Different letters above symbols represent statistically
significant differences (p < 0.05) for the post-hoc Tukey tests performed after the
LMMs.
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Figure 3.8. Non-metric multidimensional scaling (NMDS) ordination diagrams showing
the relative influence of Zn, Cu, Pb and As solubility ratios (STZn, STCu, STPb, STAs,
respectively) and soil properties: EC, OC, pH, CaCOs, on Lactuca sativa germination
(germ) and root elongation (LsE) according to soil types: UA: Unaffected soils; UV-AA:
Unvegetated Affected soils; V-AA: Vegetated Affected soils; and soil treatments: G:
Addition of gypsum mining spoil; M: Addition of marble sludge; T: Tillage; V: mixture
of UV-AA and V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T +v; Vv: V + v.

Figure 4.1. Study area on the right and design of the experimental plot on the left: UA:
Unaffected Area; V-AA: Vegetated Affected Area; UV-AA: Unvegetated Affected Area
with an experimental plot. Soil treatments: G: Addition of 5 kg m of gypsum mining
spoil; M: Addition of 5 kg m? of marble sludge; T: crust breaking through tillage; V:
Removal of 300 kg of polluted soil (from the uppermost 10 cm) and refilling with 300
kg of soil from the neighboring vegetated affected area; Gv: G plus 5 kg m? of

vermicompost (v); Mv: M+ v; Tv: T+ v; Vv: V + v.

Figure 4.2. Vegetation cover sampling in an experimental plot with quadrats
superimposed. UV-AA: Unvegetated Affected Area; M: Addition of marble sludge; T:
Tillage; G: Addition of gypsum mining spoil; V: mixture of UV-AA and vegetated

affected soils; Mv: M plus vermicompost (v); Tv: T+v; Gv: G +v; Vv: V + v.

Figure 4.3. Percentage (Mean # SE) of plant cover in each soil type: unaffected soils
(UA); vegetated affected soils (V-AA); unvegetated affected soils (UV-AA); and soil
treatments: 1. G: Addition of gypsum mining spoil; 2. M: Addition of marble sludge; 3.
T: Tillage; 4. V: mixture of UV-AA and V-AA; 5. Gv: G plus vermicompost (v); 6. Mv: M
+v; 7. Tv: T + v; 8. Vv: V + v. Different letters above symbols indicate significant

differences (p<0.05) for the post-hoc Tukey tests performed after the LMMs.

Figure 4.4. Relative percentage of different species growing in each soil type: i) UA:
unaffected soils; ii) V-AA: vegetated affected soils; iii) UV-AA: unvegetated affected
soils; and iv) soil treatments: 1. G: Addition of gypsum mining spoil; 2. M: Addition of
marble sludge; 3. T: Tillage; 4. V: mixture of UV-AA and V-AA; 5. Gv: G plus

vermicompost (v); 6. Mv: M +v; 7. Tv: T+ v; 8. Vv: V + v.

Figure 4.5. Plant species richness (mean+SE) in each soil type: unaffected soils (UA);

vegetated affected soils (V-AA); unvegetated affected soils (UV-AA); and soil
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treatments: 1. G: Addition of gypsum mining spoil; 2. M: Addition of marble sludge; 3.
T: Tillage; 4. V: mixture of UV-AA and V-AA; 5. Gv: G plus vermicompost (v); 6. Mv: M
+v; 7. Tv: T + v; 8. Vv: V + v. Different letters above symbols indicate significant

differences (p<0.05) for the post-hoc Tukey tests performed after the GLMMs.

Figure 4.6. Mean (xSE) values of plant species diversity index (6a) and Effective
Number of Species (ENS, 6b) in each soil type: unaffected soils (UA); vegetated affected
soils (V-AA); unvegetated affected soils (UV-AA); and soil treatments: 1. G: Addition of
gypsum mining spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4. V: mixture of UV-
AA and V-AA; 5. Gv: G plus vermicompost (v); 6. Mv: M +v; 7. Tv: T+ v; 8. Vv: V + v.
ENS refers to the Effective Number of Species. Different letters above symbols indicate
significant differences (p<0.05) for the post-hoc Tukey tests performed after the
LMMs.

Figure 4.7. Percentage (mean) of key species cover in each soil type: UA: unaffected
soils; V-AA: vegetated affected soils; UV-AA: unvegetated affected soils; and soil
treatments: 1. G: Addition of gypsum mining spoil; 2. M: Addition of marble sludge; 3.
T: Tillage; 4. V: mixture of UV-AA and V-AA; 5. Gv: G plus vermicompost (v); 6. Mv: M
+v; 7. Tv: T+v; 8. Vv: V +v. Aar_Cco_cover refers to the total cover of A. arvensis and

C. coronarium calculated jointly.

Figure 4.8. PHE uptake (mean + SE) by key species in each soil type: unaffected soils
(UA); vegetated affected soils (V-AA); and soil treatments: 1. G: Addition of gypsum
mining spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4. V: mixture of UV-AA* and
V-AA; 5. Gv: G plus vermicompost (v); 6. Mv: M +v; 7. Tv: T + v; 8. Vv: V + v. PHEs: a)
Cu; b) Zn; c) As; d) Pb. Different letters above symbols represent statistically significant
differences (p < 0.05) for the post-hoc Tukey tests performed after the LMMs. It should

be noted that the vertical scale is different for each graph. *Unvegetated affected soils.

Figure 4.9. Translocation factor (mean * SE) of PHEs from roots to shoots in plants from
each soil type: unaffected soils (UA); vegetated affected soils (V-AA); and soil
treatments: 1. G: Addition of gypsum mining spoil; 2. M: Addition of marble sludge; 3.
T: Tillage; 4. V: mixture of UV-AA* and V-AA; 5. Gv: G plus vermicompost (v); 6. Mv: M
+v; 7.Tv: T +v; 8. Vv: V + v. PHEs: a) Cu; b) Zn; c) As; d) Pb. Different letters above

symbols represent statistically significant differences (p < 0.05) for the post-hoc Tukey
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tests performed after the LMMs. It should be noted that the vertical scale is different

for each graph. *Unvegetated affected soils.

Figure 4.10. Bioaccumulation Factor (mean £SE) of PHEs from soils to shoots in each
soil type: unaffected soils (UA); vegetated affected soils (V-AA); and soil treatments: 1.
G: Addition of gypsum mining spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4. V:
mixture of UV-AA* and V-AA; 5. Gv: G plus vermicompost (v); 6. Mv: M +v; 7. Tv: T +
v; 8. Vv: V +v. PHEs: a) Cu; b) Zn; c) As; d) Pb. Different letters above symbols represent
statistically significant differences (p < 0.05) for the post-hoc Tukey tests performed
after the LMMis. It should be noted that the vertical scale is different for each graph.

*Unvegetated affected soils.

Figure 4.11. Quotient (mean *SE) between PHE concentrations in each soil type:
unaffected soils (UA); vegetated affected soils (V-AA); and soil treatments: 1. G:
Addition of gypsum mining spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4. V:
mixture of UV-AA* and V-AA; 5. Gv: G plus vermicompost (v); 6. Mv: M +v; 7. Tv: T +
v; 8. Vv: V +v. PHEs: a) Cu; b) Zn; c) As; d) Pb. Different letters above symbols represent
statistically significant differences (p < 0.05) for the post-hoc Tukey tests performed
after the LMMis. It should be noted that the vertical scale is different for each graph.

*Unvegetated affected soils.
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Table i.1. Thesis specific goals and chapters in which they are addressed.

Table 1.1. Main soil properties in the subareas: bare soils (UV-AA), beltl (B1) and belt2
(B2). (EC: electrical conductivity; OC: organic carbon content; CaCOs;: calcium
carbonate content; CEC: cation exchange capacity; V: base saturation percentage;
Fet/Mn;: total concentration of Fe and Mn; Fe,/Mn,: amorphous concentration of Fe
and Mn). Lowercase letters represent significant differences among areas (Kruscall

Wallis test P<0.05).

Table 1.2. Trace elements concentrations (mg kg* dry soil) for the different soil
fractions among subareas: bare soils (UV-AA), beltl (B1) and belt2 (B2) (R: residual
fraction; O: bounded to amorphous Fe/Mn oxides fraction; B: bioavailable fraction; E:
exchangeable fraction; S: soluble fraction; T: total concentration). Lowercase letters
represent significant differences among areas (Kruscall Wallis test P<0.05). bdl: below

detection limit

Table 1.3. Bioaccumulation Factor (BAF) calculated for trace elements dividing
concentrations in plants (mg kg dry weight) by concentration extracted by EDTA (mg
kg dry soil), for the different belts (B1 and B2) and different part of the plants (root
and aerial). Lowercase letters represent significant differences between part of the
plants (Kruscall Wallis test P<0.05). Capital letters represent significant differences

between belts (Kruscall Wallis test P<0.05).

Table 2.1. Mean values (+SD) of total content (mg kg?) of PHEs (Cu, Zn, Cd, Sb, As and
Pb) present in non-treated soil samples before (Co) and after the experiment (C¢) and
in treated soil samples at the end of the experiment (Cs, T1¢, T2¢, T3¢). Letter “T” before
PHEs refers to total content. Treatments: C, non-treated soil (100% Co); T1, 90% Co +
10% G; T2, 80% Co + 20% G; T3, 50% Co + 50% G. Co: polluted soil. G: Gypsum mining
spoil. NGR (regional thresholds to declare potentially polluted soils for agricultural use
in Andalusia, BOE 2015). Nat: Reference levels of total PHEs for unaffected soils within
the Guadiamar Green Corridor). N: number of samples. Different letters (columns)
represent statistically significant differences (p < 0.05) for the post-hoc Tukey tests

performed after the GLMs. ! <LOD = Under limit of detection.
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Table 2.2. Mean values (+SD) of soluble PHEs (Cu, Zn, Cd, Sb, As and Pb) (mg kg?) in
non-treated soil samples before (Co) and after (Cs) the experiment and in treated soil
samples (T1s, T2¢, T3¢) at the end of the experiment. Letter “S” before PHEs refers to
soluble fraction. Treatments: C, non-treated soil (100% Co); T1, 90% Co + 10% G; T2,
80% Co + 20% G; T3, 50% Co + 50% G. Co: polluted soil. G: Gypsum mining spoil. N:
number of samples. Different letters (columns) represent statistically significant

differences (p < 0.05) for the post hoc Tukey tests performed after the GLMs.

Table 2.3. Mean values (+SD) of bioavailable PHEs (Cu, Zn, Cd, Sb, As and Pb) (mg kg™?)
in non-treated soil samples before (Co) and after (C¢) the experiment and in treated soil
samples at the end of the experiment (T1s, T2¢, T3¢). Letter “B” before PHEs refers to
bioavailable fraction. Treatments: C, non-treated soil (100% Co); T1, 90% Co + 10% G;
T2, 80% Co + 20% G; T3, 50% Co + 50% G. Co: polluted soil. G: Gypsum mining spoil. N:
number of samples. Different letters (columns) represent statistically significant

differences (p < 0.05) for the post hoc Tukey tests performed after the GLMs.

Table 4.1. List of families present per soil type: i) UA: unaffected soils; ii) V-AA:
vegetated affected soils; iii) UV-AA: unvegetated affected soils; and iv) soil treatments:
1. G: Addition of gypsum mining spoil; 2. M: Addition of marble sludge; 3. T: Tillage; 4.
V: mixture of UV-AA and V-AA; 5. Gv: G plus vermicompost (v); 6. Mv: M +v; 7. Tv: T +
v; 8. Vv:V +v.

Table 4.2. List of soil treatments with the best results. Soil treatments: G: Addition of
gypsum mining spoil; M: Addition of marble sludge; T: Tillage; V: mixture of UV-AA and
V-AA; Gv: G plus vermicompost (v); Mv: M +v; Tv: T +v; Vv: V +v. INatural plants refers
to the plants growing in UA. ?Polluted plants refers to the plants growing in V-AA and
treatments. UA: Unaffected soils; UV-AA: Unvegetated Affected soils; V-AA: Vegetated

Affected soils.
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"Todavia quedan muchas cosas en el mundo por las que

merece la pena luchar. Muchas cosas bellas, mucha gente
maravillosa luchando por revertir el dano causado, por ayudar a
aliviar el sufrimiento. Y muchisima gente joven dedicada a hacer

de este un mundo mejor”

Dra. Jane Goodall
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