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RESUMEN

Los tecnosuelos constituyen una alternativa de remediacién ambiental basada
en la formulacidn de mezclas sdélidas de residuos no peligrosos (RNP) para la
recuperacion ambiental de ecosistemas degradados. La tesis se enmarca en este
contexto de economia circular y desarrollo sostenible, con el propdsito de valorizar
RNP y regenerar suelos contaminados por la mineria metalica. Los objetivos abarcan
la caracterizacion de suelos afectados, el disefio de tecnosuelos innovadores vy la
evaluacién de su eficacia para neutralizar la acidez, estabilizar contaminantes y

mejorar la fertilidad y el crecimiento vegetal.

Se estudiaron cinco emplazamientos contaminados por metales pesados o
afectados por drenaje dcido de minas (DAM) en Riotinto y Tharsis, asi como en el
estero de Domingo Rubio (estuario de Huelva). La caracterizacién de los suelos
incluyé analisis granulométricos, electroquimicos (pHw.0, pHka y PpHox, Eh,
conductividad eléctrica), mineralégicos (DRX, FESEM-EDS) y quimicos (ICP-OES,
EPMA). El potencial de generacién de acidez se cuantificé mediante dos pruebas
estdticas: el balance acido-base (ABA) y el ensayo de generacién de acidez neta

(NAG).

Los resultados confirmaron que los suelos afectados son sistemas hiperacidos
(acidez neta hasta 663 mmol H* kg™), con una marcada deficiencia de nutrientes,
materia orgdnica y bases de cambio, lo que impide el desarrollo natural de la
vegetacion. Excepcionalmente, en el suelo contaminado con residuos piriticos del
estero de Domingo Rubio crecen plantas tolerantes como Nicotiana glauca, que

acumulan As, Pb y Cu en sus raices, favoreciendo su fitoestabilizacion.

En general, se detectaron altos contenidos de S piritico y en forma de sulfato
y niveles preocupantes de As, Pb, Cd, Cu, Zny Tl. En algunos casos, As y Pb superaron
5000 mg kg”, lo cual supone un riesgo potencial significativo. Los andlisis quimicos

puntuales por microsonda de electrones (EPMA) revelaron que estos contaminantes



estan asociados principalmente a sulfuros, sulfatos y éxidos de hierro derivados de
los residuos mineros. El sistema edéfico ha agotado su capacidad amortiguadora,
actuando como una fuente activa de efluentes dacidos y elementos traza

potencialmente téxicos (EPT).

A partir de este diagndstico, se seleccionaron diversos RNP, organicos e
inorganicos, para formular tecnosuelos destinados a la restauracién ambiental. La
seleccidn se basd en criterios de idoneidad técnico-ambiental, disponibilidad y buen
comportamiento en los ensayos de lixiviacion. Se evaluaron propiedades como
granulometria, pH, conductividad eléctrica, contenidos de C organico e inorganico, N
y S totales, P y K asimilables. Las concentraciones de los EPT se analizaron por ICP-
OES vy los hidrocarburos totales del petréleo mediante TD-GC-MS. Los residuos
seleccionados se combinaron para lograr capacidad neutralizante, adsorcion de
metales y poder fertilizante, con el fin de anular la acidez neta, inmovilizar metales

pesados y corregir las carencias de nutrientes esenciales de los suelos a tratar.

Se formularon ocho tecnosuelos con una proporcidn de 60% de residuo
orgdanico y 40% inorganico, y se mezclaron con diferentes proporciones de suelo
minero (95, 85, 80, 75, 70, 60 y 50%). Las mezclas, junto con los suelos sin tratar
(control), se sometieron a ensayos de lixiviacion normalizados y los eluatos se
analizaron por ICP-OES, ICP-MS y cromatografia idnica para determinar las
concentraciones de EPT y aniones. Los equilibrios geoquimicos se modelaron con el
programa PHREEQC para identificar las especies idnicas dominantes y calcular los
indices de saturacion. Ademas, se realizaron extracciones quimicas con CaCl,, EDTAYy

HNO, para evaluar la movilidad y bioaccesibilidad de los contaminantes.

Los suelos sin tratar generaron lixiviados extremadamente acidos (pH 2,5-
3,5), con elevados niveles de Cu (hasta 556 mg kg™), Pb (hasta 9o mg kg") y Zn (hasta
28 mg kg™). Con la aplicacién de los tecnosuelos, el pH se elevd hasta un promedio de
7,6 y la fraccion mévil de los metales disminuyé a menos del 0,10%, debido a la
formacién de fases menos solubles (hidréxidos y carbonatos). El tratamiento

también incrementd los niveles de cationes basicos y nutrientes.



A partir de estos resultados, se seleccionaron 15 mezclas con mayor capacidad
neutralizante y eficacia en la inmovilizacién de los contaminantes. Estas
formulaciones fueron llevadas a una segunda fase de experimentacién en macetas.
Tras una incubaron de 14 dias para alcanzar el equilibrio fisico-quimico, se sembraron
cinco plantulas de Brassica juncea por maceta. En total, se emplearon 36 macetas con
tecnosuelos (en triplicado), cinco controles con suelos sin tratar y dos macetas con

mantillo comercial (control positivo).

Durante cinco meses (enero-junio de 2023), las macetas se mantuvieron en
condiciones de invernadero, con exposicidon a luz natural y riego periddico. Se
monitorizd el pH, la conductividad eléctrica y la composicion quimica del agua de
poro extraida con sondas Rhizon. El pH oscilé entre 5,8 y 8,2 durante todo el periodo,
evidenciando la estabilidad del efecto neutralizante. Las concentraciones de Fe, Al,
sulfato y EPT disueltos disminuyeron en varios drdenes de magnitud en comparacion
con los controles, reduciendo significativamente su movilidad y disponibilidad para
las plantas. Al mismo tiempo, aumentaron los niveles de Ca, Mg, K, bicarbonato,

nitrato y P asimilable, mejorando la condicion del suelo para el desarrollo vegetal.

Brassica juncea mostrd una alta tasa de germinacion en los suelos tratados,
aunque su desarrollo varié segun el tecnosuelo aplicado. Los indicadores de
crecimiento vegetal, como la altura de la planta, el nimero de hojas y la biomasa
producida, confirmaron la mejora en las condiciones edaficas, evidenciando el
potencial de los tecnosuelos disefiados para la revegetacion de dreas mineras

degradadas.

En conclusidn, la aplicacidn de tecnosuelos mejord significativamente la
calidad ambiental y la capacidad de regeneracién del sistema edafico, por lo que
constituye una alternativa viable para la valorizacidon de residuos industriales y la
mitigacion de los efectos de la mineria metdlica histérica. No obstante, su eficacia

debe validarse mediante pruebas piloto antes de su aplicacion a escala real.






ABSTRACT

Technosols offer an environmental remediation approach based on the
formulation of solid mixtures of non-hazardous wastes (NHW) for the ecological
recovery of degraded ecosystems. This research, aligned with principles of the
circular economy and sustainable development, was aimed to both valorize NHW and
restore soils contaminated by historic mining activities. The objectives included
characterizing affected soils, designing innovative technosols, and evaluating their
effectiveness to neutralize acidity, stabilize contaminants and improve fertility and

plant growth.

Five sites affected by acid mine drainage (AMD) and potentially contaminated
with heavy metals were studied in Riotinto and Tharsis mining districts, as well as in
the Domingo Rubio tidal creek (Huelva estuary). Soil characterization involved
granulometric, electrochemical (pHh:.0, pHka, pHox, Eh, electrical conductivity),
mineralogical (XRD, FESEM-EDS), and chemical (ICP-OES, EPMA) analyses. To
quantify the acid generation potential, two static tests were used: acid-base

accounting (ABA) and net acid generation (NAG) assay.

Results confirmed that the affected soils are hyperacidic systems, with net
acidity reaching up to 663 mmol H* kg™'. They showed significant deficiencies in
nutrients, organic matter, and exchangeable bases, thus hindering natural vegetation
development. Remarkably, tolerant plants such as Nicotiana glauca were found
growing on sulfide waste-contaminated soil at the Domingo Rubio site. This
species accumulates As, Pb and Cu in its roots, supporting a potential role in

phytostabilization.

In general, high contents of pyritic and sulfate sulfur and concerning levels of
As, Pb, Cd, Cu, Zn and Tl were detected. In some cases, As and Pb exceeded 5000 mg
kg™, posing a potential environmental risk. Microchemical analyses by EPMA revealed

that these contaminants are mainly associated with sulfides, sulfates, and iron oxides



derived from mining wastes. The environmental assessment indicated that these
soils have lost their buffering capacity and now act as active sources of acid effluents

and potentially toxic elements (PTE).

In response, various organic and inorganic NHW were selected to formulate
technosols for environmental restoration. Selection criteria prioritized technical-
environmental suitability, availability and good performance in leaching tests.
Granulometry, pH, electrical conductivity, organic and inorganic carbon content,
total N and S, assimilable P and K were thoroughly evaluated. PTE concentrations
were analyzed by ICP-OES and total petroleum hydrocarbons by TD-GC-MS. The
selected NHW were combined to achieve optimal neutralizing capacity, metal
adsorption, and fertilizing power, aiming to eliminate net acidity, immobilize heavy

metals and correct nutrient deficiencies in the mine soils.

Eight technosols were formulated with a 60% organic and 40% inorganic waste
ratio and mixed with varying proportions of mine soil (95, 85, 80, 75, 70, 60 and 50%).
These mixtures, along with untreated soils (controls), underwent standardized
leaching tests. The leachates were then analyzed by ICP-OES, ICP-MS and ion
chromatography to determine PTE and anion concentrations. Geochemical equilibria
were modeled using the PHREEQC software to identify the dominant ionic species
and calculate saturation indices. Furthermore, chemical extractions with CaCl,, EDTA

and HNO were performed to assess contaminant mobility and bioaccessibility.

Untreated soils generated extremely acidic leachates (pH 2.5-3.5), with
elevated levels of Cu (up to 556 mg kg™), Pb (up to 90 mg kg™) and Zn (up to 28 mg
kg™). Technosol application raised pH to an average of 7.6 and reduced the mobile
fraction of metals to less than 0.10% due to the formation of less soluble phases
(hydroxides and carbonates). Technosol treatment also increased the levels of basic

cations and nutrients.

From these promising results, 15 mixtures with the highest neutralizing

capacity and contaminant immobilization efficacy were selected for a second



experimental phase in potted trials. Following a 14-day incubation to achieve
physicochemical equilibrium, five Brassica juncea seedlings were planted per pot. In
total, 36 technosol pots (in triplicate), five untreated soil controls, and two pots with

commercial mulch (positive control) were used.

For five months (January-June 2023), the pots were kept under greenhouse
conditions with natural light exposure and periodic irrigation. pH, electrical
conductivity, and the chemical composition of pore water extracted with Rhizon
probes were monitored. pH ranged from 5.8 to 8.2 throughout the period, confirming
the stability of the neutralizing effect. Concentrations of dissolved Fe, Al, sulfate and
PTE decreased by several orders of magnitude compared to controls, significantly
reducing their mobility and phytoavailability. Concurrently, levels of Ca, Mg, K,
bicarbonate, nitrate and assimilable P increased, improving soil conditions for plant

growth.

Brassica juncea showed high germination rates in treated soils, with plant
growth varying depending on the technosol applied. Plant growth indicators such as
height, leaf count and biomass indicated significant improvements in soil quality,
demonstrating the effectiveness of the designed technosols for restoring vegetation

in degraded mining areas.

In conclusion, the application of technosols significantly enhanced
environmental quality and the regenerative capacity of the soil system, offering a
viable strategy for the valorization of industrial wastes and the rehabilitation of
mining-impacted areas. However, the technosol effectiveness should be further

validated through pilot-scale tests prior to large-scale implementation.
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1.1. El suelo: un recurso critico para la sostenibilidad ambiental

El suelo es un recurso natural limitado, no renovable e irremplazable, de vital
importancia para la sostenibilidad del planeta. Esta capa superior de la corteza
terrestre, situada entre el lecho rocoso y la superficie, es un ecosistema complejo,
dindmico y polifdsico. Estd compuesto por particulas minerales, materia organica,
agua, aire y organismos vivos, y cumple numerosas funciones, tanto naturales como

de uso (Blum, 2005).

El sistema edafico desempefia un papel fundamental en la regulacion de los
ciclos biogeoquimicos, actuando como reservorio y procesador de nutrientes
esenciales para el desarrollo vegetal, como nitrégeno, fésforo y potasio. También
interviene en el ciclo del agua, al regular su flujo, infiltracién y almacenamiento, lo que
ayuda a prevenir eventos extremos como inundaciones y sequias. Ademas, el suelo
es un sumidero de carbono orgdnico que contribuye significativamente a la
mitigacion y adaptacién frente al cambio climatico (Lal, 2004). Asimismo,
proporciona el habitat natural para una gran biodiversidad de organismos,

mejorando la funcionalidad del ecosistema.

El suelo ofrece una amplia gama de servicios ecosistémicos o funciones para
el beneficio de los seres humanos, como la provisién de agua, biomasa, alimentos y
materias primas. Como servicio ecosistémico esencial, constituye la base de la
agricultura, ya que suministra el soporte fisico y los nutrientes indispensables para el
crecimiento de los cultivos, siendo un factor determinante en la seguridad alimentaria
mundial. Se estima que el 95% de nuestros alimentos depende directa o

indirectamente del suelo (FAO, 2015).

Por otra parte, el suelo actia como una barrera protectora contra la
propagacion de contaminantes hacia otros sistemas mas vulnerables, mediante
procesos fisicos, quimicos y bioldgicos que filtran, descomponen, neutralizan o
inmovilizan dichos contaminantes. Sin embargo, su capacidad amortiguadora es

limitada y puede verse superada ante cargas contaminantes excesivas, dando lugar a



procesos de degradacion y pérdida de funcionalidad (Jiménez-Ballesta, 2017; Weil y

Brady, 2016).

A pesar de ser recurso natural esencial para la vida, el suelo a menudo es
subestimado. Los impactos de las actividades humanas son mas rapidos y de mayor
alcance que los procesos naturales de formacién del suelo, que son lentos vy
complejos. Actividades como la intensificacién de la agricultura, la urbanizacidn, la
industrializacién, la mineria, los conflictos armados y el cambio climatico alteran
directa e indirecta las propiedades y procesos del suelo, generando efectos negativos
en su estabilidad y funcionalidad. Se estima que entre el 60% y el 70% de los suelos de
la Unidn Europea (UE) no se encuentran en buen estado (European Commission,
2021). Por tanto, es fundamental disefiar e implementar estrategias destinadas a
mitigar los efectos adversos y restaurar la calidad del suelo, asegurando asi la

sostenibilidad ambiental a largo plazo (Sandor et al., 2023).

1.2. Contaminacion de suelos: una realidad oculta

La contaminacidon del suelo constituye un problema ambiental de escala
global, con efectos directos en la salud de las personas y en los ecosistemas. En la UE
se han identificado unos 2,8 millones de emplazamientos potencialmente
contaminados (Jones et al., 2012), mientras que en Estados Unidos mas de 1300 sitios
contaminados se encuentran registrados en la Lista de Prioridades Nacionales del
Superfondo (USEPA, 2024). Estas cifras ilustran la magnitud del problema y ponen de
relieve la urgente necesidad de abordar la contaminacidn del suelo con un enfoque

global y coordinado.

En Espafia, la Ley 7/2022, de 8 de abril, de residuos y suelos contaminados para
una economia circular, define el suelo contaminado como aquel cuyas caracteristicas
han sido alteradas negativamente por la presencia de componentes quimicos de
caracter peligroso procedentes de la actividad humana, en concentracién tal que

comporte un riesgo inaceptable para la salud humana o el medio ambiente, de

4



acuerdo con los criterios y estandares establecidos en el Real Decreto 9/2005, de 14

de enero.

Las principales fuentes de contaminacion del suelo son las actividades
industriales, mineras y agricolas. Los suelos afectados por actividades industriales
contienen, en general, una amplia variedad de contaminantes en altas
concentraciones, como metales pesados, hidrocarburos y contaminantes organicos
persistentes. Las actividades mineras y metalurgicas, en particular, ocasionan un
impacto significativo en los ecosistemas locales, ya que los metales y metaloides,
como As, Cd, Cu, Ni, Pb, Zn y Tl, se acumulan en los suelos y pueden transferirse a
través de la cadena trdfica, poniendo en riesgo la salud de los organismos vivos
(Alloway, 1996; Kabata-Pendias y Mukherjee, 2007). Ademds, la mineria provoca una
profunda alteracidn del paisaje al dejar grandes huecos excavados y generar enormes
volumenes de residuos, destruyendo la topografia, el suelo, la vegetacidn, el habitat
natural y afectando la calidad del agua y la hidrologia de la zona (Arenas-Lago et al.,

2014).

En el ambito agricola, el uso excesivo de fertilizantes y pesticidas de base
metdlica afiade un componente téxico al suelo, acumulando elementos
potencialmente tdxicos, como As, Cd, Mn, U, y Zn, ademas de compuestos organicos
con propiedades pesticidas (Mirsal, 2008). El uso continuado de fertilizantes
quimicos reduce la materia orgénica y la fertilidad del suelo, y puede contaminar

masas de aguas cercanas y alterar la calidad del aire (Pahalvi et al., 2021).

En las dltimas décadas, los paises desarrollados han implementado
legislaciones cada vez mas estrictas para limitar el impacto de las actividades
potencialmente contaminantes y promover practicas sostenibles de manejo del
suelo. No obstante, los efectos contaminantes de actividades histdricas realizadas sin
regulacion ambiental, hoy en dia contindian representando una amenaza persistente
para la salud del suelo. Aunque los problemas derivados de la contaminacion del
suelo estan ganando mayor visibilidad y concienciacion social, esta forma de

degradacidn sigue siendo una realidad oculta (Rodriguez-Eugenio et al., 2019).



1.3. Los suelos mineros

Los suelos afectados por las actividades mineras estdn potencialmente
contaminados y han sufrido profundas alteraciones en su estructura y en sus
propiedades fisicas, quimicas y bioldgicas debido a las operaciones de extraccidn,

procesamiento de minerales y generacién de residuos.

La degradacidn fisica es uno de los efectos mas inmediatos de la mineria. Se
caracteriza por la destruccion de la estructura eddfica, afectando a su estabilidad y a
la formacién de agregados que facilitan la retencién de agua y nutrientes (Rabot et
al., 2018). La pérdida de estructura y de cobertura vegetal hace que estos suelos sean
mas vulnerables a la erosidn. Ademas, el uso de maquinaria pesada provoca una
compactacion severa que reduce la porosidad del suelo y su capacidad para filtrar

aguay permitir el paso de aire.

La degradacidon quimica del suelo conlleva una serie de problemas que
complican su restauracién. La oxidacion de sulfuros metalicos como la pirita en
contacto con aguay oxigeno produce acido sulfurico, dando lugar al drenaje acido de
minas (DAM) (Nordstrom y Alpers, 1997; Blowes et al., 2003). Este proceso ocasiona
una acidificacion extrema del suelo, limitando la disponibilidad de nutrientes y
aumentando la solubilidad de los metales pesados (Grantcharova y Ferndndez-
Caliani, 2022). Los residuos mineros suelen contener EPT (As, Cd, Co, Cu, Pb, Tly Zn,
entre otros) que persisten en el suelo durante largos periodos y representan un
riesgo para la salud humanay los ecosistemas. En suelos acidos, la movilidad de estos
contaminantes es alta, lo que facilita su dispersién hacia aguas subterrdneas y

superficiales, amplificando el impacto ambiental.

La degradacion bioldgica en los suelos mineros disminuye drasticamente su
capacidad para sustentar vida. La pérdida del horizonte orgdnico superficial y la
exposicion a condiciones de alta acidez y toxicidad reducen la disponibilidad de
nutrientes esenciales. Asimismo, el bajo contenido de arcillas y materia organica
disminuye la capacidad de intercambio catidnico, afectando la retencion de
nutrientes (Weil y Brady, 2016). Estas condiciones adversas impactan gravemente la
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actividad microbiana, reduciendo la biodiversidad y afectando a toda la cadena
tréfica, lo que dificulta adn mds la restauracidon de los ecosistemas en las zonas

mineras.

En Espafa, la conciencia sobre la conservacién del medio natural en entornos
mineros se afianzd a finales del siglo XX, dando lugar a normativas como el Real
Decreto 2994/1982, de 15 de octubre, que establecid las normas para la restauracion
de espacios naturales alterados por actividades extractivas. Esta regulacion fue
pionera en su momento y promovié una mineria mas responsable, reconociendo la
necesidad de restablecer las condiciones ambientales en las dreas afectadas para
mitigar sus impactos negativos. Sin embargo, muchas minas fueron abandonadas
antes de la entrada en vigor de esta normativa, cuando la restauracion ambiental adn
no era obligatoria. Esta situacion provocé que numerosos emplazamientos mineros
quedaran sin intervencion, generando focos de contaminacion persistente y pasivos

ambientales de dificil remediacidén.

1.4. Tecnosuelos como estratégica de recuperacion natural asistida

Actualmente existe un amplio abanico de técnicas fisicoquimicas y bioldgicas
pararecuperar suelos contaminados (Meuser, 2013). Los tratamientos fisico-quimicos
incluyen: a) técnicas de aislamiento, como la disposicion en vertederos y la
estabilizacién/solidificacién; b) técnicas de extraccion, como el lavado de suelos y
extraccion con solventes; y ¢) técnicas de transformacién de contaminantes, como la
oxidaciény la desorcidn térmica. Aunque estas técnicas suelen ser rapidas y efectivas,
resultan muy costosas y pueden afectar la funcionalidad del suelo. Por otra parte, las
técnicas bioldgicas aprovechan la capacidad de algunos organismos vivos para
remediar suelos contaminados a través de procesos como biorremediacion vy
fitorremediacién. Estas técnicas son mas sostenibles y menos invasivas, aunque

requieren mas tiempo para lograr resultados éptimos (Aparicio et al., 2022).



Los suelos mineros presentan propiedades singulares que dificultan su
recuperacion ambiental, como hiperacidez, altas concentraciones de metales
pesados, sulfatos y especies aluminicas tdxicas, ademas de una limitada actividad
bioldgica. Las estrategias de remediaciéon deben abordar tanto a la estabilizacion
quimica de los contaminantes como la restauracion ecoldgica del suelo. Entre los
tratamientos mas comunes destaca el uso de enmiendas alcalinas y/o férricas para
neutralizar la acidez y reducir la movilidad de los metales pesados, junto con aditivos
organicos para mejorar la fertilidad del suelo (Adriano et al., 2004; Kumpiene et al.,

2008; Bolan et al., 2014; Palansooriya et al., 2020; Fernandez-Caliani et al., 2021).

En este contexto, los tecnosuelos han surgido como una alternativa
prometedora frente a los métodos tradicionales de restauracién minera. Son suelos
artificiales, con al menos un 20% de artefactos o materiales generados, modificados o
extraidos por el ser humano (WRB, 2006). Esta técnica, impulsada en Espafia por el
Prof. Dr. Felipe Macias desde el Laboratorio de Tecnologia Ambiental de la
Universidad de Santiago de Compostela (LTA-USC), pretende corregir las alteraciones
ambientales, aumentar la carga critica de contaminantes y potenciar la capacidad de

autorrecuperacion del suelo (Macias, 2001, 2004).

La creciente preocupacion social por la contaminacién ha incentivado el
desarrollo de soluciones sostenibles, como la valorizacion de residuos para producir
tecnosuelos. Estos suelos artificiales, formulados con residuos no peligrosos (RNP),
funcionan como sustratos vegetales que imitan a los suelos naturales, contribuyendo
alarestauracién de ambientes degradados (Macias, 2015). Su desarrollo se alinea con
la economia circular, al reincorporar residuos al ciclo productivo para crear nuevos
productos o materias primas. Ademas, cumplen con las politicas europeas de gestion
de residuos, como la Directiva 2008/98/CE y la Decisién 96/350/CE, mediante la
operacidon de valorizacion R10 para mejorar los suelos de forma ecoldgica o

agrondomica.

El disefio de tecnosuelos exige un conocimiento exhaustivo de las condiciones

del suelo a tratar, los contaminantes presentes, los residuos disponibles y los



procesos biogeoquimicos implicados (Macias, 2004). Para garantizar su eficacia, los
tecnosuelos deben tener una textura y estructura dptimas, junto con propiedades
fisico-quimicas y biogeoquimicas que neutralicen procesos contaminantes y
estabilicen metales pesados o aniones téxicos mediante mecanismos como
adsorcion, complejacién o precipitacion. Asimismo, deben ser capaces de estabilizar
carbono organico, aumentar la actividad bioldgica y promover un desarrollo
edafogenético similar al de los suelos naturales (Macias-Garcia et al., 2009a; Macias,

2015; Santos et al., 2014, 2016).

Algunos residuos que actualmente se depositan en vertedero podrian
aprovecharse para producir tecnosuelos, reduciendo costes de gestion vy
tratamiento, e integrandolos en los ciclos biogeoquimicos (Macias et al., 2007). Los
tecnosuelos se elaboran con dos tipos de residuos: a) fermentables (organicos), que
aportan materia orgdnica y nutrientes; y b) acondicionadores (inorganicos), que
estabilizan compuestos organicos y regulan propiedades como la solubilidad, el pH'y
el estado redox. Estos materiales deben estar libres de agentes tdxicos, patdgenos y
olores, y cumplir estrictos estandares que minimicen riesgos ambientales y sanitarios,
conforme a la Estrategia de Proteccién del Suelo en Europa para 2030 (European

Commission, 2021).

La aplicacion de esta técnica de recuperacidn natural asistida en
emplazamientos mineros degradados ha demostrado ser efectiva para contrarrestar
los efectos del DAM, fomentando la regeneracion del suelo y mejorando la calidad
ambiental del entorno. Un caso emblematico es la mina de Touro, en Galicia. Esta
mina de cobre fue explotada entre 1974 y 1988, dejando unas 600 ha de terrenos
contaminados. La oxidacidn de los residuos mineros abandonados generd aguas
hiperdcidas e hiperoxidantes, con altas concentraciones de sulfatos, Al, Fe, Mn, Cu'y
Zn. El uso combinado de tecnosuelos especializados y humedales reactivos permitié
neutralizar la acidez, aportar nutrientes esenciales y recuperar la actividad bioldgica
del suelo (Macias-Garcia et al., 2009a,b; Macias y Nieto, 2012; Bolafos-Guerrén, 2014;

Forjan et al., 2015).



Otro ejemplo significativo es la mina de sulfuros metalicos de Sdo Domingo,
en Portugal, donde se emplearon tecnosuelos elaborados con residuos mineros
mezclados con materiales organicos y residuos de cantera de caliza (Santos et al,,
2016, 2017). Esto mejord las caracteristicas quimicas de los lixiviados, aumentd la
actividad enzimatica y estimuld la germinacidn y el crecimiento de las plantas. En el
distrito minero de Cartagena-La Unién (Murcia), se ensayaron tecnosuelos con
biocarbones y residuos de la industrial del marmol, logrando estabilizar metales
pesados y mejorar el contenido de carbono organico y nitrégeno (Moreno-Barriga et
al., 2017). Asimismo, la mina Fe (Salamanca), antigua explotacién de uranio, se ha
beneficiado del uso de tecnosuelos con propiedades andicas y eutrdficas, que
mejoraron significativamente las caracteristicas fisicoquimicas y bioldgicas de los
residuos mineros y sus lixiviados, reduciendo su impacto ecotoxicoldégico (Aran et al.,

2022).

Estos resultados positivos avalan la viabilidad técnica y ambiental de los
tecnosuelos, aunque su implementacidn sigue en fase de investigacion y desarrollo,
y carece de una regulacién estatal especifica. Galicia ha sido pionera con la
publicacion de una instruccidon técnica sobre formulacion y uso de tecnosuelos,
tomando como base la experiencia de la mina de Touro. Se trata de la Instruccidon
Técnica de Residuos ITR/01/08 (Xunta de Galicia, 2008). Este documento establece los
criterios de admision de los residuos y las caracteristicas que deben cumplir los
tecnosuelos para garantizar su eficacia y seguridad ambiental. Aunque no tiene
caracter normativo, esta instruccion técnica se ha convertido en una referencia para

ensayos y proyectos de investigacion en otras comunidades auténomas.

En definitiva, los tecnosuelos ofrecen mudltiples ventajas ambientales y
econdmicas (Macias y Nieto, 2012): permiten valorizar residuos, reciclar nutrientes,
secuestrar carbono y sustituir recursos naturales como tierra vegetal. También
mejoran las propiedades fisicas, quimicas y bioldgicas del suelo, a la vez que
inmovilizan contaminantes reduciendo su biodisponibilidad. Esta estrategia
proporciona una soluciéon sostenible y rentable para restaurar ecosistemas

degradados, al descontaminar suelos y aguas, reciclar nutrientes, estimular la
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biomasa y capturar carbono partir de RNP (Santos et al., 2016; Rodriguez-Vila et al.,
2016, 2017; Forjan et al., 2017; Moreno-Barriga et al., 2017). La eficacia de los
tecnosuelos ha sido demostrada no sdlo en la recuperacion de suelos contaminados,
sino también en la cubricién de escombreras y el sellado de vertederos (Ferndndez-

Caliani et al., 2024).

1.5. Justificacion, hipétesis de partida y objetivos

En la provincia de Huelva se estima que existen entre 4200 y 4800 hectareas
de suelos afectados directamente por la mineria histdrica de la FPI (Ferndndez-Caliani
et al.,, 2009; Grande et al., 2014). Los suelos mineros han superado la carga critica de
acidez y la capacidad amortiguadora de la contaminacion, por lo que constituyen un

riesgo potencial para la salud de las personas y los ecosistemas.

La remediacidn de estos suelos presenta costes elevados, debido tanto al
grado y tipo de contaminacidon como a la gran extensidon de los terrenos afectados.
Hasta el momento, se han llevado a cabo actuaciones puntuales en algunas minas
abandonadas para corregir la acidez, aunque se espera que la Junta de Andalucia
impulse nuevos proyectos de recuperacion en numerosos emplazamientos que
soportaron actividades mineras contaminantes en el pasado, de acuerdo con lo
previsto en el Reglamento Andaluz de Suelos Contaminados (Junta de Andalucia,
2015). Ademds, la reactivacidn que ha experimentado la minerfa en la FPI durante los
ultimos afios incrementara la necesidad de desarrollar nuevos proyectos de
restauracion ambiental, conforme a la legislaciéon vigente, lo que justifica la
importancia de buscar soluciones tecnoldgicas innovadoras para la recuperacion de

estos suelos.

Por otra parte, el centro de gestién de residuos industriales de Nerva (Huelva)
gestiona residuos de distinta naturaleza, como escorias, residuos calcicos, yesos,
tierras, escombros, etc. Estos materiales, con cddigos LER (Lista Europea de

Residuos) autorizados para su depdsito directo en vaso de RNP, podrian
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aprovecharse como componentes en la elaboraciéon de tecnosuelos a costes
econdmicos y ambientales asumibles. Asimismo, Huelva cuenta con un ndmero
considerable de empresas y factorias industriales que generan una amplia variedad
de residuos valorizables, algunos de los cuales tienen un alto potencial para la

produccidn de tecnosuelos.

En este contexto, la hipotesis de partida de esta tesis plantea que la
elaboracion de tecnosuelos a partir de RNP locales podria ser una alternativa
econdmicamente viable y ambientalmente sostenible para la recuperacion de suelos
mineros, siempre que sean de calidad adecuada y se apliquen conforme a las
instrucciones técnicas y procedimientos establecidos. Por ello, el estudio se centra en
el desarrollo de formulaciones y aplicaciones especificas basadas en la valorizacién
biogeoquimica de RNP, con el objetivo de abordar necesidades concretas, como la
regeneracion de suelos acidos de mina en un marco de economia circular y desarrollo

sostenible.

Los objetivos especificos que se pretenden conseguir con la tesis son los

siguientes:

e (Caracterizar la persistencia y la dindmica de la contaminacidon en suelos

mineros altamente impactados.

e Revalorizary reutilizar RNP, actualmente sin salida al mercado y cuya unica via

de gestion es el depdsito en vertedero, cerrando asi su ciclo de vida.

e Desarrollar formulaciones innovadoras de tecnosuelos a partir de estos
residuos, como técnica de recuperacion natural asistida de suelos acidos

contaminados por actividades mineras.

e Evaluar la eficacia de los tecnosuelos formulados para neutralizar la acidez,
estabilizar los elementos traza potencialmente tdxicos y mejorar la fertilidad

de los suelos mineros.

e Comprobar que los tecnosuelos ofrecen las condiciones adecuadas para
promocionar el crecimiento vegetal, garantizando que su aplicacion no genera
efectos adversos en el medio ambiente y la salud de las personas.
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1.6. Estructura de la tesis

Esta tesis se presenta como un compendio de cinco articulos publicados en

revistas internacionales revisadas por pares, e indexadas en el primer o segundo

cuartil de alguna de las categorias del Journal Citation Reports (Web of Science):

Articulo 1. Soil contaminated with hazardous waste materials at Rio Tinto mine
(Spain) is a persistent secondary source of acid and heavy metals to the

environment.

S. Fernandez-Landero, J.C. Fernandez-Caliani, M.l. Girdldez, E. Morales, C.
Barba Brioso, |I. Gonzalez

Minerals (2023) 456

DOI: https://doi.org/10.3390/min13040456

Factor de impacto: JCR 2,5 (Q2) - CiteScore 4,1(Q2)

Numero de citas: 7 (WoS) — 9 (Scopus) - 13 (Google Académico)

Articulo 2. Phytoaccumulation of trace elements (As, Cd, Co, Cu, Pb, Zn) by
Nicotiana glauca and Euphorbia segetalis growing in a Technosol developed on
legacy mine wastes (Domingo Rubio wetland, SW Spain).

C. Barba-Brioso, P.J. Hidalgo, S. Fernandez-Landero, M.l. Girdldez, J.C.
Fernandez-Caliani

Environmental Geochemistry & Health 45 (2023) 9541-9557

DOI: https://doi.org[10.1007/s10653-023-01523-W

Factor de impacto: JCR 3,2 (Q2) - CiteScore 8,0 (Q1)

Numero de citas: 5 (WoS) - 6 (Scopus) - 8 (Google Académico)

Articulo 3. Long-term sustainability of marble waste sludge in reducing soil
acidity and heavy metal release in a contaminated mine Technosol.

J.C. Fernandez-Caliani, M.I. Girdldez, S. Fernandez-Landero, C. Barba-Brioso, E.
Morales

Applied Sciences 12 (2022) 6998

DOI: https://doi.org/10.3390/app12146998

Factor de impacto: JCR 2,7 (Q2) - CiteScore 5,3 (Q1)

Numero de citas: 9 (WoS) — 11 (Scopus) — 16 (Google Académico)
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e Articulo 4. Unveiling a Technosol-based remediation approach for enhancing
plant growth in an iron-rich acidic mine soil from the Rio Tinto Mars analog site.

J.C. Fernadndez-Caliani, S. Fernandez-Landero, M.Il. Girdldez, P.J. Hidalgo, E.
Morales

Science of the Total Environment 922 (2024) 171217

DOI: https://doi.org/10.1016/j.scitotenv.2024.171217

Factor de impacto: JCR 9.8 (Q1) — CiteScore 16.8 (Q1)

Numero de citas: 3 (WoS) - 3 (Scopus) — 3 (Google Académico)

e Articulo 5. Successful plant growth in acid mine drainage-impacted soil using

pot-based experiments with waste amendments.

S. Fernandez-Landero, J.C. Fernandez-Caliani, M.I. Girdldez, P.J. Hidalgo, E.
Morales

Land Degradation & Development 922 (2024) 171217

DOI: https://doi.org/10.1002/ldr.5211

Factor de impacto: JCR 4.7 (Q2) - CiteScore 7.2 (Q1)

Numero de citas: 1 (WoS) — 1 (Scopus) — 1 (Google Académico)

Los articulos tienen una clara coherencia tematica y metodoldgica. Todos
ellos comparten un marco conceptual centrado en la contaminacién de suelos
generada por la mineria metalica, con énfasis en el DAM vy la liberacién de EPT, y
abordan la remediacién de suelos en un contexto geo-ambiental unificado. A través
de diversas metodologias, los estudios convergen en la problematica comun de la
contaminacion de suelos por metales pesados, explorando el uso de tecnosuelos

derivados de RNP como solucién sostenible.

Los estudios emplean una amplia gama de metodologias (analisis quimicos y
mineralégicos, ensayos de lixiviacion, modelado de especiacion acuosa,
experimentacién en campo y en macetas, evaluacion de la respuesta vegetal) que, en
conjunto, se complementan entre si para ofrecer una vision integral del problema y

de las soluciones.

Una vez presentado en esta introduccidon general (Capitulo 1) el marco

conceptual y los objetivos de Ia tesis, en el Capitulo 2 se describe el area de estudio,
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contextualizando histdricamente la actividad minera y sus impactos ambientales. En
el Capitulo 3 se detallan los métodos y técnicas empleados en los diferentes trabajos,
mientras que los resultados mas relevantes de los articulos se sintetizan y discuten
en el Capitulo 4. Por dltimo, en el Capitulo 5 se exponen las conclusiones generales

de la tesis y se plantean nuevas lineas de investigacidon actualmente en desarrollo.

En conjunto, estos articulos conforman un cuerpo de trabajo coherente,
complementario y cientificamente relevante, no solo en términos de promocién
general del conocimiento sino también ofrecen un potencial de transferencia de
resultados, aportando soluciones pricticas para la valorizacion de RNP, la gestion

sostenible de pasivos mineros y la restauracion ecoldgica de entornos degradados.
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>. AREA DE ESTUDIO
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2.1. Localizacion geografica

El drea de estudio comprende tres emplazamientos diferentes de la provincia
de Huelva (Fig. 1): el estero de Domingo Rubio, un humedal costero asociado al
estuario de Huelva, y las cuencas mineras de Riotinto y Tharsis, en la comarca de El

Andévalo.

Fig. 1. Mapa de localizacién de los emplazamientos estudiados en la provincia de Huelva.
Elaboracién propia a partir del visor Iberpix del Instituto Geogréfico Nacional.
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2.2.Rasgos fisiograficos y edafoldgicos

La provincia de Huelva, como el resto de Andalucia, presenta un clima
mediterrdneo templado, pero existen diversos factores como la disposicion del
relieve y la altimetria que establecen ciertas zonaciones bioclimaticas. Segun la Red
de Informacién Ambiental de Andalucia (REDIAM), la unidad territorial Litoral
Atlantico, donde se encuadra el estero de Domingo Rubio, tiene un clima
mediterraneo ocednico, caracterizado por unas temperaturas medias anuales entre
17 y 19 °C, y precipitaciones medias anuales de 500 a 700 mm. Por otro lado, la
comarca minera de El Andévalo se integra dentro de la unidad Sierra Morena
Occidental, donde prevalece un clima mediterraneo de influencia continental, con
temperaturas medias mas bajas (12-17 °C) y precipitaciones medias mas elevadas (400-

1000 mm).

Desde el punto de vista hidrografico, las dreas mencionadas se encuadran
dentro de la Demarcacién Hidrogréfica del Tinto, Odiel y Piedras, con una extensidn
total de 4955 km?2. En la zona mds septentrional de la demarcacién (Sierra de
Aracena), se alcanzan cotas de 900 m.s.n.m., que desciende hasta el litoral. La altitud
varia entre 200 y 600 m.s.n.m. en Minas de Riotinto, 200-400 en Tharsis y 0-10 en el

estero de Domingo Rubio (Junta de Andalucia, 2023).

En el estero de Domingo Rubio, la dinamica de los procesos de los aportes
fluviales junto con las corrientes de marea, han formado un paisaje de marisma con
caflos y esteros. Sus suelos se clasifican edafolégicamente como Fluvisol salico,
Fluvisol gleyco, Regosol esquelético, Regosol arénico, Arenosol calcarico y Tecnosol
espolico. Presentan valores de pH medio ligeramente acidos, aunque se pueden
encontrar puntos con acidez extrema en los Tecnosoles (Barba-Brioso, 2011). Los
suelos dominantes en los distritos mineros de Rio Tinto y Tharsis se clasifican como
Cambisol eutrico, Regosol eutrico, Leptosol imbrico, Luvisol crémico y Luvisol drtico,

segun el Portal Ambiental de Andalucia (Junta de Andalucia, 2023).

El Andévalo se caracteriza por un relieve ondulado, dominado por suaves
colinas cubiertas de matorral mediterrdneo (jaras, lentiscos y brezos), y algunas
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dehesas de encinas y alcornoques dedicadas a usos agropecuarios tradicionales
como la cria de ganado y la produccién de corcho. En algunas zonas también se
encuentran repoblaciones de pinos y eucaliptos. La actividad minera ha modificado
considerablemente el paisaje, transformdndolo con la presencia de grandes
escombreras, cortas a cielo abierto, infraestructuras industriales abandonadas y
suelos degradados, con una vegetacion escasa y adaptada a condiciones extremas,
como Erica andevalensis. Los suelos predominantes son Leptosoles liticos, es decir
suelos delgados, dcidos y pobres en nutrientes, derivados de las rocas metamdrficas

y volcano-sedimentarias que conforman el sustrato geoldgico de la region.

El estero de Domingo Rubio forma parte de un conjunto de zonas himedas en
la desembocadura de los rios Tinto y Odiel, y esta integrado en la Red de Espacios
Naturales Protegidos de Andalucia por su alto valor ecoldgico. Ademas, estd incluido
en la Red Natura 2000 como Lugar de Importancia Comunitaria (LIC) y Zona de
Especial Proteccidn para las Aves (ZEPA). El humedal comprende dos tramos con
caracteristicas ambientales claramente diferenciadas: a) una zona de marisma,
atravesada por un canal mareal meandriforme y formada por Fluvisoles salinos con
vegetacion haldéfila como Salicornia y Spartina; y b) una zona lacustre de agua dulce,
creada artificialmente por el represamiento del arroyo, con vegetacién acudtica y
riberefia. Este ecosistema alberga una avifauna rica y diversa, sirviendo de refugio

para numerosas aves migratorias (Junta de Andalucia, 2005).

Sin embargo, el estero de Domingo Rubio estd sometido a multiples amenazas
ambientales, como la contaminacion hidroquimica difusa del estuario de Huelva y los
aportes contaminantes del poligono industrial del puerto exterior de Huelva y de las
explotaciones agricolas cercanas (Madejon et al., 2009; Barba-brioso et al., 2010).
Ademads, existen focos de contaminacién puntual, como una escombrera de pirita
abandonada en las proximidades de la marisma. La oxidaciéon de la pirita ha
desencadenado un proceso de acidificacion del suelo y lixiviacion de metales

pesados, que pone en riesgo el ecosistema del humedal (Barba-Brioso et al., 2021).
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2.3.Marco geolégico

Desde el punto de vista geoldgico, el drea de estudio abarca dos contextos
bien diferenciados. Por un lado, el estero de Domingo Rubio se localiza en el sector
noroccidental de la Cuenca del Guadalquivir y, por otro lado, los distritos mineros de
Rio Tinto y Tharsis se ubican en la Zona Surportuguesa del Macizo Ibérico,

concretamente en el dominio de la Faja Piritica Ibérica (FPI) (Fig. 2).
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Fig. 2. Mapa geoldgico de la Zona Surportuguesa (modificado de Mapa Geoldgico de Espafia,
1:1.000.000) y localizacién de los emplazamientos estudiados.

El estero de Domingo Rubio es un pequefio valle inundable, conectado al
estuario de Huelva a través de un canal mareal meandriforme que discurre entre
colinas rojizas constituidas por limos, arenas y gravas plio-pleistocénicas en su
margen derecha, y por formaciones de dunas estables en su margen izquierdo. Estas
dunas separan al estero del canal principal del estuario de Huelva, protegiéndolo de

la accion directa del oleaje.
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La FPIl es una de las provincias metalogénicas mas importantes a nivel mundial,
con mas de 1700 Mt de sulfuros masivos que presentan leyes medias de 1,2% Cu, 1% Pb
y 3% Zn (Ruiz de Almoddvar y Sdez, 1992; Tornos, 2006; Saez et al., 2024). Esta
compuesta por tres grandes unidades litoestratigraficas (Schermerhorn, 1971): el
Grupo de Pizarras y Cuarcitas (PQ), de edad Devdnico medio a superior; el Complejo
Vulcano-Sedimentario (CVS), del Devénico superior al Carbonifero inferior; y el Grupo
Culm, formado por una secuencia turbiditica de pizarras y areniscas del Carbonifero
inferior a medio. Los depdsitos de sulfuros masivos, compuestos principalmente por
pirita y cantidades menores de calcopirita, esfalerita y galena, se encuentran en el
CVS, donde forman masas estratiformes concordantes con las rocas encajantes

(rocas volcénicas félsicas o pizarras negras).

Los distritos mineros de Rio Tinto y Tharsis son los mas importantes de la FPI,
tanto por el volumen de sus yacimientos como por su historial minero. El distrito de
Rio Tinto, con mds de 500 Mt de pirita (masas San Dionisio, Filén Sur, Filén Norte y
Planes-San Antonio) y mds de 2000 Mt de stockwork mineralizado (Cerro Colorado),
constituye una de las mayores concentraciones de sulfuros del mundo (Ribeiro de
Mello et al., 2022). Por su parte, el distrito de Tharsis también cuenta con depdsitos
de sulfuros masivos que superan 100 Mt, entre los que destacan los cuerpos

mineralizados de Filédn Norte, Filén Sur, Filén Centro y Sierra Bullones.

2.4.Breve historial minero

El Andévalo es una de las comarcas mineras mas importantes del mundo, con
una tradicidon que se extiende desde tiempos prehistdricos hasta la actualidad. Las
primeras evidencias de actividad minera y metalldrgica datan de la Edad del Cobre
(Pérez Macias, 1998), aunque los periodos de mayor auge tuvieron lugar durante la
época romana (siglos I-11 d.C.) y, especialmente, con la segunda Revolucién Industrial

de finales del siglo XIX.
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En particular, Riotinto fue uno de los distritos mineros y metaldrgicos mas
destacados del mundo antiguo (Salkield, 1987). Los tartesios extraian cobre y plata
para la fabricacién de herramientas y objetos ornamentales, y comerciaban con
fenicios y otros pueblos mediterrdneos. Los romanos desarrollaron métodos
avanzados de extraccion y fundicidn, convirtiendo las minas de Huelva en
importantes centros productores de cobre, plata y oro. Tras la caida del imperio
romano en el siglo IV, la mineria entré en declive y permanecid casi inactiva hasta el
siglo XIX. Con la Revolucidén Industrial, las minas de Huelva despertaron el interés
internacional debido a la creciente demanda de cobre y pirita. A finales del siglo XIX,
las companiias britanicas The Tharsis Sulphur and Copper y The Rio Tinto Company
Limited revitalizaron la actividad minera, situando nuevamente a la provincia como

un referente mundial en la produccién de minerales (Pinedo, 1963).

La mineria en Rio Tinto no solo se centrd en la extraccién de minerales, sino
también en procesos metalurgicos que evolucionaron con el tiempo, reflejando los
avances tecnoldgicos de cada época. Durante la etapa britanica, se emplearon dos
métodos de obtencién de cobre: hidrometalurgia (via himeda) y pirometalurgia (via

seca).

Los minerales de baja ley en cobre (<2-3%) eran beneficiados por cementacion
natural y/o artificial (Delgado, 2023). Estos procesos hidrometalirgicos
transformaban el cobre de los sulfuros insolubles en sulfato de cobre soluble en agua,
y se precipitaba por intercambio idnico con hierro para su posterior afino. En la
cementacion natural, se formaban montones de minerales cobrizos regados con
aguas acidas durante varios afios, lo que provocaba la oxidacion de la pirita
generando soluciones enriquecidas en cobre que hacian precipitar en canales de
cementacion con chatarra de hierro. Para acelerar el proceso, se recurrid a la
cementacion artificial, consistente en la oxidacidon forzada de la pirita mediante
calcinacion al aire libre en montones llamados teleras. El mineral calcinado se lixiviaba
con aguas acidas en pilones o diques, y las soluciones resultantes se conducian a los

canales de cementacidn para obtener la cascara de cobre.
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Los minerales ricos en cobre se trataban mediante procesos pirometalurgicos,
que consistian en oxidar los sulfuros con aire caliente, liberando el cobre y formando
una escoria fayalitica (silicato de hierro) que se amontonaba en escombreras junto a
las fundiciones. En Rio Tinto, las operaciones pirometalurgicas continuaron hasta

1970, cuando la fundicién de cobre se trasladé al Polo Quimico de Huelva.

A finales del siglo XX, todas las minas cerraron debido a la crisis de la pirita
como fuente de azufre para la fabricacién de acido sulfurico y la caida de los precios
del cobre. Sin embargo, en los ultimos afios, la mineria de Huelva ha resurgido gracias
a la creciente demanda de minerales en industrias tecnoldgicas, energias renovables
y para la electrificacion del transporte. Actualmente, las explotaciones en
yacimientos como Aguas Tefidas, Sotiel y Magdalena se centran en los depdsitos de
sulfuros masivos polimetalicos (Cu-Pb-Zn), mientras que Rio Tinto se enfoca en el

stockwork de cobre.

2.5.Impacto de la mineria en el suelo

La intensa actividad minera y metaldrgica desarrollada en la FPI a lo largo de
su historia ha dejado una profunda huella de degradaciéon ambiental en la region
(Fernandez-Caliani, 2008, 2022), originando problemas como la contaminacién

persistente de suelos y aguas, la acidificacidon de rios y la pérdida de biodiversidad.

La excavacion de grandes cortas a cielo abierto ha causado una pérdida
irreversible de suelo natural y generado enormes cantidades de residuos mineros,
acumulados en terreros, diques, balsas y escombreras (Grande et al., 2014). Estos
residuos liberan aguas acidas cargadas de metales pesados hacia los suelos del
entorno (Romero-Baena et al., 2021) y emiten particulas contaminantes a la
atmdsfera (Castillo et al., 2013; Fernandez-Caliani et al., 2013). Entre los materiales
residuales con mayor potencial contaminante destacan la pirita cruda y lixiviada, las
cenizas de tostacion, las escorias, los lodos de los procesos de concentracion y los

estériles de mina (Romero et al., 2011; Canovas et al., 2021).
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Aunque los datos disponibles sobre los residuos mineros y el DAM en la FPI
son abundantes (e.g. Galan et al., 2003; Sanchez-Espafa et al., 2006; Sarmiento et al.,
2009; Olias et al., 2010), los estudios centrados en los suelos mineros son
relativamente escasos, a pesar de su relevancia. Segin Fernandez-Caliani et al.,
(2009), estos suelos son sistemas extremadamente 4cidos, con una escasa capacidad
de intercambio idnico efectiva, bajos niveles de materia organica y nutrientes
esenciales, y una clase textural desequilibrada. Ademas, contienen fases portadoras
de metales pesados, principalmente pirita y sus productos derivados de oxidacion
como jarosita y oxi-hidréxidos de hierro, y carecen de carbonatos lo que contribuye

a su elevado potencial de acidificacion neto.

En consecuencia, los suelos mineros presentan una elevada carga de
elementos traza contaminantes, especialmente As, Cu, Pb y Zn (Chopin y Alloway,
2007; Ferndndez-Caliani et al., 2009), cuyas concentraciones superan ampliamente
los valores de fondo regional (Galdn et al, 2008; Martin-Méndez et al., 2023), y los
niveles genéricos de referencia (NGR) para suelos de Andalucia (Junta de Andalucia,
2015). Su limitada capacidad para neutralizar la acidez y fijar contaminantes agrava su
peligrosidad ambiental. Esta problematica es particularmente preocupante en los
suelos agricolas y urbanos cercanos a las zonas mineras, donde una fraccion
significativa de los metales mas mdviles podria estar biodisponible y transferirse a la

cadena trofica.

En los suelos agricolas del entorno minero, aunque los niveles de
contaminacion son similares a los de los suelos mineros (Lépez et al., 2008), los
metales se encuentran estabilizados por procesos de precipitacion, adsorciéon y
fijacion en el complejo de cambio. Los metales analizados en las hortalizas no suelen
alcanzar los niveles fitotdxicos (Madején et al., 2011). Sin embargo, en algunos
huertos préximos a las minas, el riesgo para la salud humana supera el umbral

legalmente establecido (Gabari y Fernandez-Caliani, 2017; Ferndndez-Caliani et al.,

2019).
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En los suelos urbanos de Minas de Riotinto, las concentraciones de As y Pb se
mantienen dentro de los valores de fondo regional, aunque en algunos puntos
superan los NGR, generando un riesgo potencial para la salud de los residentes

(Parviainen et al., 2022).

En definitiva, los espacios mineros abandonados de la FPI y los suelos de su
entorno estan contaminados por EPT, y requieren la adopcién de medidas de
recuperacién ambiental que reduzcan los niveles de riesgo a valores tolerables para
la proteger la salud humana y los ecosistemas. Aunque no existe una legislaciéon que
obligue a restaurar las minas histdricas abandonadas, en la FPI se han realizado
intervenciones puntuales para corregir la acidez del suelo y revegetar algunas minas,
como Poderosa, Castillo de las Guardas y Tharsis (Séiz y Ceacero, 2008; Madejon et
al., 2021), con el apoyo de fondos europeos (FEDER). La aplicacion de enmiendas
alcalinas y organicas ha demostrado mejorar la calidad del suelo en estos enclaves
mineros (Fernandez-Caliani y Barba-Brioso, 2010; Fernandez-Caliani et al., 2021). Sin
embargo, la mayoria de las minas abandonadas permanecen en un estado de

deterioro ambiental alarmante.

27



28



3. METODOLOGIA
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El plan de trabajo disefiado para alcanzar los objetivos planteados comprende

diversas actividades de campo, laboratorio y gabinete (Fig. 3).
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Fig. 3. Diagrama de flujo metodoldgico.
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3.1. Revision del estado de la técnica

En primer lugar, se realizd una revisidn bibliografica para conocer la situacion
actual de la técnica y sus ultimos avances. Esta revision permitié adquirir un
conocimiento exhaustivo de los antecedentes relacionados con la naturaleza y el
comportamiento de los materiales empleados en la elaboracién de tecnosuelos, asi

como de los resultados obtenidos en sus diversas aplicaciones.

3.2.Materiales

3.2.1. Seleccion y muestreo de los suelos a tratar

Los suelos mineros se caracterizan por una gran heterogeneidad quimica,
mineraldgica y textural. Para prevenir errores derivados de tanta variabilidad, se
realizé un reconocimiento de campo con el objetivo de identificar los diversos
procesos y residuos minero-metaldrgicos que podrian ser fuentes de contaminacion

para los suelos (Fig. 4).

Pirita de alta ley en Cu 7— m Zarandas (ZA)

Cementacion | Calcinacion Cenizas de Pena de
Pirita de il al aire libre tostacion Hierro (PH)
baja ley
en Cu Cementacion =-—>7 Piritas | ) 5 Naya (LN)
natural lixiviadas

— . Piritas

% Drenaje acido de minas |=> aci?i?f?tl:gdo Tharsis (TH)

Fig. 4. Tipologia de contaminantes de los suelos seleccionados para este estudio, con
indicacién de las fuentes de contaminacion y de los procesos involucrados en su generacion.
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Este estudio preliminar permitié seleccionar cinco tipos de suelos
potencialmente contaminados por EPT procedentes de las actividades mineras y

metaldrgicas desarrolladas en su entorno (Tabla 1).

Tabla 1
Tipologia de los suelos seleccionados

Suelo Contaminante Ubicaciéon Referencia

St Residuos de pirita Estero de Domingo Rubio DR
abandonados (estuario de Huelva)
Cenizas de tostacion de Pefia de Hierro
S2 .. PH
pirita (Nerva)
53 Escorias de cobre Fundicidn Piritas, Zarandas 7A

(Minas de Riotinto)

o Zona de cementacion de La
S4 Sulfuros lixiviados Naya (Minas de Riotinto) LN

Co . Filén Norte
S5 Drenaje 4cido de minas (Minas de Tharsis) TH

En cada uno de estos emplazamientos se seleccionaron 3 puntos de muestreo

representativos de los suelos (Fig. 5).

En cada punto se tomaron cinco muestras, compuestas a su vez por cinco
submuestras cada una (una central y cuatro perimetrales) para asegurar una mayor
representatividad. El muestreo se realizé con una barrena Edelman, extrayendo los

primeros 20 cm de suelo (Fig. 6).

Las muestras fueron secadas al aire, desagregadas suavemente,
homogeneizadas y tamizadas a 2 mm, y una alicuota fue molida en un mortero de

agata y tamizada por 63 ym para su analisis quimico.
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Fig. 5. Localizacion de los puntos de muestreo en las zonas de estudio: a) antigua
Fundicién de Piritas en Zarandas (Minas de Riotinto); b) antiguos terreros de
cementaciéon natural en La Naya (Minas de Riotinto); ¢) antigua plaza de calcinacion
de pirita en Pefa de Hierro (Nerva); d) escombrera de Filéon Norte (Tharsis); y e)
residuos de pirita cruda en el estero de Domingo Rubio (Palos de la Frontera).
Imagenes tomadas de Google Earth.
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Fig. 6. Toma de muestras de los suelos contaminados por: a) escorias de cobre; b)

sulfuros lixiviados; ¢) cenizas de tostacidn de pirita; d) drenaje acido de minas; y e)
pirita cruda.

Ademas, se recolectaron muestras de plantas (Nicotiana glauca y Euphorbia
segetalis) en el suelo del estero de Domingo Rubio contaminado con residuos piriticos
(Fig. 7), con el fin de analizar las concentraciones de metales pesados en raices, tallos
y hojas. Las muestras se lavaron y sonicaron con agua destilada, se secaron a 40 °C

durante 5 dias y se molieron hasta un tamafio de 0,5 mm.
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Fig. 7. Aspecto de campo de la vegetacion desarrollada en el suelo contaminado del

estero de Domingo Rubio (a) Nicotiana glauca y (b) Euphorbia segetalis.

3.2.2. Seleccidon y muestreo de los residuos empleados

En el proceso de preseleccion de los RNP adecuados para su aplicacion
funcional en tecnosuelos, se tomaron en consideracién los siguientes criterios: 1)
cumplen las especificaciones técnicas y ambientales requeridas (sus cddigos LER
estdn incluidos en el anexo 1 de la Xunta de Galicia (2008); 2) se gestionan
regularmente en el centro de gestidn de residuos industriales de Nerva (Huelva); y 3)
presentan un comportamiento aceptable en los ensayos de lixiviacion realizados por

la empresa gestora (Ditecsa Soluciones Medioambientales, DSM).

Finalmente, se seleccionaron ocho tipos de RNP (Tabla 2), cuya composiciény
resultados en los ensayos de lixiviaciéon proporcionados por la empresa demostraron

su potencial como ingredientes de tecnosuelos.

El muestreo de los residuos se ajustd a la norma UNE-EN 14899:2007, y la
preparacion de las muestras fue similar a la de los suelos, a excepcidn de los lodos,

que se secaron en estufa a 40 °C.
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Tabla 2

Relacién de residuos no peligrosos seleccionados

Residuo Descripcion Origen o procedencia
|
Lodos del corte y aserrado Planta de elaboracién de
R1 010413 . .
del marmol marmol
R2 030311 Lodos de depuradora Planta de biomasa
R 190902 Lodos de la clarificacion Estacion de tratamiento de
3 999 del agua agua potable (ETAP)
C Tratamiento bioldgico de
R4 05010 Lodos bioldgicos efluentes industriales
R5 100202 Escorias blancas Industria del acero
R6 100903 Escorias de horno Fundicidn de hierro
. Produccidon de pigmentos de
1101 Y . e
R7 06110 505 T0jos diéxido de titanio
. Incineracién de resid
R8 190112 Escorias de incineradora ! ,r. 10 resiauos
sélidos urbanos

3.3.Métodos analiticos

3.3.1.

Caracterizacion de los suelos mineros

A continuacidn, se describen brevemente los métodos y técnicas analiticas

utilizadas para determinar las propiedades edaficas y la composicién del suelo.

e Analisis granulométrico

Las muestras se pasaron por un tamiz de 2 mm para separar y cuantificar la

fraccion mds gruesa (pedregosidad). La clasificacién textural del suelo se determiné

en funcidn de las proporciones de arcilla, limo y arena. La distribucidn del tamafio de

las particulas se midié por difraccién ldser con un analizador Mastersizer 2000

(Malvern Instruments).
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e Anadlisis mineralégico

La composicion mineralégica de las fases mayoritarias se determiné por
difraccién de rayos-X (DRX) con un difractdmetro BRUKER modelo D8I 90 Advance
A25, usando radiacién Ka de Cu (30 mA, 40 kV). La abundancia semicuantitativa de
los minerales se estimd aplicando factores de intensidad que ponderan el drea de los

picos de las reflexiones diagndsticas (Kahle et al., 2002).

Para la identificacion de minerales accesorios portadores de elementos
pesados y de fases amorfas, se utilizd un microscopio electrénico de barrido de
emisién de campo (JEOL JSM-IT500HR) equipado con un espectrémetro de energias
dispersivas de rayos-X (Oxford Instruments X-Max EDS), operando a alto vacio (2,5

nA, 20 kV).

Ademas, se cuantificd la composicidon elemental de fases seleccionadas en
mediante microandlisis de sonda electrénica (JEOL JXA-8200 SuperProbe). Las
condiciones instrumentales fueron: voltaje de aceleracién a 20 kV, corriente de haz a

20 nAy diametro de haz hasta 5 mm.

e pH, Ehyconductividad eléctrica

El pH en agua, el potencial redox (Eh) y la conductividad eléctrica (CE) se
midieron por el método potenciométrico en una suspensién suelo:agua (1:2,5 m/v).
Las suspensiones se agitaron durante 5 min y se dejaron reposar media hora antes de
realizar las mediciones, obteniendo asi valores representativos de la acidez activa o

actual, de las condiciones redox y de la salinidad del suelo.

Para evaluar la acidez potencial o intercambiable, se determind el pH en una
disolucién 1M de KCI (pHka) con la misma relacién suelo/solucién. Este pardmetro
cuantifica los protones adsorbidos en las particulas del suelo que pueden ser

desplazados mediante intercambio idnico con una solucidn salina neutra.

38



Asimismo, para evaluar el efecto de la oxidacién de los sulfuros, se determind
el pH de oxidacién (pHox). Para ello, las muestras se trataron con H,O, al 30% (pH
ajustado a 5,5) en una relacién suelo/solucién de 1:20 (m/v) y se agitaron hasta

completar la reaccién de oxidacién (Urrutia et al., 1992).

e Fésforo (P) asimilable

El P disponible para las plantas se determind por el método Olsen (Olsen y
Sommers, 1982), usando una solucién 0,5 M de NaHCO; a pH 8,5 en una relacién
suelo-solucion de 1:20 (m/v). La concentraciéon de P en el extracto se midié por

colorimetria en un espectrofotémetro UV-Vis GENESYS 10UV.

e Carbono (Q), nitrégeno (N) y azufre (S) totales

Las concentraciones totales de C, N y S se cuantificaron con un analizador
elemental ELTRA CHS-580A. Este método se basa en la oxidacidn completa de la
muestra por combustidn a alta temperatura en atmdsfera de oxigeno purificado. Los

gases liberados (CO,, SO, y NOx) se determinaron por espectroscopia infrarroja.

e Carbono inorgdnico (Cinora), organico (Corg) y materia organica (MO)

La cuantificacion de la MO se abordo calcinando las muestras a 400 °C durante
16 h (Nelson y Sommers, 1996). El Corg Se obtuvo restando el Cinorg del carbono total.
Finalmente, la concentracion de MO se estimd indirectamente multiplicando el Corg

por un factor de conversion (1,72).

e Azufrejarositico (Siar) y azufre piritico (Spvr)

La extraccidn de Sjar se realizd con una solucién de oxalato de amonio 0,2 M
a pH 3 (Dold, 2003). Las muestras fueron molidas y tamizadas a un tamafo de
particula inferior a 250 ym. Posteriormente, se prepard una suspension sélido-liquido
de 1:50 (m/v), que fue agitada a 80 °C durante 2 h. El sobrenadante se separé por

centrifugacién (5000 rpm, 10 min) y se filtré (0,45 pm) para su andlisis.
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El residuo sdlido se utilizd para extraer el Spyr mediante la adicion de HNO; 6M
en una relacién sdlido-liquido de 1:15 (m/v), siguiendo el método ASTM D2492-02. La
suspensién se incubd a 120 °C durante 30 min, con agitacién manual periddica.

Finalmente, el sobrenadante se separd por centrifugacion y se filtré para su analisis.

Las concentraciones de Sjar y Spyr se cuantificaron mediante espectroscopia
de emisidn Jptica de plasma acoplado inductivamente (ICP-OES), utilizando un

instrumento Agilent 5110.

e Potencial de acidez total y acidez neta

Para predecir el riesgo de drenaje acido de los suelos se aplicaron dos ensayos

estdticos: Acid-Base Accounting (ABA) y Net Acid Generation (NAG).

El ensayo ABA permite evaluar el balance entre la capacidad del suelo para
generar acidez total y su capacidad de neutralizacién de la acidez (CNA). En suelos

sulfatados 4cidos, la acidez puede provenir de diversas fuentes (Ahern et al., 2004):

o Potencial de acidez sulfidica (PArvr): generado por la oxidacién de los
sulfuros, principalmente pirita. EI PApyr se calculd multiplicando el contenido
de Spyr por 0,625, un factor estequiométrico basado en que la oxidacion de

un mol de azufre en la pirita libera dos moles de protones (H*):

PApyr (mol H* kg1) = Spyr (%) * 0,625

o Acidez real titulable (ART): incluye tanto la acidez soluble como Ia
intercambiable. Se midid mediante titulacion con NaOH 0,1 M de una

suspension de suelo en KCl 1 M (1:2,5, m/v) hasta alcanzar un pH neutro.

o Acidez retenida (PAar): asociada a jarosita (KFe3(SO,).(OH)s), el sulfato que
liberaria la mayor cantidad de acidez antes cambios en las condiciones del

medio como, por ejemplo, alcalinizacion durante la remediacidn. Se calculd
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a partir del contenido de Sjar, multiplicando por 0,468, considerando que un

mol de azufre en la jarosita libera 1,5 moles de H*:

PAar (Mol H* kg™) = Siar (%) = 0,468

La acidez neta (AN) se calculé mediante la siguiente ecuacidn:

AN = PApyr + ART + PAjar — CNA

Cuando la acidez intercambiable no alcanza la neutralidad (pHka < 5,5), se
asume que su capacidad de neutralizacidn ha sido superada; en tal caso, la CNA se
considera nula, ya que cualquier capacidad remanente de neutralizacidon seria

inefectiva (Ahern et al., 2004).

Por otro lado, el ensayo NAG proporciona una medida directa del potencial de
generacién de acidez neta mediante la oxidacion forzada con H,O. al 30%. Este
método considera la acidez generada por los sulfuros, asi como cualquier
neutralizacidon simultanea, pero no evalda la acidez retenida en jarosita, ya que este
mineral permanece estable en las condiciones del ensayo. Tras la oxidacidn, el

extracto se tituld con NaOH 0,1 M hasta alcanzar un pH de 7 (Ahern et al., 2004).

e (Capacidad de intercambio iénico (CIC)

La CIC se determiné al pH natural del suelo (Saiz, 2004), usando una disolucion
no tamponada de NH,Cl 1M en una relaciéon suelo-solucién de 1:12 (m/v). Se realizé
una segunda extraccion para asegurar la completa recuperacion de los cationes
intercambiables. Las concentraciones de K* y Na* se midieron por espectrometria de
emision atédmica con llama (FEAS) y las de Ca* y Mg?* por absorcién atédmica con
llama (FAAS), utilizando un equipo Varian SpectrAA 50B. Los cationes 4cidos (H*y

Al3*) se estimaron por valoracién con NaOH 0,01 N.
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e Composicidn quimica total

Las concentraciones totales de elementos mayoritarios y traza se analizaron
por ICP-OES, tras un proceso de digestion multi-acida (HCIO4 + HNO; + HCl + HF). Los
andlisis se llevaron a cabo en Actlabs (Ancaster, Ontario, Canadd), un laboratorio
reconocido y acreditado internacionalmente, que opera bajo estrictos estandares de

calidad, incluyendo las certificaciones ISO 9001 e ISO/IEC 17025.

e Elementos traza fitodisponibles en la rizosfera

Las concentraciones de EPT disponibles por las plantas en la rizosfera se
estimaron mediante una extracciéon con CaCl, 0,01 M (1:10 m/v). Las muestras se
agitaron durante 2horas a 30rpm (Houba et al.,, 1990; Rivera et al, 2016), se
centrifugaron y filtraron (0,45 um), y los elementos extraidos se analizaron por ICP-

MS.

e Andlisis quimicos de las plantas

Las concentraciones de metales pesados en los dérganos vegetales (raices,
tallos y hojas) de Nicotiana glauca y Euphorbia segetalis, especies que crecen en el
suelo contaminado del estero de Domingo Rubio, se analizaron por espectrometria
de masas con plasma acoplado inductivamente (ICP-MS), usando un equipo Agilent
7700. Previamente, las muestras fueron sometidas a una digestién acida con HNO;

concentrado (Madejon et al., 2011).

3.3.2. Caracterizacion de los residuos

Para caracterizar los residuos, se usaron los mismos métodos empleados en el
analisis de suelos para determinar la composicidon mineraldgica, la granulometria, los
parametros potenciométricos, los contenidos totales de C, N, S y de P asimilable.

Ademas, se realizaron las siguientes determinaciones:
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e Potasio (K) asimilable

Se extrajo con una solucién de CaCl, 0,01 M, con una relacidon residuo-solucion
1:10 (m/v), agitadas durante 2 h a 30 rpm (Houba et al., 1996). Seguidamente, las
muestras fueron una centrifugadas (5000 rpm, 10 min) y el K asimilable se cuantificé

por FAAS en un equipo Varian SpectrAA 50B.

e Nitratos lixiviables

Se determinaron siguiendo la Norma Europea EN-12457-4 mediante un ensayo
de lixiviacion con agua milli-Q en una relacion liquido-sdélido de 10:1, con agitacion
durante 24 h a 10 rpm. Los eluatos obtenidos fueron centrifugados, filtrados y

analizados por cromatografia iénica (Metrohm 883 Basic IC plus).

e Hidrocarburos totales del petréleo (TPH)

Se determinaron mediante un sistema acoplado de desorcién térmica,
cromatografia de gases y espectrometria de masas (TD-GC-MS). Las muestras de
residuo se colocaron en viales con un twister recubierto de polidimetilsiloxano para
la extraccién de los analitos en el espacio de cabeza, bajo atmdsfera de nitrégeno. La
extraccidén se realizé por calentamiento a 200 °C durante 5 min (TPH) y 30 min (PAH),

y posteriormente se analizaron los twisters.

e Elementos traza potencialmente tdxicos

Las concentraciones pseudototales de As, Cd, Cr, Cu, Hg, Ni, Pb y Zn se
determinaron tras una digestion parcial del residuo con agua regia. Los extractos

fueron analizados por ICP-MS en el laboratorio acreditado de Actlabs (Canada).

3.4.Formulacién y composicion de los tecnosuelos

De entre los residuos caracterizados, se comprobdé que los lodos de
depuradora (R2) excedian los valores limite establecidos en la Xunta de Galicia (2008)
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para Cd, Cu, Niy Zn, asi como las escorias de incineradora de residuos sdlidos urbanos
(R8) para Zn. Por tanto, estos residuos se descartaron para su uso en la elaboracién
de los tecnosuelos. En cambio, los resultados obtenidos permitieron seleccionar dos
tipos de residuos orgdnicos (R3 y R4), que aportan materia organica y nutrientes
esenciales, y cuatro tipos de residuos inorganicos o acondicionadores (R1, R5, R6 y
R7), que estabilizan los compuestos organicos y proporcionan las propiedades fisico-

quimicas deseadas para regenerar suelos degradados.

Los residuos seleccionados para regenerar los suelos mineros se combinaron
de manera sistematica y estratégica hasta lograr las propiedades clave deseadas,
tales como: capacidad neutralizante para reducir o anular la acidez neta del suelo;
capacidad de adsorcidn de EPT, para evitar su solubilizacion en la solucidn del suelo;
y poder fertilizante, para aportar materia orgdnica y nutrientes vitales para las plantas

y los microorganismos del suelo.

Se realizaron multiples pruebas y ajustes en las cantidades formuladas hasta
alcanzar una composicidon dptima capaz de hacer frente a los desafios ambientales
especificos de los suelos a tratar, como la hiperacidez, la movilidad y toxicidad de los
metales pesados, y superar los factores limitantes del crecimiento vegetal, como el
bajo grado de saturacién en bases y la carencia o deficiencias en nutrientes

esenciales.

Inicialmente se crearon 15 tecnosuelos diferentes con una proporcién de 60%
residuo organico y 40% residuo inorgdnico en peso (Tabla 3). Se formularon 72
mezclas con distintas proporciones de suelo minero/tecnosuelo en las dosis de 50:50
y 75:25. Posteriormente, en una fase de reajuste, se realizaron 36 nuevas mezclas con
diferentes proporciones de tecnosuelo (40, 35, 30, 20, 15 y 5%). En total, se probaron

108 combinaciones suelo/tecnosuelo diferentes.
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Tabla3
Composicidn de los tecnosuelos ensayados para la recuperacidn de los suelos mineros.

La descripcidn de los suelos (S) y de los residuos empelados (R) se presenta en las

Tablas 1y 2, respectivamente.

Tecnosuelo Composicién Formulacién

S1T2-25 75% suelo 1 25% residuos R3,R5,R7 60% R3 | 20% R5+20% R7

S1T5-25 75% suelo1 | 25%residuos R3,R6,R7 | ©0%R3 | 20% R6+20%R7

S1T11-30 | 70%suelo 1 30% residuos R3,R6 60% R3 40% R6
S2T8-25 | 75%suelo 2 25% residuos R3,R5 60% R3 40%R5
S2T11-10 | 90% suelo 2 10% residuos R3,R6 60% R3 40% R6
SaT11-25 | 75%suelo 2 25% residuos R3,R6 60% R3 40% R6

S3T3-5 95%suelo3 | s5%residuos R4,R5,R7 | 60%R3 | 50% R5+20% Ry

S3T5-25 | 75%suelo3 | 25%residuos R3,R6,R7 | ©0%R3 | 20%R6+20%R7

S3T11-25 | 75%suelo3 25% residuos R3,R6 60% R3 40% R6

S4T5-20 | 80%suelo4 | 20%residuos R3,R6,R7 | ©0%R3 | 20% R6+20% Ry

S4T6-15 85%suelo 4 | 15%residuos R3,R5,R6 60% R3 | 20% R5+20% R6

S4T11-25 | 75%suelo 4 25% residuos R3,R6 60% R3 40% R6
S5T2-25 | 75%suelos | 25%residuos R3,R5,R7 | ©0%R3 | 20% R5+20% Ry
S5T8-5 95% suelo 5 5% residuos R3,R5 60% R3 40% R5
S5T11-35 | g5%suelo s 35% residuos R3,R6 60% R3 40% R6

3.5.Funcionalidad de los tecnosuelos

Ademas de analizar la composicion quimica total y los contenidos de TPH y
PAH segin los métodos expuestos, se llevaron a cabo ensayos especificos para

evaluar la funcionalidad de los tecnosuelos.

e Ensayo de lixiviacion

Con el objetivo de estimar la movilidad potencial de los contaminantes en las
distintas formulaciones de tecnosuelos y evaluar su efectividad, se llevaron a cabo
ensayos de lixiviacion de acuerdo con la Norma Europea EN 12457-4. Las muestras se

mezclaron con agua Milli-Q en una proporcién liquido-sélido de 10:1 (L/kg), se
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agitaron durante 24 h y posteriormente se centrifugaron (5000 rpm 10 min) y filtraron

a través de una membrana de 0,45 pm (Fig. 8).

3 gsuelo+ Agitacion Centrifugacion Filtracion Medicion de ‘_.‘ & Slisis &
30 ml H,0 durante 24h 5000 rpm por 10 min 0.45 pm pH, ECyEh Anatl.:sxs €
cationes
s TR— . 3;;-’ =0 por ICP-MS
=] puteell D ! e
— — Analisis de
aniones
por Cl
-

Fig. 8. Esquema metodoldgico del ensayo de lixiviacion.

Los elementos mayoritarios se cuantificaron mediante ICP-OES utilizando un

equipo Agilent 5110, mientras que EPT se analizaron por ICP-MS con un equipo Agilent

7700.

Las soluciones lixiviadas también fueron analizadas para determinar las
concentraciones de aniones (nitrato, fluoruro y cloruro) mediante cromatografia
idnica (Metrohm 883 Basic IC plus). El contenido de bicarbonato se cuantificé por el
método de Warder, mediante titulacion con HCl 0,02 M, empleando naranja de

metileno como indicador del punto final.

La calidad del agua de los suelos mineros, tanto originales como tratados con
tecnosuelos, se clasificé usando un diagrama de Ficklin modificado (Ficklin et al,,
1992), considerando la carga metdlica disuelta (suma de las concentraciones de Cd,

Cu, Ni, Pb y Zn) y el pH de los lixiviados.

Para estimar el riesgo potencial, se calculd el coeficiente promedio de
peligrosidad (CPPLag), comparando el contenido de EPT de los eluatos con un

estdndar de calidad de agua predefinido (Alberruche et al., 2014):

Xluix-1ap

1
CPPygp =—* 3"
LAB n*Z NCAy
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donde [X]ux-as es la concentracién medida en el lixiviado para el elemento X;
NCAx es el contenido maximo admisible en el agua correspondiente al elemento X; y
n es el nimero de elementos cuya concentracion supera al nivel adoptado como

estandar.

A partir del CPPiag se estimé el factor de toxicidad (Frox), que clasifica la
toxicidad relativa en una escala de 0 a 5. Si CPPLag es superior a 400, se le asigna la
toxicidad maxima (5); si CPPLag es inferior o igual a 400, entonces el Frox se calcula

mediante la siguiente ecuacion:

Frox= CPPLag * 0,0125

e Ensayos de movilidad y bioaccesibilidad

Para determinar la fracciéon de EPT mas facilmente disponible se realizé una
extraccion con una disolucién no tamponada de CaCl, 0,01 M (Houba et al., 1996), que
simula la fuerza idnica de la solucién del suelo. La movilidad potencial se estimé con
una solucién de EDTA 0,05 M a pH neutro (Ure et al., 1993). Por ultimo, la
bioaccesibilidad de los EPT estimd mediante una extraccion con HNOs 0,43 M, sobre
la fraccidon granulométrica inferior a 250 pm, que simula las condiciones acidas que se

encuentran en el tracto digestivo de algunos organismos (Rodrigues et al., 2010).

Todos los protocolos de extraccion se llevaron a cabo usando una relacidon
sélido-liquido de 1:10 (m/v), agitacion (30 rpm, 2 h), centrifugacién (5000 rpm, 10 min)

y filtracién (0,45 pm). Los EPT extraidos se analizaron por ICP-MS (Agilent 7700).

e Contenido de bicarbonato en el agua de poro

El contenido de bicarbonato en el agua intersticial de los tecnosuelos se
cuantificé mediante titulacién con HCl 0,002 M, empleando naranja de metileno

como indicador.

e Modelizacién de especies acuosas con PHREEQC
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Los indices de saturacidon de minerales y la distribucidn de especies acuosas en
la solucidn del suelo se calcularon utilizando el software de modelizacién geoquimica
PHREEQC (Parkhurst y Appelo, 2013) y la base de datos Minteq.v4 (Allison et al,,
1999), ampliada con datos de Bigham et al. (1996) para incluir la schwertmannita. El

indice de saturacion (IS) para cada mineral previsto se calculé mediante la ecuacidn:

IAP

IS = logﬁ
donde IAP es el producto de la actividad idnica y Ks es la constante del
producto de solubilidad. EI IS permitié inferir procesos de disolucién o precipitacion
de minerales, esenciales para entender la disponibilidad de los elementos tdxicos en
el suelo. Un valor de IS préximo a cero indica que la solucidn esta en equilibrio con
respecto al mineral considerado. Un IS positivo implica sobresaturacion y posible
precipitacidon, mientras que un IS negativo indica subsaturacion, lo que sugiere una

tendencia hacia la disolucion.

3.6.Capacidad de arraigo y crecimiento vegetal

3.6.1. Ensayo de germinacion

Para evaluar la aptitud de los tecnosuelos como sustrato para el desarrollo
vegetal, se realizaron ensayos de germinacion utilizando semillas de Brassica
juncea (mostaza india). Se compard la tasa de germinacién en los tecnosuelos con

dos controles: suelo minero sin tratar (negativo) y mantillo comercial (positivo).

Se colocaron 30 semillas de B. juncea (variedad scala) por placa de Petri con
una fina capa de cada sustrato. Las semillas se humedecieron regularmente con agua
de grifo (pH= 6,85; CE= 0,65 mS/cm) y se mantuvieron a temperatura ambiente (14—
24 °C) bajo luz natural con fotoperiodo de 10-14 h. Transcurridos 6 dias, se procedid al
recuento de semillas germinadas, considerandose como tales aquellas cuyas

radiculas habfan alcanzado una longitud superior a 3 mm (ISTA, 2005).
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3.6.2. Experimentacidon en macetas

El objetivo de este ensayo fue evaluar el efecto de los tecnosuelos sobre el
establecimiento y desarrollo de B. juncea. Esta planta herbacea fue elegida por su
adaptabilidad a diversas condiciones climaticas y edaficas, por su rapido crecimiento,
sistema radicular denso, tolerancia a metales pesados y uso en procesos de
fitoestabilizacién de suelos contaminados (Novo y Gonzadlez, 2014; Pérez-Esteban et
al.,, 2014; Forjan et al,, 2018). Ademds, B. juncea es un buen indicador de
fitodisponibilidad, empleado para evaluar la eficacia de los tratamientos de

remediacion (Clemente et al., 2005).

Los tecnosuelos se humidificacion y estabilizaron durante 14 dias a
temperatura ambiente, en macetas de 15 cm de didmetro y profundidad, con orificios
de drenaje y una capa de grava en la base para evitar encharcamientos. En aquellos
tecnosuelos que consiguieron neutralizar la acidez, se plantaron 5 plantulas con
cotiledones completamente desplegados. Cada tratamiento se replicé por triplicado.
Se establecieron ademas dos controles: uno negativo (suelo minero sin tratar) y otro

positivo (mantillo).

Las macetas se mantuvieron en condiciones de invernadero durante 4 meses
(febrero-mayo 2023) con temperaturas entre 10 y 42 °C, humedad relativa 25-80%, y
luz natural diaria de 10,5-14,5 h. La humedad del suelo se mantuvo mediante riego

periddico con agua de grifo.

Mensualmente, se muestred el agua de poro, tanto en los suelos tratados
como en los controles. Las muestras se obtuvieron a capacidad maxima de retencidn
de agua, utilizando muestreadores de succién Rhizon (Fig. 9) insertados con una
inclinacion de 45° (Clemente et al., 2008). Se determinaron el pH, Eh, conductividad
eléctricay las concentraciones totales de elementos mayoritarios y traza. Ademas, se
evaluaronindicadores del desarrollo vegetal, como la tasa de supervivencia, altura de
las plantas, nimero de hojas, tiempo hasta la floraciéon y produccién final de biomasa.
El estado aparente de salud de las plantas se valoré mediante observacidn visual,

considerando sintomas como marchitez, clorosis, necrosis u otros signos de estrés.
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Fig. 9. Muestreo del agua de poro con muestreadores Rhizon: a) extraccién por vacio
con jeringa; b) detalle de la sonda de succidn.

3.7.Control de calidad

Para asegurar la fiabilidad de los resultados, se implementaron rigurosas

medidas de control de calidad en todas las etapas del andlisis.

Se utilizaron reactivos de alta pureza, especificamente de calidad analitica
“para anadlisis” (Merck, Sigma-Aldrich) o de grado “Suprapur” (Merck). El agua
empleada en los procedimientos analiticos fue ultrapura tipo | (18,2 MQ-cm a 25 °C,

<5 ppb TOQ), obtenida mediante un sistema Milli-Q (Merck Millipore).

El material de laboratorio se descontamind meticulosamente mediante
inmersion en una disolucién de DERQUIN al 10% (Panreac), seguido de una limpieza
con HNO; al 10% durante 24 h. Posteriormente, se enjuagé con agua ultrapura y se

secd a temperatura ambiente o en estufa a 120 °C segun el tipo de material.

La cuantificacidn de los analitos se realizé mediante calibracion externa con
patrones certificados. Para los EPT medidos por ICP-MS, se utilizd una disolucién de

Ge, Rh, Scy Tb a 10 ug L™ como patrén interno.
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El control de calidad analitica incluyd blancos de laboratorio, patrones de
comprobacidn de la calibracién y analisis por duplicado para evaluar la exactitud y
precision de los resultados. La precision, expresada como desviacion estandar
relativa (RSD) fue inferior al 8% para todos los pardmetros. La exactitud del método
se validd con materiales de referencia certificados, adecuados a la naturaleza de cada

tipo de muestra:

e Suelos mineros y residuos analizados: Se usaron los materiales de referencia
OREAS 13b, OREAS 98 y OREAS 101b. Los resultados mostraron una exactitud

con errores relativos inferiores al 10% y una excelente precision (RSD < 2%).

e Lixiviados y agua de poro: Se utilizé el material de referencias SRM 1640a. Las
recuperaciones de los elementos certificados oscilaron entre 95% y 106%, con

una precision inferior al 10%.

e Tejidos vegetales: Se empled material INCT-OBTL-5 (hojas de plantas de
tabaco Oriental Basma). La recuperacién media fue del 92% y la precision del

8%.

3.8.Tratamiento estadistico

El analisis estadistico de los datos experimentales se realizé con los paquetes
de software STATISTICA versidn 10.0 (StatSoft Inc., 2011) y SPSS versién 27.0 (SPSS
Inc., 2021) para Windows. Cuando los resultados se encontraron por debajo del limite
de deteccidn (LD), se les asignd un valor equivalente a la mitad del LD, una préctica

comun en estudios ambientales para minimizar el sesgo.

Para la comparacion de medias entre grupos, se aplicaron pruebas estadisticas
univariantes. Se utilizé la prueba t de Student para comparaciones entre dos grupos
y el andlisis de varianza (ANOVA) para comparaciones entre mas de dos grupos.
Previamente al ANOVA, se comprobd la homogeneidad de la varianza de los datos

con la prueba de Levene, y sélo se procedié con el andlisis paramétrico cuando se
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cumplié este supuesto. En todos los casos, el nivel significancia estadistica se fij6 en

a = 0,05 (intervalo de confianza del 95%).

Ademds, se emplearon andlisis bivariantes y multivariantes para explorar
patrones y relaciones entre las variables estudiadas. En particular, el andlisis de
componentes principales (PCA) se utilizé como técnica multivariante para reducir la
dimensionalidad del conjunto de datos y visualizar la influencia integrada de mdiltiples
variables quimicas en la respuesta de las plantas en los suelos remediados. Antes de
aplicar el PCA, se verificé la existencia de correlaciones significativas entre las

variables, un requisito fundamental para este tipo de andlisis.
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4. RESULTADOS Y DISCUSION
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4.1. Los suelos mineros de Rio Tinto actiian como una fuente secundaria
y persistente de acido y metales pesados

Basado en el articulo:

Soil contaminated with hazardous waste materials at Rio Tinto mine (Spain) is a
persistent secondary source of acid and heavy metals to the environment. Minerals

13 (2023) 456

Este articulo investiga la contaminacién del suelo por residuos mineros, y su
impacto en el medio ambiente como fuente secundaria persistente de acido y
metales pesados. El trabajo se centré en el distrito minero de Rio Tinto, un area con
una larga historia de actividad minera y metaldrgica que ha dejado tras de si un legado
de extensas areas de suelos contaminados. Los objetivos del estudio fueron: 1)
cuantificar la acidez actual y predecir el potencial de formacién de acido por la
oxidacién de sulfuros; y 2) determinar las concentraciones de EPT lixiviados de los
suelos y evaluar su movilidad y contribucidon a la contaminacién hidrica. Para ello, se
seleccionaron tres tipos de suelos contaminados con diferentes residuos minero-
metalirgicos (cenizas de calcinacién de pirita, escorias de cobre y minerales
sulfurados lixiviados) y se realizaron andlisis mineralégicos, ensayos de reactividad
estaticos, experimentos de lixiviacion y modelizacion de la especiacion de los metales

en los lixiviados.

4.1.1. Resultados mas relevantes

a) Composicion del suelo y particulas portadoras de metales pesados

El suelo contaminado con cenizas de pirita (PH) estd compuesto
principalmente hematites, jarosita y cuarzo, con cantidades menores de filosilicatos,
feldespatos y barita. Ademas, se encontré anglesita, generalmente formando
sobrecrecimientos epitaxiales sobre cristales de barita. El analisis FESEM-EDS mostré
trazas (< 0,5%) de Cu, As, Sb y S en los 6xidos de hierro. La presencia de jarosita es
particularmente relevante, ya que es un mineral que almacena acidez y puede
liberarla en determinadas condiciones.
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El suelo contaminado con escorias de cobre (ZA) presenta una composicién
mas variada: cuarzo, filosilicatos y feldespatos, con cantidades variables de jarosita
(hasta un 25%), y hematites, barita y yeso como accesorios, ademds de fragmentos de
escoria fayalitica con magnetita diseminada e inclusiones de mata de cobre. También
se encontraron particulas de minerales de hierro portadoras de As y fases complejas
con S-Fe-Pb-As, que se atribuyen a minerales del grupo de la jarosita.
Excepcionalmente, la muestra ZA-3 presentd un contenido relativamente alto de

pirita (20-25%).

El suelo contaminado con minerales sulfurados lixiviados (LN) muestra una
composicion mineraldgica formada por cuarzo, pirita, mica, y minerales del grupo de
la jarosita como componentes principales, con una menor presencia de hematites,
feldespatos, barita y anglesita. En este caso, la jarosita también contiene cantidades
significativas de Pb y As. En este suelo conviene destacar la presencia de abundante

pirita, principal fase responsable de la generacién de acido.

b) Acidez y potencial de generacién de acido

Las muestras de los suelos estudiados mostraron, en su mayoria, una reaccion
extremadamente acida, con valores de pHu.o inferiores a 3,5, aunque los suelos
contaminados por las escorias (ZA) presentaron valores entre 3,0 y 5,4. Aunque el
pHh.0 es unindicador de la acidez actual del suelo, no proporciona informacién sobre
la capacidad de generacion total. Los tres tipos de suelos mineros de Riotinto
exhibieron una elevada capacidad total de generacién de acido (LN: 1365 mmolH*/kg,
ZA: 1503 mmolH*/kg y PH: 708 mmolH*/kg), siendo la acidez sulfidica la principal
fuente de acidez en las muestras de LN y ZA-3, debido a la presencia de sulfuros
residuales. Sin embargo, la acidez actual (acidez soluble e intercambiable) fue
relativamente baja (LN: 29 mmolH*/kg, ZA: 12 mmolH*/kg y PH: 51 mmolH*/kg), en
comparacion con la acidez potencial sulfidica. La acidez retenida en la jarosita
también contribuyd significativamente a la acidez neta, particularmente en el suelo
PH y ZA, donde representa el 79-86% de la capacidad total de generacién de acido.
La jarosita se forma en ambientes dcidos y, bajo ciertas condiciones, puede disolverse
liberando la acidez retenida. Como era de esperar por la ausencia de carbonatos y

56



otras fases neutralizantes, la capacidad de neutralizacién de la acidez de los suelos
fue muy baja, obteniéndose valores de generacién neta de acidez positivos (LN: 578
mmolH*/kg, ZA: 438 mmolH*/kg y PH: 114 mmolH*/kg), lo que implica un riesgo

ambiental persistente por drenaje acido.

) Movilizacién de elementos traza

En términos de concentraciones totales, los suelos reflejaron niveles
extremadamente altos de As, Cu, Pb y Zn, superando ampliamente los limites de

referencia para suelos no contaminados.

Los lixiviados mostraron un pH fuertemente 4cido, sobre todo en los suelos
PH y LN, con valores de pH entre 2,5 y 3,5. Se midieron concentraciones elevadas de
EPT, principalmente en los lixiviados de PH y ZA, con valores maximos de 55,6 mg L~
para Cu, 2,25 mg L" para Zn, 2,62 mg L™ para Pb, 97,5 g L" para As y 37,8 g L™ para Cd.
El Pb se lixivid con mayor facilidad en el suelo LN, donde la pirita es una fase mas

abundante, con una extraccion de hasta 9,02 mg L™.

A pesar de las altas concentraciones totales de metales en los suelos, la
fraccion movil liberada en los ensayos de lixiviaciéon fue limitada, generalmente
inferior al 1% del total, excepto en algunas muestras donde Cd y Cu alcanzaron valores
maximos de liberacion de 12,6% y 10,3%, respectivamente. Esto sugiere que gran parte
de los metales se encuentran en formas relativamente estables o inmovilizadas en la
matriz del suelo. Sin embargo, incluso una fraccién pequefia de concentraciones tan
elevadas puede representar un riesgo significativo, especialmente en un ambiente de

lixiviaciéon continua a largo plazo.

4.1.2. Discusion

Los resultados confirmaron que los suelos mineros de Rio Tinto actian como
una fuente secundaria de acidez y metales pesados, incluso décadas o siglos después
del cese de la actividad minera. La pirita fue la principal fuente de acidez,
especialmente en los suelos LN y ZA-3, mientras que, en el resto de las muestras (PH

y ZA-1/ZA-2), la acidez retenida en la jarosita fue la dominante. El hecho de no
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presentar una capacidad de neutralizacidn efectiva agrava el impacto ambiental. La
acidez extrema y las altas concentraciones de metales en los lixiviados evidencian la
continua reactividad de los sulfuros residuales y la disoluciéon de minerales que

almacenan acidez, contribuyendo asi a la generacion persistente de acido.

El pH es el factor mas critico que controlala movilidad de los metales. A valores
de pH extremadamente acidos, como los observados en Rio Tinto, la solubilidad de
la mayoria de los metales aumenta drasticamente, lo que facilita su transporte en el
agua. No obstante, también existen otros factores que controlan la movilidad y
especiacion de los metales, como la composicion mineraldgica. La presencia de
sulfuros (principalmente pirita), jarosita y éxidos de hierro influye en la especiacion y
la liberaciédn de metales. Los sulfuros son una fuente directa de metales al oxidarse,
mientras que los 6xidos de hierro pueden adsorber metales a pH mas altos. La
modelizacidn geoquimica revelé que los metales se presentan principalmente como
iones libres o complejos de sulfato en las soluciones acidas. Estas formas son
altamente mdviles y biodisponibles, lo que aumenta su potencial téxico, mientras que

el As se liberd en forma oxianiones de arseniato (H.AsOy).

Los elevados indices de contaminacién calculados para los suelos ZA (Cq = 420)
y LN (Ca = 204) permite clasificarlos como ultra-altamente contaminados, indicando
un elevado riesgo ambiental. La liberacion continua de EPT en los lixiviados

contribuye directamente a la contaminacion de las aguas superficiales.

4.1.3. Conclusiones

Este trabajo ha proporcionado una evidencia sdlida de que los suelos
contaminados por la actividad minera en Rio Tinto no son solo un pasivo ambiental
de la mineria histdrica, sino también un problema ambiental activo que exige una

atencion y accion inmediata para mitigar sus impactos.

Los suelos contaminados con residuos minero-metaldrgicos actian como
reservorio y como fuente secundaria y constante de acidez y metales pesados. Este

impacto no es puntual sino un proceso continuo que se mantendra a largo plazo si no
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se toman medidas correctoras. La alta acidez de los suelos, combinada con la
presencia de sulfuros oxidables y la escasa capacidad de neutralizacién, genera un
drenaje acido persistente. La liberacion de metales tdxicos en estas condiciones
acidas representa un riesgo ambiental potencial para la calidad del agua y los

ecosistemas afectados.

En definitiva, a la luz de estos resultados, se necesitan estrategias de
recuperacion del suelo para neutralizar la acidez y reducir la movilidad de los metales
a niveles ambientalmente sostenibles, y establecer una cubierta vegetal para
estabilizar el suelo, reducir la erosiéon y, en algunos casos, bioacumular o

fitoestabilizar los metales.
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Abstract: Mineralogical analysis and laboratory-based leaching tests coupled with speciation mod-
eling were undertaken to quantify the potential for short-term acid generation and the release of
trace elements from soils heavily contaminated with mine waste at Rio Tinto. Three different waste
materials were considered as case studies: roasted pyrite, copper slags, and leached sulfide ores.
The results showed elevated values of net acid generation (up to 663 mmol H* /kg), the major pools
being potential sulfidic acidity and acidity retained in jarosite. Remarkable contents of As and toxic
heavy metals were found especially in the slag-contaminated soil. Copper, Zn, and Pb were the most
abundant metals in the acid leach solutions resulting from mine soil-water interaction, with peak
values of 55.6 mg L1277 mg L1, and 2.62 mg Lt respectively. Despite the high total contents
of trace elements occurring in soil, the mobile fraction was limited to maximum release values of
12.60% for Cd and 10.27% for Cu, according to the test leaching. Speciation calculations indicated
that free metal ions (M2*) and sulfate species (MSO4%) accounted for most of the dissolved load.
Acid soil drainage is a secondary source of acid and heavy metals in the mine site and, therefore,
an effective land reclamation program should ensure that acidity and metal mobility are reduced to
environmentally sustainable levels.

Keywords: Technosol; mine wastes; soil contamination; acidity; leaching test; metal release; speciation;
ICP-OES/MS; acid soil drainage; Iberian Pyrite Belt

1. Introduction

Soil is a vital and non-renewable resource that is increasingly under pressure from
a range of human activities, with mining being one of the leading anthropogenic forces
driving environmental degradation. Acid generation and metal release from the oxidative
dissolution of sulfide minerals in mine wastes is a well-documented issue in many historic
mining districts [1-3]. Acid mine drainage (AMD) and heavy metal-bearing mineral
particles arising from abandoned mine lands may pose a serious threat to human health
and ecosystems [4-8]. Hence, a great deal of work has been undertaken to characterize the
mineralogy, geochemistry, and environmental impacts of mine wastes [9-13]. However,
there are still gaps in the research on mining-affected soil systems that need to be addressed.

The pollutants enter surrounding soils by seepage and run-off from mine wastes, AMD
discharges, and atmospheric fallout, resulting in a legacy of mine-related anthropogenic
soils that can be classified as Technosols according to IUSS Working Group WRB [14].
Mine Technosols contaminated with waste materials may have lost their natural resilience
and adaptive capacity to retain harmful contaminants and, therefore, can generate acidic
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effluents and release sulfate and potentially toxic elements (PTEs) into surface and pore
waters [15]. This can be referred to as acid soil drainage (ASD) in analogy to AMD.
Soil erosion and leaching are intensive during rain events leading to the dispersion of
PTEs, either bound to suspended particles or as dissolved species. Knowledge of ASD
is important for understanding the mobility and environmental availability of PTEs at
historically contaminated sites, and also for developing sustainable remediation options to
reduce the dispersion of contaminants and their associated risks [16]. Accurate prediction
of ASD is challenging but essential to minimize the environmental impact of these soils.
The goal of this work was to assess the potential mobilization of acid and PTEs from
mine Technosols contaminated with various types of mining and metallurgical wastes in
the mining district of Rio Tinto (Spain). These drastically disturbed mine soils have been
subjected to chemical loading for over two centuries in the absence of legal and regulatory
frameworks. The sources and relative contributions of acid and PTEs from the mine
Technosols are currently not well understood. Thus, the specific objectives of the study
were: (1) to quantify the existing acidity and to predict the acid-forming potential from
sulfide oxidation, and (2) to determine the element concentrations leached from the mine
soils and then to evaluate the mobility of PTEs and their contribution for water pollution.

2. Site Description and Historical Background

Rio Tinto mine, located in Huelva province, Spain (Figure 1), is an internationally
renowned mine not only for the giant size of its ore body but also because of its long history
of mining and extractive metallurgy, dating back to pre-Roman times. It is the largest
of the volcanogenic massive sulfide (VMS) deposits of the Iberian Pyrite Belt (IPB), with
over 500 million tons of VMS ores averaging 45 wt.% S, 40 wt.% Fe, 0.8 wt.% Cu, 2.1 wt.%
Zn, 0.8 wt.% Pb, 0.5 g/t Au, and 26 g/t Ag [17], and about 2 billion tons of low-grade
stockwork mineralization including zones of economic copper ore (186 million tons at
0.38 wt.% Cu according to Noble [18]) that are currently being mined at Cerro Colorado
open pit. Previous research on the geology and metallogeny of the Rio Tinto VMS deposit
has been described in detail recently ([19] and references therein).
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Figure 1. Location map of the Rio Tinto mining area (viewfinder SIGPAC), and representative
photographs of the extensive mine wastes: (a) roasted pyrite piles; (b) slag dumps; and (c) heap
leaching grounds (photo A. Delgado).
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The Rio Tinto mining area is also an example of large-scale environmental degradation
caused by long-lasting mining, ore processing, and smelting activities. It is generally
accepted that Rio Tinto was extensively mined since at least the Late Bronze Age [20], being
a major source of copper, gold, and silver in the Roman era, as evidenced by a large number
of ancient slags widespread in the area (about 6 million tons according to Rothenberg and
Garcia-Palomero [21]).

Modern mining started in the middle of the 19th century with the extraction of
cupreous pyrites, and major technological changes took place involving the smelting of
high-grade ores in blast furnaces and converters. Slags produced during smelting were
accumulated in significant amounts over time. Further details of the smelting works are
given in Salkield [22]. The low-grade copper ores that were deemed unsuitable for smelting
were converted into water-soluble sulfates by open-air roasting in heaps locally known as
teleras. The roasted mineral (i.e., pyrite ash) was washed with acidic water to leach out
the soluble metal-sulfate salts, leaving a solid residue enriched in ferric iron (red waste),
while the leach liquors were conducted into cementation tanks where dissolved copper
was precipitated by iron scrap chips. The red wastes resulting from that ancient process
can be found today at the Planes and Pefa de Hierro sites (Figure 1a).

In 1873 the British Rio Tinto Company (RTC) was formed to operate the mines and
the scale of the operations was dramatically increased. The ore body was extensively
worked from several open-pit and underground mines, focusing on copper-rich ores and
massive pyrite for the manufacture of sulfuric acid. During the period of RTC operations
(1873-1954), the total output of pyrite ores was almost 110 million tons [22]. The pyrite
concentrates were transported by railway to Huelva port causing adverse impacts on the
local soil environment due to hazardous cargo spills [23]. Pyrite smelting operated until
1970 to melt massive sulfide concentrates to produce blister copper, and at the same time to
recover the excess sulfur in the elemental form. The smelting operations produced a vast
volume of slag (at least 10 million tons with an average grade of 0.44 wt.% Cu according to
Lottermoser [24]) placed along the banks of the Tinto River, in the industrial complex of
Zarandas (Figure 1b).

Heap leaching was another widely used extraction method for low-grade ores since
the early 20th century. An average of about 2000 tons of ore per day was delivered from
the mines to the heaps by railway wagons, with La Naya becoming the main center of
operations (Figure 1c). In more recent times, high-grade copper stockwork mineralization
and gold-bearing gossan, which overlies the VMS deposit, were exploited by opencast
mining. The Rio Tinto mine was last operated in 2001 and restarted operations in 2015
owing to the rise in the copper price. The current open pit mining operation is focused on
the Cerro Colorado deposit, including Filén Sur and Filén Norte orebodies.

Extensive opencast workings and smelting activities as well as the lack of environ-
mental protection have resulted in land contamination arising from past waste disposal
practices. The natural soil was irreversibly damaged or transformed into degraded land
unable to support plant life over a bare area of about 1000 ha (Figure 2). Huge quantities of
mine and metallurgical wastes, including sulfide-rich waste dumps, ore stockpiles, slag
deposits, roasted pyrite residues, heap leaching grounds, and tailings impoundments were
left without any environmental control. These hazardous materials have the potential for
releasing a variety of dissolved metals and metalloids that are usually present in the ores
as minor or trace elements, such as Cu, Pb, Zn, As, Cd, Sb, and T1, thus causing serious
environmental pollution to the surrounding soils and vegetation [25-30].
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Figure 2. Satellite view (Google Earth) of the Rio Tinto copper mine showing: the mining-affected
area (a); the location of the sampling sites at Pefia de Hierro (b) and Zarandas-La Naya (c); and the
method for taking soil samples with hand auger (d).

3. Materials and Methods
3.1. Sample Selection and Preparation

Three different Technosols containing abundant artifacts in the form of mine waste
particles were selected for this study: (1) Technosol contaminated with roasted pyrite wastes
from the Pefia de Hierro mine site (hereafter referred to as PH; Figure 2b); (2) Technosol
contaminated with copper slags from the old smelter Fundicion Piritas at Zarandas (hereafter
referred to as ZA; Figure 2c); and (3) Technosol contaminated with leached sulfide ores
from the leach heap grounds of La Naya (hereafter referred to as LN; Figure 2c). These areas
have experienced considerable environmental damage and were selected on the basis of
being representative of mine-related anthropogenic soils in the mining district of Rio Tinto.

Within each selected area, soil samples were collected with an Edelman hand auger
from the surface layer (020 cm) at three randomly selected sites and stored in airtight
polyethylene bags. At each sampling site, a composite sample of about 10 kg was obtained
by bulking five topsoil samples taken in crossing directions and spaced approximately
1.5 m around the central point (Figure 2d). The composite samples were thoroughly
mixed to ensure optimal homogenization, dried at room temperature (20 £ 1 °C), gently
disaggregated, and sieved to 2 mm. A portion of the sieved sample was ground in an agate
mortar and passed through a 63 pm sieve for analysis.

3.2. Soil Characterization Methods

Soil reaction (pH), redox potential (Eh), and electrical conductivity (EC) were deter-
mined by stirring 10 g of soil in 25 mL of deionized water, after shaking for 5 min, and left to
stand for 30 min. Soil pH was also determined in 1 M KCl suspension at the soil-to-solution
ratio of 1:2.5 (m/v), and in a suspension of soil after digestion by 30% hydrogen peroxide
(H>O») in a 1:20 (m/v) soil-to-solution ratio [31]. The reaction was allowed to continue
until the bubbling stopped (about 6 h after the addition of H,O,). The pH values in water
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(pH20), KCl (pHxcr), and HyO; (pHox) suspensions were measured with a digital pH
meter properly calibrated with two buffer solutions at pH 4 and 7. All measurements were
performed in triplicate and averaged.

Mineralogical analysis of the bulk sample was performed by X-ray diffraction (XRD)
with a BRUKER AXS D8-Advance powder diffractometer (CITIUS, University of Seville)
using monochromatic Cu-K« radiation. The instrument was operated under standard
conditions: 40 kV voltage and 30 mA current in the angular range of 3-70° 20 with a step
size of 0.015° and a scan speed of 0.1 s per step. Intensity factors weighting integrated
peak area values of diagnostic reflections in combination with the 100% approach [32] were
applied to obtain semiquantitative mineral abundances.

To assist in the identification of metal-bearing accessory minerals and poorly crystal-
lized phases, the samples were coated with a thin layer of sputtered carbon and examined
by field-emission scanning electron microscopy (FESEM) with a JEOL JSM-IT500HR in-
strument (University of Huelva) fitted with an energy dispersive X-ray spectroscopy (EDS)
detector (Oxford Instruments). The samples were observed in both secondary electron
(SE) and backscattered electron (BSE) modes. The working distance was set at 10 mm,
accelerating voltage at 20 kV, and probe current at 2.5 nA.

Quantitative analysis of the elemental composition of selected phases was conducted
on polished sections by electron probe microanalysis (EPMA) using a JEOL JXA-8200
SuperProbe (University of Huelva) equipped with four wavelength dispersive X-ray spec-
trometers. The instrumental operating conditions were accelerating voltage at 20 kV, beam
current at 20 nA, and beam diameter up to 5 um allowing point-by-point element determi-
nation. A set of synthetic materials and well-characterized minerals was used as standards
for calibration.

The composite bulk soil samples were analyzed for the determination of the total
contents of PTEs of environmental significance (As, Cd, Co, Cr, Cu, Ni, Pb, Sb, T1, and
Zn). First, a 0.25 g sample was digested with four acids beginning with HF, followed
by a mixture of HNO3 and HClOy, and then heated in several ramping and holding
cycles. After incipient dryness was attained, samples were brought back into the solution
using aqua regia. The analysis was conducted by inductively coupled plasma optical
emission spectrometry (ICP-OES) with an Agilent 735 instrument at Activation Laboratories
(Ancaster, ON, Canada), which is accredited to ISO 9001 and ISO/IEC 17,025 standards.
ICP-OES has a proven history as an appropriate tool to assess metal contamination [33].

Quality control of the analytical method included the use of reagent blanks, replicate
analysis of two samples, and a range of certified reference materials (OREAS 13b, OREAS
98, OREAS 101b). Analysis of the reference materials yields values that deviated from the
certified contents by less than 10% (relative standard deviation, RSD). Reproducibility of
the analytical data was better than 2% RSD for most of the elements reported and always
better than 5% RSD.

3.3. Static Test Methods

Acid-forming potential (net acidity) was quantified for acid soil drainage prediction
using an acid-base accounting (ABA) approach that involves determining the total acid-
generating capacity and the acid-neutralizing capacity of the soils. In the context of acid
sulfate soils, the total acid-generating capacity comprises the potential sulfidic acidity in
addition to the existing acidity, which in turn includes actual (soluble plus exchangeable)
and retained acidity [34]. Thus, the global ABA equation can be expressed in the following
form: Net acidity = Potential sulfidic acidity + actual acidity + retained acidity — acid
neutralizing capacity.

Potential sulfidic acidity (PSA) was determined by measuring the pyrite sulfur (Spyr)
extracted with 6 M HNOj; solution heated at 120 °C for 30 min, performed on the residue
remaining after sulfate extraction with hot dilute HCI acid, according to the standard
test method ASTM D2492-02 optimized for Fe-rich soils. The Spy; concentration of the
extract was analyzed by ICP-OES using an Agilent 5110 instrument (University of Huelva,
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Supplementary Table S1), and then used to calculate the potential pool of sulfidic acidity.
The weight percent of Spyr was multiplied by the stoichiometric factor of 625 to give the
PSA value in mmol H* /kg, based on the theoretical assumption that each mole of pyrite
releases two moles of sulfuric acid [35,36].

Acidity existing in the soil as a consequence of previous sulfide oxidation, resulting
either from the dissolution of readily soluble sulfates (actual acidity) or from acid adsorbed
onto negative exchange sites of the soil particles (exchangeable acidity), was measured
directly by titrating a 1 M KClI soil suspension with 0.1 M NaOH to a pH endpoint of
7.0 [37]. Additional existing acidity stored in sparingly soluble hydroxy-sulfate minerals,
particularly jarosite (a conspicuous product of pyrite oxidation), was calculated from the
concentration of sulfate sulfur (Sj,,) extracted with a 0.2 M NHy-oxalate solution adjusted
to pH 3.0 and heated at 80 °C for 2 h [38]. The extract solutions were analyzed for Sj;
using the Agilent 5110 ICP-OES. The weight percent of NH4-oxalate extracted sulfur was
multiplied by the stoichiometric factor of 468 to convert the Sj,; values to equivalent acidity
units (mmol H* /kg) on the basis that one mole of sulfur in jarosite releases 1.5 moles
of acidity.

Alternatively, a direct approach to give an indication of acid-forming potential was
made for measuring net acid generation (NAG) using an H,O,-based static test. For the
NAG test, 2 g of dry soil was treated with 40 mL of 30% H,O, to accelerate the oxidation of
pyrite, followed by measurement of the pH of the extract solution and titration with 0.1 M
NaOH until pH 7 was reached, thus allowing the product to react with the acid-neutralizing
minerals, if any.

3.4. Leaching Test

The leaching test was performed according to European Standard EN-12457-4 [39] in
order to determine the element concentrations leached from the mine Technosols, and then
to assess the mobility of PTEs and their potential impact on water resources.

Following this test procedure (Figure 3), a dry mass of soil was placed in contact with
distilled water under a liquid-to-solid (L/S) ratio of 10 L kg !, and kept under agitation for
24 h. The solid residue was separated by filtration using a 0.45 pm membrane filter, and
the PTE concentrations (As, Cd, Cr, Cu, Ni, Pb, and Zn) in the leachates were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS) using an Agilent 7700 instrument
(University of Huelva, Supplementary Table S1). Multi-element standard-2A Agilent
solutions were used for external calibration, and 10 pg L~ ! of Ge, Rh, Sc, and Tb were used
as internal standards. The accuracy and reproducibility of the analytical data were better
than 10% RSD for most analyzed elements.

Centrifugation Filtration pH, EC and Eh < GV
5000 rpm for 10 min 0.45 um measiements analysis
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Figure 3. Simplified flow diagram of the static leaching test.

The eluate solution recovered from the leaching test was also analyzed for sulfate,
nitrate, and chloride anions by ion chromatography with a Metrohm 883 Basic IC plus
instrument (University of Huelva), and the leaching conditions were recorded in terms of
pH, electrical conductivity and redox potential (Eh) values.
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4. Results and Discussion
4.1. Soil Components with Emphasis on Heavy Metal-Bearing Particles

Combined results from XRD and FESEM-EDS analysis of the bulk fraction (<2 mm)
revealed that the mine soils impacted by waste materials have a contrasting mineral
composition (Table 1). The chemical composition of randomly selected heavy metal-bearing
particles obtained from EPMA is also listed in Table 1.

The soil contaminated with roasted pyrite wastes (PH) is mineralogically composed
of well-crystalized iron oxides (hematite), jarosite, and quartz, with subordinate amounts
of phyllosilicates (mica and kaolinite), feldspars, and barite. Hematite is responsible
for the distinctive weak red color (Munsell 10R 4/2) of this Technosol. The essential
mineralogy is in line with that described in the literature for historic pyrite ash wastes of
the Rio Tinto mining area [40,41]. The XRD patterns displayed a high background signal
indicating the occurrence of amorphous or poorly ordered material in the PH samples.
Moreover, the FESEM-EDS examination (Figure 4) allowed the identification of anglesite,
often forming overgrowths on barite crystals, and confirmed the presence of abundant
iron oxide aggregates with a porous texture (Figure 4a). EPMA analysis of representative
hematite particles (Table 1) showed that they are almost chemically pure with only trace
amounts (less than 0.5 wt.%) of Cu, As, Sb and S. The EPMA study also revealed Pb-rich
barite veins filling pre-existing cracks within barite (Figure 4b).

Table 1. Mineral composition of the Technosols and EPMA analysis of selected mineral particles.

Technosol Pefia de Hierro (PH) Zarandas (ZA) La Naya (LN)
Major minerals Hem + Jrs + Qz Mca + Chl/KlIn + Qz =+ Jrs + Py Qz + Py + Mca + Jrs
Accessories Mca + Fsp + Brt + Ang Fsp + Brt & Hem & Jrs &= Gp Fsp + Brt + Ang & Jrs & Hem + Gp
Oxides Lo . Jarosite-like Pb-rich
(Wt.%) Hem; Hem, Hemj; Ang; Ang, Jarosite-like minerals Ang minerals phosphate
Fe, O3 99.74 99.17  97.96 45.78 2794  42.38 53.73 38.02 3745 721 4.34
SO3 0.05 0.03 0.03 25.60 27.05 1793  14.01 23.44 2197 2617 23.66 2288 529 4.48
As,05 0.04 4.00 9.88 2.66 497 0.70 3.14 1.67 2.34
Sb,O5 0.04 0.05 0.02 0.05 0.05 0.15 3.55 0.20 0.11 0.34 0.44 0.07 0.13
P,0s5 12.13 11.67
PbO 7397 7219 1.40 1255  8.30 1.98 73.11  14.88 1231 3260  31.69
CuO 0.05 0.05 0.03 0.24 0.24 0.68 0.21 0.45 0.20 0.13 0.13
ZnO 0.06 0.06
K,O 1.24 0.53 1.19 1.40 1.54 3.68 0.39 0.41

Mineral abbreviations: Ang (anglesite); Brt (barite); Chl (chlorite); Fsp (feldspar); Gp (gypsum); Hem (hematite);
Jrs (jarosite-like minerals); KIn (kaolinite); Mca (mica); Py (pyrite); Qz (quartz).

The slag-contaminated soil samples from Zarandas (ZA) are made up of quartz, phyl-
losilicates (mica, chlorite, and/or kaolinite), and feldspars along with variable quantities
of jarosite (up to 25 wt.%) and accessory hematite, barite, and gypsum. This Technosol
contains numerous copper slag fragments consisting of feathery crystals of fayalite with
the interstices filled with glassy material (Figure 4c), in which tiny crystals of magnetite
and more rarely matte particles and spherical copper nanoparticles are disseminated, as
detected by FESEM-BSE-EDS (Figure 4d). The fayalitic slag often had a vesicular texture
with jarosite-lined voids. In addition, the EDS spectra indicated the occurrence of As-
bearing iron mineral particles attributable to amorphous ferric arsenate or scorodite, and
complex phase mixtures containing S-Fe-Pb-As-(Cu)-(Sb). The results of EPMA analyses
(Table 1) of selected micro-areas suggest that the chemical composition of such phases may
be compatible with jarosite-like minerals (Pb-jarosite and Pb-As-jarosite) that appear mixed
with iron oxides. Interestingly, the sample ZA-3 showed a strikingly high content of pyrite
(2025 wt.%), most likely sourced from sulfide ores used for manufacturing sulfuric acid in
a plant adjacent to the smelter site. The presence of readily water-soluble sulfate salts in the
slag-contaminated soil (Figure 5a) and the widespread occurrence of efflorescent sulfate
minerals at seepage points of the slag dumps [24], support the idea that these metallurgical
wastes are chemically active long after the mining period.
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Figure 4. BSE images of polished sections showing in detail some textural and compositional
features of the Technosols. (a) Aggregates of hematite (Hem) with inclusions of quartz (Qz) (sample
PH-2); (b) Pb-rich barite (Pb-Brt) occurring as crack fillings in barite (sample PH-2); (c) slag artifact
(sample ZA-1) composed of lath-shaped fayalite (Fa) and disseminated magnetite (Mag); (d) Copper
nanoparticle (CuNP) embedded in the fine-grained matrix of the slag; (e) quartz (Qz) grains coated
by Pb-As-bearing jarosite (Jrs) rims (sample LN-3); (f) Barite (Brt) crystals enclosed by anglesite (Ang)
overgrowths (sample LN-3).

Figure 5. Field pictures of the Technosol ZA showing: (a) sulfate precipitate occurring as greenish
blue efflorescence (white arrow) on the slag-contaminated soil; and (b) grass plants growing in the
vicinity of the old smelter site on patches of soil with a moderately acid reaction.

The Technosol contaminated with leached ores from the heap leaching grounds of La
Naya (LN) is comprised of mixtures of quartz, pyrite, mica, and jarosite-group minerals,
with minor hematite, feldspars, barite, and anglesite. The FESEM-EDS study showed
actively oxidizing crystals of pyrite with pitted surfaces. Jarosite was commonly found
forming aggregates of euhedral pseudo-cubic crystals, but also appeared as coatings and
rims covering grains of quartz or feldspars (Figure 4e). BSE images on polished sections
revealed the occurrence of barite crystals enclosed by anglesite (Figure 4f). The jarosite-like



Minerals 2023, 13, 456 9 of 21

minerals contain significant amounts of Pb and As, and minor levels of Sb and Cu, as
determined by EPMA analysis (Table 1), which also allowed us to infer the presence of
Pb-rich phosphate particles with additional amounts of Fe, S, and As.

Therefore, the mining-affected soils are variable in mineral composition. Besides
quartz, feldspars, and phyllosilicates, which are remnants of the original soil, a variety
of heavy metal-bearing particles have been inferred as both primary contaminants of
mine wastes (pyrite, hematite, copper slags) and secondary products of oxidation, dissolu-
tion, and precipitation reactions (jarosite-group minerals, amorphous iron oxyhydroxides,
scorodite, anglesite, and gypsum). Overall, this mineral assemblage is consistent with the
mineralogy of the alluvium contaminated by metal mining in the Rio Tinto area [16].

4.2. Total Acid Generating Capacity and Net Acidity

The soils of the areas under study were mostly extremely acidic in reaction when
suspended in water, with pHpppo values below 3.5, although the slag-contaminated soil
samples (Technosol ZA) spanned a range of values between 3.0 and 5.4 (Table 2). A few
patches of grass were seen at the site growing on the least acid soil (Figure 5b). They are
all well aerated with Eh values consistently over +500 mV reflecting strongly oxidizing
conditions. The soil electrical conductivity was always lower than 2 mS cm~!, which is
indicative of a relatively low soluble salt concentration in the soil solution. Similar results
were obtained when the soil pH was measured in a 1M KCl solution (pHgc = 2.4-5.3),
with the exception of the sample ZA-2 whose average pHyc value was 1.2 units lower
than that measured in water. Nonetheless, the pH measured after complete oxidation of
the sample with H,O, varied noticeably among the different mine soils, depending on the
relative abundance of pyrite. The lowest pHoy levels (1.7-1.9) were found in the Technosol
LN, where pyrite is a ubiquitous mineral, revealing a latent acid-generating capacity after
sulfide oxidation. The Technosol PH showed pHyyx values close to those measured in water
and KCl solution due to the lack or scarcity of sulfide minerals, while the pHox of the
Technosol ZA varied between around 2.0 (samples ZA-1 and ZA-2) and 5.1 (sample ZA-3).
However, it must be pointed out that the sample ZA-3 had a pHox of 3.0 after 2 min of
contact with HyO,, indicating a likelihood of potential sulfidic acidity. Thus, all samples
are potentially acid generating as the pH values after H,O,-reaction were less than 4.0 in
the short term.

Table 2. Soil pH values, sulfur speciation, and major pools of acidity.

Sample pH Sulfur Speciation (wt.%) Acidity (mmol H*/kg)
H,0 KC1 H,0; Stotal Spyr Sjar PSA TAA RA TAG NAG
PH-1 2.96 3.00 2.83 2.60 0.18 1.71 111 90 800 1001 144
PH-2 2.51 2.57 2.45 2.75 0.15 0.78 93 27 367 487 104
PH-3 2.14 2.58 241 2.63 0.16 1.07 97 36 503 636 93
ZA-1 2.96 2.75 1.86 2.53 0.16 2.44 102 19 1146 1267 442
ZA-2 4.56 3.36 2.20 0.55 0.11 0.24 66 10 110 186 632
ZA-3 5.35 5.34 5.08 6.80 3.54 1.78 2214 7 835 3056 240
LN-1 2.68 2.49 1.85 297 2.00 0.32 1248 26 151 1425 663
LN-2 2.51 2.44 1.65 3.15 1.42 1.66 890 30 780 1700 609
LN-3 3.02 3.01 1.78 1.67 1.26 0.33 786 31 153 971 463

PSA (Potential Sulfidic Acidity); TAA (Titratable Actual Acidity); RA (Retained Acidity); TAG (Total Acid
Generation); NAG (Net Acid Generation).

Even though pH is a primary index for soil acidity, it gives no indication of the total
acid-generating capacity of the Technosols. The measurement of total sulfur (Si,1) is an
option widely used for estimating the maximum potential acidity from sulfide sources [34].
According to the S;y,) content measured in soil (Table 2), the potential acid release should
be in the range of 340-4250 mmol H* /kg. But this conservative approach overestimates the
potential acid risk of the studied soils, in which a fraction of sulfur is in the form of jarosite
and non-acid-producing sulfate minerals, such as gypsum and barite, and additionally,
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no account is made for acid-neutralizing potential. This fact highlights the importance of
quantifying the various pools of acidity in the mine soils (Table 2).

Among the acid-generating components of the soil, pyrite is by far the major con-
tributor to acid production at the mine Technosols. As noted previously, no other sulfide
minerals were detected in any sample. Based on the stoichiometry of pyrite oxidation, one
mole of sulfur in pyrite produces two moles of protons through the reaction:

FeS, + 1°/40, +7/,H,0 — Fe(OH)3 + 4H* + 250,42~

The content of Spyr in the Technosol LN ranged from 1.26 to 2.00 wt.%, which is
compatible with a latent acidity of 780-1250 mmol H* /kg in soil, equivalent to a potential
sulfidic acidity (PSA) of 38.6-61.2 kg H2SOy4/t. Conversely, the S,y percent was quite low
(0.15-0.18 wt.%) in the Technosol PH, confirming that very few remnants of unroasted
sulfide ores were present in the soil contaminated with pyrite ashes. So, the latent acidity
released from sulfide oxidation is expected to be consistently low (around 100 mmol H* /kg
equivalent to the production of 3.06 kg HySO4/t). The acid-production capacity due to
sulfide oxidation of the Technosol ZA varied from sample to sample, reaching a maximum
of 2210 mmol H* /kg (about 108 kg H,SO4/t) in the sample ZA-3 due to its high content of
pyrite (Spyr = 3.54 wt.%). The samples ZA-1 and ZA-2 showed a latent acidity (3.4-4.9 kg
H,S04/t) considerably lower than the median acid producing potential (47.5 kg HySO4/t)
of the Zarandas slag deposit [24].

Soluble and exchangeable acidity existing in the soil as a consequence of previous
oxidation of pyrite was relatively low, with mean values of titratable actual acidity (TAA)
ranging from 12 mmol H* /kg (Technosol ZA) to 51 mmol H* /kg (Technosol PH). These
findings are indicative that acidic conditions resulting from either dissolution of readily
soluble sulfates (actual acidity), or acid adsorbed at the exchange sites of the soil parti-
cles (replaceable acidity), are limited. The eventual occurrence of soluble sulfate salts is
likely to be an instantaneous source of acidity upon dissolution [42], and the presence of
exchangeable and soluble Al species may be also an additional component of the existing
acidity [37].

It is noteworthy that the oxidation of pyrite did not reach completion. The mine
soils contain actively oxidizing crystals of pyrite in variable amounts, and their oxidation
products other than iron oxy-hydroxides and sulfuric acid were and are being formed,
such as poorly soluble iron hydroxy sulfate minerals. In fact, a portion of the sulfate
ions and acid generated by pyrite oxidation appears to be stored in jarosite-like minerals,
which are a major source of retained acidity under the oxidizing and acidic (pH < 3.5)
conditions prevailing in the mine soils, where they are present in substantial amounts. The
retained acidity values were within the ranges of 360-800 mmol H* /kg (Technosol PH),
110-1150 mmol H* /kg (Technosol ZA), and 150-780 mmol H* /kg (Technosol LN) on the
basis of the content of Sj;; in soil samples. This retained acidity (RA) represents the less
available form of the existing acidity that may be slowly released over time by hydrolysis
of jarosite-like minerals [34], assuming that one mole of sulfur in jarosite would produce
1.5 moles of protons through the reaction:

KFe3(S04),(OH) + 3H,0 — K* + 3Fe(OH);3 + 250%™ + 3H*

Thus, the total acid generating (TAG) capacity of the Technosols, comprising potential
sulfidic acidity and existing acidity (i.e., soluble plus exchangeable and retained acidity)
showed the following order of increasing acidity expressed in mmol H* /kg: Technosol
PH (710) < Technosol ZAgampres 1—2 (730) < Technosol LN (1360) < Technosol ZAgamPpLE 3
(3060). The potential sulfidic acidity of the Technosol LN and Technosol ZA (sampling site
ZA-3) accounted for 71% and 73% of TAG, respectively. The acidity retained in jarosite was
the dominant acidity pool in the Technosol PH and Technosol ZA (sampling sites ZA-1 and
ZA-2), comprising 79%—-86% of TAG, respectively, while actual acidity accounted for less
than 7% (Figure 6).
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Figure 6. Pie charts comparing the percentage distribution of sulfidic, retained, and actual acidity in
the Technosols.

The Technosols have a low buffering capacity to neutralize the amount of acid that is
being produced, or has been produced, given the lack of carbonates and other reactive acid-
neutralizing minerals. Certainly, the results from an H,O,-based static test (Table 2) suggest
that the sulfidic acidity is unable to be neutralized by potential acid-consuming phases,
as shown by the following mean values of net acid generation (NAG): 114 mmol H* /kg
(Technosol PH), 438 mmol H* /kg (Technosol ZA) and 578 mmol H* /kg (Technosol LN).
It should be noted that these figures are an estimate of the acidity in the surface 20 cm
only, and the NAG values provide a direct measure of the net amount of acid produced
by the soil assuming that acid generation and acid neutralization reactions occur simulta-
neously [43,44]. The occurrence of labile or existing acidity is another indication that the
acid-neutralizing capacity of the mine soils seems to be not effective [37].

4.3. Heavy Metal Contamination

The total contents of PTEs in the mine soil samples are listed in Table 3, including those
below the detection limit and over-range values. For comparative purposes, Table 3 also
provides PTE contents compiled from the literature for mine wastes of the Rio Tinto mining
area, pedogeochemical baseline levels, and reference values for PTEs in soils around the
abandoned mines of the IPB.

Trace element geochemistry of the Technosols is clearly dominated by chalcophile
elements, with Cu, Pb, As and Zn being the major contributors to the heavy metal budget.
Unusually high contents of Cu (>10,000 mg kg’l), Pb (>5000 mg kg’l), As (>5000 mg kg’l),
and Zn (up to 3810 mg kg ~!) were measured in some slag-contaminated soil samples. It
was found that the Pb content also exceeded 5000 mg kg ™! in all Technosol LN samples.
These levels are more than two orders of magnitude above the regional baseline values, and
they are comparable, or even higher, than those reported for mine wastes in the reference
sites [24,40,41,45], as well as in other severely polluted mine soils of the IPB [27] and
elsewhere in the world [46,47].

Furthermore, the contents of Bi (up to 260 mg kg~!), TI (up to 81 mg kg~1), Sb (up to
42 mg kg~'), and Cd (up to 28 mg kg~ !) were higher than those reported in the literature
for natural soils and sediments [48]. In contrast to the chalcophile elements, the contents
of Cr, Ni, and Co in most samples were found to be within, or slightly above, the typical
range of the regional soils, indicating that they are naturally occurring. However, some
contamination was found at the sampling site ZA-3, where the Co content was over 7-fold
higher than the baseline level.

As evidenced from the results of mineral characterization, a considerable amount of
PTEs seems to be bonded to secondary phases, such as jarosite-group minerals, iron oxyhy-
droxides, anglesite, and Pb-rich phosphate, which would have scavenged contaminants
from the soil solution, notably Pb and As, through structural incorporation, surface adsorp-
tion or co-precipitation mechanisms. Jarosite minerals also likely served as a secondary host
of T1, as described in mine soils and AMD systems elsewhere [40,49]. Altogether, the above
findings support the claim that soil acted not only as a storage for heavy metal-bearing
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particles (pyrite, hematite, fayalitic slag, etc.) eroded from the wasteland, but also as a
geochemical sink for PTEs released into solution by sulfide oxidation. The content of Cu
in the Technosol ZA was between 50 and 300 times higher compared to the background.
This abnormally high Cu content could be reasonably explained by the occurrence of slag
fragments with entrapped matte particles that represent the copper loss in the slag during
the smelting process.

Table 3. Chemical composition of trace elements measured in the bulk soil samples (<2 mm) by
ICP-OES and reference values reported for comparison.

Element (mg kg—1) As Bi Cd Co Cr Cu Ni Pb Sb Tl Zn
Detection Limit 3 2 0.3 1 1 1 1 3 5 5 1
Technosol PH
PH-1 319 86 3.0 46 18 504 8 2340 <5 12 415
PH-2 150 108 3.3 46 7 400 8 3420 19 17 314
PH-3 152 100 3.1 47 9 384 9 2980 19 15 311
Roasted pyrite wastes
(mean)
Pefia de Hierro ! (N = 3) 665 2.3 36 21 474 11 2707 561
Planes 2 (N = 3) 1026 338 4515 70 267
Technosol ZA
ZA-1 >5000 121 49 15 67 1660 24 >5000 42 81 576
ZA-2 532 20 1.0 43 89 4370 70 1850 11 <5 1790
ZA-3 3630 174 27.8 142 149 >10,000 101 >5000 24 16 3810
Copper slag wastes
(mean)
Zarandas 3 (N = 6) 110 5.6 45 283 4410 17 2088 380 5.5
Technosol LN
LN-1 868 133 1.7 12 21 939 5 >5000 6 15 655
LN-2 2030 260 1.7 7 31 178 5 >5000 7 56 400
LN-3 1040 116 1.1 8 14 199 6 >5000 <5 9 266
Heap leaching wastes
Rio Tinto 4310 0.7 25 77 537 11 7056 765 9 478
Reference values
Regional geochemical 25 19 95 32 35 38 76
baseline
Mine soils of Iberian 361 0.7 15 78 412 19 1080 298
Pyrite Belt

Data source: ! [40]; 2 [41]; 3 [24]; * [45]; ® [50]; © [51].

Based on calculation methods that relate the total contents of PTEs in soil and their
regional baseline levels, an estimation of the extent of multi-element contamination was
made by taking the four highest enriched elements (As, Cu, Pb, and Zn) and using the
following formula [52]:

n .
g:Zg
i=1
where C; is the contamination degree, # is the number of considered elements (1 = 4 in this
study), and Cy is the contamination factor for a given element (i), which is defined as the
quotient between the PTE content measured in the soil (Cs) and the regional baseline (Cp),

as follows:
Cs

G
The mean Cy values of the four elements of concern were in the following descending

order: Pb > Cu > As > Zn for Technosol PH; Cu > Pb > As > Zn for Technosol ZA; and
Pb > As > Cu > Zn for Technosol LN.

Cr
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The pollution load index (PLI) of Tomlinson [53] was also used to calculate the degree
of soil contamination as a geometric mean of Cy values based on the following formula:

1/4
PLI = (CfAs X CfCu x CbeXCon)

The results showed that all samples of the Technosols ZA and LN were found to be
ultra-high contaminated, with ZA-3 (C; = 639) and ZA-1 (C; = 391) being the most contam-
inated sampling sites (Figure 7), whereas the samples of the Technosol PH (C; = 96-113)
showed extremely high contamination, according to the descriptive classes of soil contami-
nation [54]. Consistently, the PLI values ranged widely from 12 (samples PH-2 and PH-3)
to a maximum of 132 (sample ZA-3).

700 150
H As Cu mPb Zn

600

500

400

300

200

Contamination degree (Cd)
(I'1d) xeput peof uonn[jog

100

PH1 PH2 PH3 ZAl ZA2 ZA3 LN1 LN2 LN3

Samples

Figure 7. Combined bar and line chart showing the contamination degree (C;) and the pollution
load index (PLI) values, respectively. The stacked bar graph is divided into sub-bars that represent
the proportional contribution or contamination factor (Cf) of each element. Cf values determined by
using the maximum values of the detection range are marked with asterisks.

4.4. Potential for Metal Release

The results from the short-term leach test conducted to estimate the potential metal
release are given in Table 4, along with pH, Eh, and electrical conductivity values, as well
as the anion composition (sulfate, nitrate, and chloride) of the leach solutions. The PTE
concentrations leached from the soil samples are compared graphically to the total soil
contents in Figure 8.

The eluates recovered from the leaching test had pH values equal to or slightly higher
than soil pH values (in water). The Technosols PH and LN as well as the sample ZA-1
produced extremely acidic solutions (pH = 2.5-3.5), while the extract solutions from the
samples ZA-2 and ZA-3 were moderately acidic (pH = 5.2-5.7). The leachates were char-
acterized by a high redox potential (Eh > 570 mV) with the exception of the sample ZA-3
(Eh = 381 mV). Sulfate was the prevailing anion in all soil extracts, reaching concentrations
of up to 652 mg L~! in the sample PH-1. The highest values of electrical conductivity (up
to 1.13 mS Cm’l) were also observed in the Technosol PH, which is consistent with the
water-soluble salt (sulfate) concentration.
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Table 4. Physicochemical parameters and trace element concentrations extracted from the Technosols

by applying the standard EN-12457-4 leaching test.

Technosol pH  Eh CE Sulfate Nitrate Chloride Cr Ni Cu Zn As Cd Pb
Sample mV ~ mS/cm mg/L ug/L mg/L ug/L pg/L  mg/L  mg/L ug/L pug/L  mg/L
PH-1 3.34 665 0.71 652 440 13 1.6 14.8 5.18 2.25 1.9 37.8 0.05
PH-2 250 747 1.13 384 330 1.7 1.1 <0.2 0.23 0.49 3.4 1.8 2.62
PH-3 274 731 1.12 618 320 2.4 55 7.3 143 0.79 7.7 10.4 0.31
ZA-1 324 668 0.63 343 540 1.7 1.7 9.2 257 2.77 97.5 21.3 0.04
ZA-2 5.18 688 0.03 25 630 1.5 <04 2.7 0.14 0.03 0.8 0.2 0.02
ZA-3 5.66 381 0.28 170 560 4.7 <04 135.9 55.6 0.79 18.3 36.1 0.02
LN-1 3.07 574 0.49 191 230 6.6 3.2 2.6 0.72 0.04 35.0 0.7 5.55
LN-2 322 612 0.59 215 240 1.2 6.9 3.6 0.13 0.24 4.8 3.3 4.36
LN-3 354 571 0.18 80 270 2.6 <04 <0.2 0.08 0.07 5.1 0.3 9.02
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Figure 8. Bar charts comparing the contents of trace elements measured in soil and those measured

in leachate (extracted with deionized water), and line charts showing the fraction (%) of metals and

metalloids released from the soil (mobile fraction).

The acid leach solutions resulting from the minesoil-water interaction enhanced the

solubilization of PTEs to a variable extent, depending on the element involved and the
matrix. Copper, Zn, Pb, Cd, and As, in this order of decreasing median concentration, were
the most abundant PTEs in the leachates of the Technosols PH and ZA, with peak values
of 55.6 mg L~! for Cu (sample ZA-3), 2.25 mg L~! for Zn (sample ZA-1), 2.62 mg L~!
for Pb (sample PH-2), 97.5 ug L~! for As (sample ZA-1), and 37.8 ug L~! for Cd (sample
PH-1). Interestingly, Pb was released substantially more easily from the Technosol LN,
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where pyrite is a ubiquitous phase, with a maximum extraction yield of 9.02 mg L. The
other PTEs measured in the leachates (Cr and Ni) were found at levels usually below
0.1 mg L. The soluble concentrations of Cu and Pb, but also As and Cd, greatly exceeded
the safe drinking water standards established in international water quality guidelines
(e.g., European Council Directive 98/83/EC and World Health Organization).

In general, the potential metal release from the Technosols when contacted with water
is markedly lower in magnitude than that reported for abandoned mine wastes of the Rio
Tinto area [45], although Cu and Pb were leached from some soil samples at comparable
levels. There are likely to be important contributions of PTEs to surface and shallow
groundwater chemistry, which may have an adverse impact on the quality of receiving
water bodies. Therefore, in addition to the mine wastes, the mine soils generate drainage
that flows into the headwaters of the nearby Tinto River and contributes to its acidification
and dissolved metal load.

The samples were classified using a modified Ficklin plot [55] on the basis of the
dissolved metal load (sum of Cd, Cu, Ni, Pb, and Zn concentrations) and the pH values
of the leach solutions (Figure 9). Most of the samples lie in the acid to high-acid and
high-metal to extreme-metal fields, thus showing a hydro-chemical signature similar to
that of acid mine waters of the IPB [56-58]. Exceptionally, the sample ZA-3 was classified in
the near-neutral extreme-metal class due to the elevated concentration of Cu released into
the solution. This can be attributed to the occurrence of soluble hydrated salts that can be
easily dissolved under the leach conditions, and serve as a transient pool of available Cu.
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Figure 9. Ficklin diagram plotting the sum of metal concentrations leached from the soil samples
against the pH of the leachates.

To further compare the leach test results, the line chart of Figure 8 shows the proportion
of the total metal pool that was released from the soil and may be available for plant uptake
and leached by percolation. Notwithstanding the high total contents of PTEs occurring
in soil, the average values of the water-extractable proportion (Figure 10) were relatively
low (less than 5.5%), suggesting that metal mobility was limited for all elements, with
maximum release values of 12.60% for Cd and 10.27% for Cu. It is important to note that
some of these percentages correspond, nevertheless, to elevated contents of PTEs, which
is an issue of concern. The extremely high degree of contamination of the Technosols did
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not have a significant correlative effect on the amount of extractable PTEs. This is in good
agreement with the results obtained from mine soil samples elsewhere in the IPB [25,59].
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Figure 10. Average values of the trace element fraction extracted from the Technosols by applying
the standard EN-12457-4 leaching test.

In most samples PTEs showed the following order of decreasing mobility: Cu > Zn
> Cd > Ni > Pb > Cr > As, although Pb was more efficiently leached from the Technosol
LN. Accordingly, Cd, Cu, and Zn are the most labile PTEs in mine soils, as they are likely
stored in soluble sulfate salts. The fraction of As extracted in the course of the leach test was
found to be practically negligible (less than 0.1%), despite the high level of contamination
occurring in the Technosols. The low leachability of As with water is consistent with the fact
that most of this contaminant could be accommodated by arsenate-for-sulfate substitution
in the crystal structure of jarosite [60,61], which is sparingly soluble in water under the
acidic and oxidizing conditions prevailing in the mine sites. Besides, the solubility of As
could have been limited by adsorption on, or coprecipitation with, iron oxyhydroxide
minerals [62] and precipitation of arsenic minerals like scorodite [63], as inferred from
the mineralogical analysis. Similarly, the low concentration of Pb in the leach solutions
indicated that this heavy metal resides to a large extent in the fixed pool, tightly bonded to
soil constituents such as jarosite-like minerals, anglesite, and Pb-bearing phosphate phases.
From these findings, it can be arguably claimed that the environmental availability of As
and Pb in the short term is very low because, in general, they were not leached abundantly
from the mine soils.

According to the aqueous speciation calculations performed using the PHREEQC
code [64] with the wateq4f thermodynamic database, the most labile PTEs in soil occurred
in the leach solutions in the form of a variety of ionic species (Table 5).

Free metal ion (M?*) was the largely dominant form over the pH range of 2.5 to 5.7,
with median values accounting for 100% of dissolved Cd, around 85% of dissolved Cu, Ni,
and Zn, and about 70% of dissolved Pb. Sulfate species (MSO,") accounted for most of the
remaining species, comprising between 8% and 29% of the median dissolved load of Ni, Cu,
Zn, and Pb. Other inorganic complexes such as chloride, nitrate, and hydroxyl ions were
not predicted to be significant complexing ligands, because their concentrations in the acid
solutions leached from the Technosols were not high enough to be competitive with sulfate
ions for PTE speciation. Arsenic release from the soil was present as oxyanion species in
the form of arsenate, mainly HyAsO,™ and, to a lesser extent, H3AsO,. Similar speciation
patterns have been reported in previous studies on the modeling of PTE behavior in acidic
drainage waters [56,65].
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Table 5. Distribution of aqueous species of trace elements of environmental significance in the acid
leach solutions indicated as a percent of the total dissolved species.

Element Species (%) PH-1 PH-2 PH-3 ZA-1 ZA-2 ZA-3 LN-1 LN-2 LN-3 Median
HyAsO4~ 93.52 65.01 77.15 91.04 100 95.23 86.82 90.53 95.09 91.04
As HAsO,%~ 4.77
H3AsOy4 6.48 34.99 22.85 8.96 13.18 9.47 491 8.96
Cd cdz 100 100 100 100 100 100 100 100 100 100
Cu?t 90.29 75.31 82.04 73.28 96.26 93.59 82.76 86.57 89.49 86.57
CuSQOy 9.68 24.69 17.95 26.71 3.61 5.58 17.21 13.43 10.51 13.43
C CuOH" 0.13 0.28
u Cu(OH), 0.22
CuClt 0.03 0.01 0.01 0.02 0.03 0.01
Cuy(OH),2* 0.32
Ni NiZ* 91.32 83.42 74.71 96.58 94.86 83.68 87.4 83.68
! NiSOy4 8.68 16.58 25.29 3.42 5.14 16.32 12.6 8.68
Pb2* 77.33 51.49 62.29 48.79 90.44 86.15 62.89 69.81 74.66 69.81
Pb PbSOy4 21.87 47.53 36.87 50.18 9.56 13.85 36.4 29.84 25.06 29.84
PbCl* 0.44 0.06 0.09 0.34 0.06 0.17 0.06
Pb(SO4)%~ 0.36 091 0.75 1.03 0.37 0.28 0.12 0.36
Zn%* 88.78 72.13 79.45 69.91 95.86 93.52 80.5 84.72 88.09 84.72
ZnSOy 10.9 27.02 19.9 29.12 4.11 6.38 19.17 15.05 11.82 15.05
Zn ZnOH* 0.01 0.02
Zn(SO4)22‘ 0.29 0.84 0.64 0.97 0.01 0.05 0.31 0.22 0.09 0.29
ZnCl* 0.03 0.01 0.01 0.01 0.02 0.03 0.01

The leach solutions from the Technosol ZA displayed a more complex speciation pattern.
The activity of sulfate species decreased noticeably with increasing pH from 3.2 (sample ZA-1)
to 5.7 (sample ZA-3), while the contribution of hydroxyl complexes of Cu and Zn in the
aqueous solution was shown to increase, although to a still relatively very low level. Therefore,
the distribution of major species seems to be related to the solution pH.

The saturation index (SI) values for solid phases were computed with PHREEQC by
comparing measured solution activity, expressed as an ion activity product (IAP) with the
theoretical solubility product constant (Ksp), as follows:

SI = log(II?P>
sp

The geochemical modeling approach of the mine soil-water interaction indicated a
slight supersaturation with respect to anglesite (SI = 0.16-0.21) in the Technosol LN, which
is consistent with the observed mineralogy, and also with copper-rich secondary minerals,
like brochantite (SI = 2.15) and antlerite (SI = 1.19), that may form from evaporation at
the site ZA-3. The extracts were undersaturated (SI < 0) with all the Cd- and Zn-bearing
minerals in the database, so it is unlikely that such phases are present as precipitates under
the prevailing conditions.

5. Conclusions

This paper has highlighted the importance of determining the various forms of acidity
and the potential for the release and mobilization of PTEs at historically contaminated mine
sites in order to assess the risk of water contamination by leaching through the soil. Specifi-
cally, it has been shown that soils contaminated with hazardous mine waste at Rio Tinto
have become secondary source areas of acidic effluents and harmful contaminants to the
surrounding environment. These soils have a remarkable acid-production capacity due to
sulfide oxidation and an existing acidity, albeit often neglected, that may be slowly released
by hydrolysis of jarosite-like minerals. It was also found that they contain anomalous
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contents of As, Pb, Cu, and Zn, mostly linked to heavy metal-bearing particles inherited
from the wasteland, but also structurally bound in soil-forming minerals thus limiting their
environmental significance. Notwithstanding, there still is a persistent reservoir of readily
leachable Cu, Cd, Zn, and Pb, in the form of free metal ions and sulfate species that are
being flushed into the Tinto River system. The extreme acidity and metal release will likely
be maintained over time due to the occurrence of actively oxidizing pyrite. Ultimately, in
light of these findings, an effective mine land reclamation program should not be limited
to abandoned mine wastes but should also ensure that acidity and metal mobility in the
mining-affected soils are reduced to environmentally sustainable levels.
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Abbreviations

ABA: Acid-Base Accounting. AMD: Acid Mine Drainage. ASD: Acid Soil Drainage.
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Conductivity. EDS: Energy Dispersive X-ray Spectroscopy. EPMA: Electron Probe Micro
Analysis. FESEM: Field-Emission Scanning Electron Microscopy. ICP-MS: Inductively Cou-
pled Plasma Mass Spectrometry. ICP-OES: Inductively Coupled Plasma Optical Emission
Spectrometry. IPB: Iberian Pyrite Belt. ISO: International Organization for Standardization.
IUSS: International Union of Soil Sciences. NAG: Net Acid Generation. PLI: Pollution Load
Index. PSA: Potential Sulfidic Acidity. PTE: Potentially Toxic Trace Elements. RA: Retained
Acidity. RSD: Relative Standard Deviation. RTC: Rio Tinto Company. SE: Secondary
Electron. SI: Saturation Index. TAA: Titratable Actual Acidity. TAG: Total Acid Generation.
VMS: Volcanogenic Massive Sulfide. WRB: World Reference Base. XRD: X-ray Diffraction.
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4.2. Fitoacumulacion de elementos traza en un Tecnosol desarrollado
sobre residuos mineros abandonados en el Estero de Domingo
Rubio

Basado en el articulo:

Phytoaccumulation of trace elements (As, Cd, Co, Cu, Pb, Zn) by Nicotiana glauca
and Euphorbia segetalis growing in a Technosol developed on legacy mine wastes
(Domingo Rubio wetland, SW Spain). Environmental Geochemistry & Health 45

(2023) 9541-9557

La fitorremediacion es una estrategia sostenible y respetuosa con las
funcionalidades del suelo que permite descontaminar o estabilizar contaminantes.
Sin embargo, su aplicacion efectiva requiere identificar y caracterizar especies
vegetales que sean tolerantes a los metales pesados y capaces de acumular o
inmovilizar estos elementos. En este contexto, se investiga el comportamiento de
dos especies vegetales, Nicotiana glauca (tabaco moruno) y Euphorbia segetalis
(euforbia), que crecen de forma espontdnea en un Arenosol calcarico contaminado
con residuos piriticos abandonados en el estero de Domingo Rubio, un humedal
costero asociado al estuario de Huelva. El objetivo principal de la investigacion fue

evaluar la capacidad de fitorremediacidn de estas dos especies vegetales.

Se tomaron muestras representativas de un suelo fuertemente impactado por
los residuos piriticos, asi como de los principales érganos (raices, tallos y hojas) de
ambas plantas. Las muestras de suelo fueron analizadas para caracterizar sus
propiedades fisicoquimicas, el contenido de materia orgdnica y las concentraciones
totales de As, Cd, Co, Cu, Pb y Zn. Las muestras vegetales fueron digeridas con HNO;
concentrado para determinar las concentraciones de los mismos elementos. Para
evaluar la capacidad de acumulacidn y translocacion de las plantas, se calcularon los

factores de bioconcentracién (BCF) y de translocacidon (TF), respectivamente.
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4.2.1. Resultados mas relevantes

Los anadlisis del suelo confirmaron las caracteristicas esperadas de un
ambiente impactado por DAM: pH extremadamente &cido (1,9-2,7), alta
conductividad eléctrica (3,3-11,9 mS cm™), condiciones fuertemente oxidantes (659-
756 mV) y concentraciones elevadas de sulfato y EPT, superando en muchos casos los
valores de referencia. Las concentraciones de As, Cu, Zn y Pb fueron particularmente

andémalas, con valores hasta 1360, 1710, 1610 y mdas de 5000 mg kg respectivamente.

El pH de la rizosfera mostré una reaccién ligeramente alcalina (pH = 7,0-8,1).
La alta capacidad de neutralizacion de la acidez del suelo rizosférico fue eficaz para
limitar la transferencia de los EPT hacia las plantas. No obstante, los resultados del
analisis del tejido vegetal mostraron diferencias significativas en la capacidad de

acumulacion de elementos entre las dos especies estudiadas:

e N.glauca demostré una notable capacidad para acumular As (13,4 mg kg™"), Cu
(314 mg kg') y Pb (41,8 mg kg"), principalmente en sus raices, donde se
registraron las concentraciones mas altas de estos elementos.
Especificamente, N. glauca exhibié una translocacién significativa de Cd hacia
las partes aéreas, con un TF a las hojas relativamente alto (5,4), lo que la
clasifica como una especie hiperacumuladora de Cd. También acumulé
cantidades considerables de Co y Zn, aunque con una menor eficiencia de

translocacidn (3,1 en tallos y 1,5 en hojas, respectivamente).

e E. segetalis mostr6 una menor capacidad de acumulacion de EPT en
comparacion con N. glauca. Aunque también acumuld ciertos elementos,
como As, Cd y Pb, en sus raices, su capacidad de translocacion hacia las partes
aéreas fue mas limitada para la mayoria de los metales, con TF generalmente

inferiores a 1, a excepcién del Co (2,2 en hojas).

Los valores de BCF y TF corroboraron que N. glauca tiene un mayor potencial

tanto para la fitoextraccion (especialmente para Cd y Co) como para la
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fitoestabilizacién (para As, Cu y Pb que acumula preferentemente en las raices),

mientras que E. segetalis podria contribuir mas a la fitoestabilizacidn.

4.2.2. Discusion

Los resultados de este estudio revelaron la notable resiliencia de N. glauca y E.
segetalis para prosperar en un entorno edafico altamente contaminado por residuos
mineros, un habitat donde la mayoria de las especies vegetales son incapaces de
sobrevivir. La elevada acumulacién de As, Pb y Cu por parte de N. glauca es relevante,
confirmando su papel como planta hiperacumuladora de estos contaminantes, como
se ha documentado en otras regiones. Esta capacidad convierte a N. glauca en una
especie con potencial para la fitoestabilizacidn. Al retener estos metales en el sistema
radicular, la planta contribuye a inmovilizarlos en el suelo, lo que reduce su movilidad
y biodisponibilidad. Por lo tanto, se aminora el riesgo de lixiviacidon y de entrada en la
cadena tréfica. Ademas, la traslocacion de Co, Cd y Zn en las partes aéreas de N. glauca

resalta su potencial para la fitoextraccidon de estos metales.

Por otro lado, E. segetalis mostré una menor capacidad de fitoextraccion,
evidenciada por sus factores de translocacién generalmente bajos. A pesar de ello, la
planta sobrevive en estos suelos contaminados, lo que podria indicar un mecanismo
de exclusidon de metales, dandose una mayor acumulacién en la rizosfera o en el
sistema radicular. Esto contribuye a la reduccidon de la dispersion y toxicidad de los

contaminantes mediante fitoestabilizacion.

La variabilidad observada en la acumulacion de contaminantes entre ambas
especies, asi como entre los diferentes drganos de la misma especie, puede atribuirse
a una combinacidn de factores, como: la biodisponibilidad de los metales en el suelo,
las caracteristicas genéticas inherentes a cada especie, las complejas interacciones
microbianas en la rizosfera, y las estrategias fisioldgicas adaptativas de cada planta

para tolerar el estrés por metales.
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4.2.3. Conclusiones

Las especies N. glauca y E. segetalis demuestran ser tolerantes a las elevadas
concentraciones de EPT presentes en un Tecnosol desarrollado sobre residuos
mineros histdricos en el humedal del estero de Domingo Rubio. N. glauca posee un
considerable potencial para la biorremediacion de suelos impactados por DAM.
Destacada su capacidad para acumular Co, Cd y Zn en sus partes aéreas la convierte
una especie adecuada para la fitoextraccidon de estos contaminantes. Ademas, su
capacidad para acumular As, Pb y Cu, predominantemente en sus raices, la hace apta
para la fitoestabilizacidn, contribuyendo a la inmovilizacidon de estos metales en el
suelo y reduciendo su dispersion ambiental. Aunque E. segetalis mostré una menor
capacidad de fitoacumulacidn comparada con N. glauca, su presencia y tolerancia en
estos ambientes extremos sugiere un valor potencial en programas de revegetacion

orientados a la estabilizacién de suelos degradados.
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Abstract Sulfidic mine wastes have the potential
to generate acid mine drainage (AMD) and release
acid leachates containing high levels of iron, sulfate
and potentially toxic elements (PTEs). Soils receiv-
ing AMD discharges are generally devoid of vegeta-
tion. Only a few metal-tolerant plant species can sur-
vive under such adverse soil conditions. This work
investigates two plant species, Nicotiana glauca and
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Euphorbia segetalis, that have successfully colonized
an AMD-impacted wetland area in south-western
Spain. The uptake of PTEs from the soil by roots and
their transfer and accumulation in the above-ground
biomass were quantified. Results showed that these
pioneer plants grew in patches of neutral soil within
the wasteland despite the high concentrations of
PTEs in the rhizosphere soil (up to: 613 mg kg™ As,
18.7 mg kg™' Cd, 6370 mg kg™' Cu, 2210 mg kg™!
Pb and 5250 mg kg™ Zn). The target organs of As,
Cu and Pb accumulation were: root>leaf > stem in N.
glauca, and root > stem > leaf in E. segetalis. Zinc and
Cd showed a significant decrease in roots relative to
aerial parts of N. glauca, and Co was preferentially
partitioned in stems of N. glauca and leaves of E.
segetalis. The soil-plant transfer coefficient values of
PTE:s in all parts of both plants were well below unity
with the only exception of Cd in leaves of N. glauca
(1.254), suggesting that roots acted as a barrier limit-
ing the uptake of PTEs by plants. Interestingly, under
the same soil conditions, N. glauca absorbed Cd in
considerable proportions from soil and accumulated
it in its leaves, while E. segetalis was not effective in
transferring PTEs from roots shoots except for Co. In
conclusion, soil pH and plant-related factors greatly
influence the stabilization of PTE in the rhizospheric
soil and produce inconsistencies in PTE phytoavail-
ability. The findings of this study provide criteria to
assist in natural remediation in other legacy contami-
nated sites worldwide.
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Introduction

Multiple pollution sources are often found around the
mouth of rivers and estuaries because population and
industry tend to be clustered in distinct geographic
areas with favorable natural conditions and resources,
such as fertile soils, water availability, and low lands
for urban development (Santucci et al., 2017). Many
of these conditions converge in coastal wetland areas
(Li et al., 2014), where the environmental functions
and ecosystem services of the soil may be dramati-
cally disrupted by man-induced reactions involv-
ing the formation of acid sulfate soils, oxidation of
organic matter and subsequent emission of carbon
dioxide to the atmosphere, and potentially toxic trace
elements (PTEs) release into the nearby water courses
(Fernandez et al., 2010). In such degraded wetlands,
soils lose their filtering and storing capacity for pol-
lutants that are eventually discharged in high amounts
from liquid industrial and agricultural effluents, solid
waste deposited on illegal dumping sites, or dust dep-
osition (Conesa et al., 2011; Grantcharova & Fernan-
dez-Caliani, 2022).

Fortunately, the economic development of coun-
tries is commonly accompanied by increased envi-
ronmental awareness and protection, and so research,
legislative and policy efforts are being undertaken
to achieve a sustainable land use and management.
Thus, for example, the European Commission (2021)
has launched a new soil strategy for 2030 to ensure
a high level of environmental and health protection.
However, for legacy contaminated sites a common
approach is lacking in the European Union, which is a
relevant legal gap concern.

The Domingo Rubio tidal system (Spain) is a
prime example of highly polluted wetland where the
polluter-pays principle cannot be applied. In addition
to diffuse contamination from agriculture and water
pollution caused by multiple anthropogenic sources
(Barba-Brioso et al., 2010a), local soil contamination
occurs by improper disposal of sulfide-rich wastes
coming from past mining activities. As a result, the
wetland soil adversely affected by acid and heavy
metal contamination has become sterile and unpro-
ductive. Under these conditions, only some races,
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ecotypes or edaphoendemisms are able to colonize
such altered soils. It is the case of Erica andevalensis,
an endemic heather adapted to highly acidic soil con-
ditions along the acidic soils of the Iberian Pyrite Belt
(Marquez-Garcia et al., 2006; Rossini-Oliva et al.,
2018).

Notwithstanding the above, an incipient vegeta-
tion usually arises spontaneously over time owing to
the tendency for natural processes in soils to attenu-
ate contaminants. Initially, the vegetative cover is
composed of annual grasses that are able to colonize
technogenic soils developed on mine wastes. These
pioneer plants play an interesting role in preventing
erosion, promoting soil dynamics, and maintaining
other living beings of the trophic change since they
are primary producers. Alien plant species may also
colonize highly altered soil ecosystems, as they are
more resilient and competitive than native species in
degraded areas (Dana et al., 2005). Thus, a controver-
sial issue arises when the exotic plants play a signifi-
cant role in the remediation of contaminated soils, but
also pose a threat to biodiversity of native ecosystems
(Mendez and Maier, 2008). Interestingly, the species
Nicotiana glauca and Euphorbia segetalis are found
growing on the sulfidic waste material improperly
disposed of in the Domingo Rubio wetland, display-
ing a patchy distribution, and hence, they have been
selected as the focus of this study. It can be hypoth-
esized, therefore, that both species could tolerate high
levels of PTEs in surrounding soils.

The genus Nicotiana comprises around 67 spe-
cies distributed in America, South Pacific, Australia
and Southwest of Africa. Some of them contain alka-
loids derived from nicotinic acid (nicotine). Nicotiana
glauca R.C. Graham is a glabrous scrub or small
tree (up to 6 m tall), natural from South America
(Argentina, Paraguay, and Bolivia) and extensively
naturalized in the Mediterranean region. It is a nitro-
philous plant commonly found on slopes, embank-
ments, roadsides, river terraces, and well adapted to
growing in sandy or stony and disturbed soils (Dana
et al., 2005). N. glauca was included in the Spanish
Catalogue of Invasive Alien Species (Royal Decree
630/2013) until 2015 when a ruling by the Supreme
Court of Spain forced its removal from the list and,
since then, its use in natural landscapes is allowed.
The reason for the exclusion was that it has a great
potential as an energy crop, thus helping to tackle cli-
mate change. This species has the ability to survive
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in heavily polluted soils (Barazani et al., 2004), and
genes associated with metal tolerance have been
encoded (Shingu et al., 2005).

Euphorbia segetalis L. is an annual, biennial, or
perennial herb (up to 80 cm tall), native to Mediterra-
nean Europe, North of Africa, and Macaronesia. It is
indifferent to the substrate type and occurs in a wide
range of habitats, including ruderal sites, crop fields,
stony pastures and rocky areas of coastal places. This
species has been phytochemically characterized by its
diterpene content (Jakupovic et al., 1998) and anti-
viral and antimicrobial activities of triterpenes iso-
lated from E. segetalis have been assessed (Madureira
et al., 2003). Some species of the genus Euphorbia
(Euphorbiaceae) produce a large amount of latex that
can cause severe irritation of the skin and eyes. The
latex has been extensively investigated from phar-
macognostic and phytochemical points of view, and
many interesting antitumor molecules have been char-
acterized (Sahai et al., 1981). To our knowledge, this
is the first time that E. segetalis is being considered
for its potential as phytoaccumulator of PTEs in a
contaminated soil.

This paper was aimed at determining the environ-
mental conditions, mineral components and degree
of contamination of the technogenic soil where N.
glauca and E. segetalis are growing, and the con-
centrations of PTEs in different organ tissues (roots,
stems and leaves) in order to quantify the uptake of
contaminants from soil by plant roots and their trans-
fer and accumulation in the above-ground biomass of
these spontaneous pioneer plants. The final goal is to
understand the potential impact of this contamination
and how it can affect the environment.

Materials and methods
Geoenvironmental setting

The Domingo Rubio wetland is a small tidal chan-
nel 6 km in length connected to the confluence of
the Tinto and Odiel rivers (Pendén et al., 1998),
where they form the estuary of Huelva on the south-
west coast of Spain (Fig. la, b). The tidal wetland
is located in a flooded valley, which is incised into
Plio-Pleistocene detritic deposits, occupying an area
of about 480 ha. It has a mild Mediterranean climate
moderated by the influence of the Atlantic Ocean

(Csa in the Koppen—Geiger climate classification sys-
tem), with average temperature of 9° C in winter and
27° C in summer, and with most of the rain (mean
annual of 525 mm) falling in winter months.

The lower wetland area consists of a tidal marsh-
land with a pronounced marine influence. The marsh
soils (Salic Fluvisols according to World Reference
Base for Soil Resources) are developed on fluvio-
marine silty-clayey sediments, and the wetland veg-
etation is dominated by salt-tolerant plant species,
such as Spartina densiflora, Arthrocnemum mac-
rostachyum and Halimione portulacoides (Madejon
et al., 2009). The upper wetland is a lacustrine area
consisting of a freshwater reservoir artificially created
by stream impoundment, which is inhabited by Typha
domingensis and Phragmites australis, among others
wetland species. This portion of the wetland is fed by
Dehesa del Estero stream and many ephemeral creeks
from a watershed impacted by intensive irrigated
cropping operations (Barba-Brioso et al., 2010b).

The tideland area has been catalogued as Natural
Area since 1989 and more recently as Special Pro-
tection Area of the Natura 2000 Network in Octo-
ber 2002 (Site code: ES6150003, Estero Domingo
Rubio, Directive 92/43/EEC) hosting a total of 7
natural Habitats of Community Interest and 156 spe-
cies (mainly birds) referred to in Article 4 of Direc-
tive, 2009/147/EC and listed in Annex II of Direc-
tive 92/43/EEC. Despite the legislative framework
in place, the wetland receives high loads of pollut-
ants (Online Resource 1) from diffuse agricultural
and industrial sources (Barba-Brioso et al., 2009,
2010a) and acidic discharges from a Spolic Techno-
sol developed on legacy sulfidic-rich materials due to
improper past waste disposal practices.

Plant and soil sampling

A stratified random soil sampling was undertaken
in three representative sites of the Spolic Technosol
developed on the abandoned sulfide-rich mine wastes
(sites DR1, DR-2 and DR-3 in Fig. 1c). At each site,
five topsoil samples (0-20 cm depth) were collected
with an Edelman auger in crossing directions around
the central sampling position (Fig. 1d) and bulked
in the field to form one composite sample represent-
ing the site. The plants of N. glauca (Fig. 1e) and E.
segetalis (Fig. 1f) and their associated soil samples
were collected at ten sites in the wasteland area (five
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Fig. 1 a Location map of the Domingo Rubio wetland area in
the Huelva estuary (SW Spain). b Google Earth® image show-
ing the upper and lower course of the tidal channel, and the
main activities developed around the study area. ¢ Aerial view

sites per plant species) where they spontaneously
grew. Plants were harvested and separated into leaves,
stems and roots. This sampling scheme allowed us
to compare tissue metal concentrations in different
groups of organs of the two only shrubs growing on
the mine wastes. As a control, plant samples of the
same species and soil samples from adjacent roots
were collected from seemingly uncontaminated areas
elsewhere. The soil from the rhizospheric zone was
collected by vigorous hand-shaking and subsequent
brushing of the root mass (Luster et al., 2009). Plant
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(drone image) of the sampling locations for soils and plants. d
Soil sampling method using a hand auger. e Nicotiana glauca
on site. f Euphorbia segetalis on site

and soil samples were placed in zip-lock plastic bags
and immediately transported to the laboratory for
processing.

Analytical methods

The soil samples were air dried, gently crushed
to break the aggregates, passed through a 2-mm
mesh sieve, and thoroughly mixed to ensure opti-
mal homogenization. Soil reaction (pH), redox
potential (Eh) and electrical conductivity (EC) were
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potentiometrically measured in a soil/deionized water
suspension of 1:2.5 (w/v), after shaking for 15 min
followed by a 30 min equilibration period. Aliquots
of sieved material were ground in an agate mortar
and pestle until getting a nearly uniform fine powder
(<63 pm) for mineralogical and chemical analyses.

Mineralogical identification of the major crystal-
line phases was carried out by powder X-ray diffrac-
tion (XRD) on a BRUKER AXS D8 Advance diffrac-
tometer, using CuKa radiation at 40 kV and 30 mA.
Scans of randomly oriented bulk powders were run
from 3 to 65° 20 with a step size of 0.02° and a count-
ing time of 0.6 s per step. Relative mineral abundance
was estimated by empirical intensity factors weight-
ing the integrated peak area values of diagnostic
reflections (Kahle et al., 2002). Selected samples
were examined by environmental scanning electron
microscopy (ESEM) on a JEOL JSM-IT500 instru-
ment coupled with energy-dispersive X-ray spectros-
copy (EDS). Back-scattered electron (BSE) images
and EDS spectra were acquired at 20 kV accelerating
voltage to assist in the mineral identification of acces-
sory heavy metal-bearing particles.

Soil samples were subjected to multi-acid
(HF-HCIO,-HNO;-HCI) digestion followed by induc-
tively coupled plasma-optical emission spectroscopy
(ICP-OES) analysis using an Agilent 735 ICP-OES
instrument to determine the total concentrations of
As, Cd, Co, Cr, Cu, Pb, and Zn. The analyses were
performed at Activation Laboratories Ltd. (Ancaster,
Ontario, Canada), which is accredited to the ISO/IEC
17025:2005 standard. Analytical quality control was
monitored by using internationally certified reference
materials (OREAS 13b, OREAS 98, OREAS 101b),
blank samples and laboratory replicates to check the
accuracy and precision of the data. The accuracy
expressed as percent recovery ranged from 78.3 to
108.3%, and the precision expressed as percent rela-
tive standard deviation (RSD) was between 2.4% and
14.7%.

A one-step extraction test with a mild neutral salt
solution was used to determine the phytoavailable
concentrations of PTEs in the rhizosphere (Menzies
et al., 2007). For this purpose, an aliquot (1 g) of each
rhizosphere soil sample (<2 mm) was subjected to
extraction with 0.01 M CaCl,, in a soil/solution ratio
of 1:10 (w/v), by end-over-end shaking at 30 rpm for
2 h (Houba et al., 1990; Rivera et al., 2016). The soil
extract solution was then centrifuged at 3000 rpm for

10 min, and PTEs of concern were measured in the
supernatant after filtration through 0.45 pm nylon
filters. The analysis of PTEs in the digests was per-
formed by ICP-MS on an Agilent 7700 instrument
(Central Research Services, University of Huelva,
Spain). The extraction procedure was repeated twice
with similar results, and the mean value was taken.
Extraction blanks were used to identify possible
contamination.

In order to extract the PTEs of concern from plant
tissues, all plant material (roots, stems and leaves)
was washed thoroughly with tap water and rinsed
with distilled water repeatedly to remove the sur-
face dust particles and then, sonicated in a bath-type
sonicator (Power Sonic 505) for 30 min. Afterward,
the plant samples were dried in an oven at 40° C for
5 days, and ground to 0.5 mm in an IKA WERKE MF
10 grinder at 3250 rpm. The thicker stems were pre-
viously ground in a cutting mill RETSCH(R) model
SM 2000 to pass through a 5 mm mesh sieve. An
aliquot (0.05 g) of the ground sample was digested
with 1 ml of concentrated HNO; (Madején et al.,
2011) using a microwave oven at 350 W for 1.5 min.
After cooling, 1.5 ml of H,0, (30%) was added to the
digest solution and the heating was repeated using
the same microwave program. Finally, the resulting
solution was diluted to a volume of 5 ml with Milli-Q
water. The analysis of PTEs in the digests was per-
formed with the Agilent 7700 ICP-MS. The same
procedure was applied for control plant samples. The
validity of the analytical procedure was assessed by
analyzing a certified reference material of plant leaves
of Oriental Basma Tobacco Leaves (INCT-OBTL-5)
(Samczyski et al., 2012). The average precision was
7.8% RSD, and the average recovery was found to be
92.1%, which is indicative of good accuracy.

Statistical treatment

All results are expressed as mean +standard devia-
tion. For statistical purposes, the results below the
detection limit were assumed as half of the detec-
tion limit. Statistical differences between means
were evaluated using Student’s t-test and analysis
of variance (one-way ANOVA). Prior to ANOVA
analysis, the homogeneity of variance was assessed
by Levene’s test. The critical level of significance
for all statistical tests was set at an a-value of 0.05
(95% confidence interval). Data statistical treatment
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was performed with the Statistica 10.0 and MS Excel
2016 software packages.

Results and discussion

Mineral composition and environmental soil
conditions

The Spolic Technosol developed on sulfide-rich
mine wastes left on the marshland differed drasti-
cally in mineral composition and physico-chemical
properties from the natural soils in the wetland. It
was essentially composed of pyrite, jarosite, gypsum,
and quartz in highly variable proportions, with minor
feldspars, hematite, and accessory barite and anglesite
(Table 1). In dry periods, as surface soil dries out it
appears covered with yellow efflorescences of read-
ily soluble sulfate minerals, notably ferricopiapite, as
reported by Barba-Brioso et al. (2010c). The second-
ary mineral assemblage was clearly a result of sulfuri-
zation processes driven by weathering of the pyrite-
rich wastes, with sulfate minerals being the most
abundant oxidation products. Consistently, the Tech-
nosol was extremely acid (pH values below 3.0) and
strongly oxidant (Eh values ranging between+ 659
and+ 756 mV). These surface conditions are condu-
cive to increased release of acidity, sulfate ions and
PTEs, thus limiting the soil capability to support
vegetation.

Interestingly, the mineral constituents of the soil
in which the plants have directly grown differed dis-
tinctly from those of the Technosol derived from
the sulfidic wastes. The rhizosphere soil samples
were composed mainly of quartz and clay minerals,
together with minor amounts of feldspars and calcite,
which coexisted with accessory gypsum and jarosite
in some samples. It was noteworthy the occurrence of
carbonates in most samples, indicating a good buff-
ering capacity to neutralize the acid that has been
produced, during the oxidative dissolution of pyrite
in the abandoned wastes. In fact, soil active reaction
was slightly alkaline, with pHyy,q values ranging from
7.0 to 8.1 (Table 1), which allowed specifically the
growth of some species such as N. glauca and E. seg-
etalis. The soil surrounding the plant roots showed Eh
values (from+377 to+458 mV) and electrical con-
ductivity values (up to a maximum of 2.65 mS cm™})
lower than those of the Technosol, and within the
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typical range reported for natural soils of the wetland
(Barba-Brioso et al., 2021). The results suggested,
therefore, that these species were able to grow in soil
patches subjected to contrasting environmental con-
ditions, having less adverse effects in terms of plant
tolerance. An alternative hypothesis is the potential
transformation of the rhizosphere by these plants
using any kind of exudates to detoxify undesirable
metal pollutants in soils (Chen et al., 2017). Further
research is needed to understand the origin of this
extreme modification of the rhizosphere and the rea-
son why only these species are able to survive in this
extremely hostile environment.

Total and phytoavailable concentrations of trace
elements

Total PTE concentrations in the technogenic soil
greatly varied depending on the element consid-
ered (Table 2). The pyrite-rich material (sam-
ple DR-1) showed the highest concentrations
of Pb (>5000 mg kg™!), Cu (1710 mg kg™"),
Zn (1610 mg kg™, Co (51 mg kg™'), and Cd
(8 mg kg™!), whereas the maximum concentration of
As (1360 mg kg™!) and Cr (89 mg kg™!) were meas-
ured in the samples DR-2 and DR-3, respectively. In
comparison with geochemical baseline concentra-
tions of the local wetland soils (Barba-Brioso, 2011),
the Technosol was found contaminated with all PTEs,
except Cr. Specifically, the concentrations measured
in the Technosol exceeded the local baseline concen-
trations up to 9.7 times for Pb, 8.9 for As, 8.0 for Cd,
3.4 for Co, 3.2 for Zn, and 2.3 for Cu. The Cr concen-
tration fell within the normal range of the local soils
since it is not regarded as a mine-source metal in the
Iberian Pyrite Belt (Fernandez-Caliani et al., 2009).
It was also noticeable that the total concentrations of
Pb, As and Cu exceeded the generic reference lev-
els (GRL) or threshold limits established by current
regulation (Junta de Andalucia, 2015) for agricultural
and other land uses, including natural areas, indicat-
ing that exposure to these contaminants may result in
an unacceptable risk level for human health or eco-
systems. If the GRL are exceeded, the Spanish regu-
lation on contaminated soils establishes that a site-
specific risk assessment must be performed (Tarazona
et al., 2005).

The rhizosphere soil of both plant species
(Table 3) contained elevated concentrations of PTEs
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Table 1 Electrochemical parameters and mineral composition of the technogenic soil derived from abandoned mine wastes, of the soil surrounding the plant roots and their con-

trol soils
Sample pH Eh EC Mineral composition (wt %)
(inH,0) (@@mV) (mS cm™) Quartz Clay minerals Minor phases (< 10%)

Technosol DR-1 1.9 659 11.9 15-20 Ang, Brt, Fsp, Gp, Hem

DR-2 2.2 756 5.6 Hem, Qz

DR-3 2.7 697 33 30-35 Hem, Brt
Rhizosphere N. glauca DR-N-1 7.4 415 2.65 15-20 45-50 Fsp, Gp, Jrs

DR-N-2 7.8 393 0.47 40—-45 40-45 Cal, Gp, Fsp

DR-N-3 7.0 458 0.59 35—-40 50-55 Gp, Fsp, Cal

DR-N-4 7.7 398 0.13 60—65 25-30 Cal, Gp, Fsp

DR-N-5 7.7 413 0.07 65-70 20-25 Gp, Fsp, Cal
Control DR-N-C 75 415 0.68 40-45 35-40 Cal, Dol, Gp, Fsp
Rhizosphere E. segetalis  DR-E-1 7.1 403 1.77 45-50 25-30 Cal, Fsp

DR-E-2 7.6 377 0.16 55-60 30-35 Gp, Fsp, Cal

DR-E-3 7.9 384 0.64 35—40 45-50 Cal, Gp, Fsp

DR-E-4 7.0 398 242 15-20 50-55 Fsp, Gp, Jrs

DR-E-5 8.1 399 0.13 55-60 25-30 Fsp, Gp, Cal
Control DR-E-C 7.0 453 0.12 60—65 25-30 Fsp, Gp, Cal

Mineral symbols: Ang (anglesite); Brt (barite); Cal (calcite); Dol (dolomite); Fsp (feldspars); Gp (gypsum); Hem (hematite); Jrs (jarosite); Qz (quartz)

EC electrical conductivity

LSS6=T1¥56:St (£20T) UHEAH WAYd095) UoIAuy

LYS6
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Table 2 Total trace element concentration in the technogenic soil derived from abandoned mine wastes

Trace element (mg kg™") As Cd Co Cr Cu Pb Zn
Detection Limit (DL) 3 0.3 1 1 1 3 1
Sample DR-1 1250 8.0 51 15 1710 > 5000 1610
Sample DR-2 1360 4.5 24 14 1570 4390 637
Sample DR-3 761 22 14 31 1160 2190 525
Baseline concentration* 153 <DL 15 89 732 515 508
Regulatory threshold** 36 25 24 10,000 595 275 10,000

Geochemical baseline concentrations of the local wetland soils and the generic reference levels established for soils of the Andalusia

region (South Spain) are given for comparison
*Mean value in local wetland soils (Barba-Brioso, 2011)
**Junta de Andalucia (2015)

of concern, particularly Cu (up to 6370 mg kg™')
and Zn (up to 5250 mg kg~!) but also Pb (up to
2210 mg kg™h), As (up to 613 mg kg™!), and Cd (up
to 18.7 mg kg~!), compared to local baseline concen-
trations, yielding contamination factors as high as 8.7
for Cu (sample DR-E-3), 10.3 for Zn (sample DR-E-
4), 4.3 for Pb (sample DR-E-4), 4.0 for As (sample
DR-N-1), and 18.7 for Cd (sample DR-N-1). Consist-
ently, the PTE concentrations in rhizosphere were

significantly above the control soil levels (p <0.007)
in all sampling sites, except for Cu in sample DR-N-
5. This may be due to the fact that the control soil had
an abnormally high concentration (1990 mg kg™')
arising from unexpected contamination in spite of
their apparently natural trait. It could be possible due
to diffuse contamination originated by re-suspension
of waste material. It was also found that the sam-
ple DR-N-4 had an anomalously high content of Cr

Table 3 Trace element

. . Trace element (mg kg™") As Cd Co Cr Cu Pb Zn

concentrations in the . L

rhizospheric soil of Detection Limit (DL) 3 0.3 1 1 1 3 1

Nicotianq glauca a.nd Rhizosphere N. glauca

Euphorbia segetalis
DR-N-1 613 10.5 42 32 2640 1070 2150
DR-N-2 163 7.6 59 54 3210 814 4550
DR-N-3 86 1.1 7 30 1340 285 412
DR-N-4 54 32 20 223 3360 2210 1420
DR-N-5 69 1.7 6 17 1390 350 585
Mean 197 4.8 26.8 71.2 2388 946 1823
Std. deviation 236 4.1 23 86 972 778 1675
DR-N-control 11 <DL 4 41 65 34 98
Rhizosphere E. segetalis
DR-E-1 208 2.5 20 28 2690 303 1220
DR-E-2 160 3.7 15 34 5730 408 1270
DR-E-3 135 6.0 19 37 6370 516 1540
DR-E-4 344 18.7 79 37 3460 1050 5250
DR-E-5 63 2.2 12 45 1110 339 1000
Mean 182 6.6 29 36 3872 523 2056
Std. deviation 105 6.9 28 6 2173 305 1796
DR-E-control 28 0.8 4 24 1990 107 273
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(223 mg kg™!) whose source was unclear. The pool
of wastes from different sources/time slices made dif-
ficult the traceability of the materials. No significant
differences were observed among the total PTE con-
centrations in the rhizosphere soil of the two studied
plant species except for Cu, which was significantly
higher in soil samples around the roots of E. segetalis
than in those of N. glauca (p=0.018).

Surprisingly, the levels of Cu, Zn and Cd in most
rhizosphere samples were even higher than those
observed in the sulfidic-rich wasteland. The contrast-
ing soil pH values between the two soils could be a
plausible explanation for the observed difference in
PTE accumulation. Soil reaction is a factor of para-
mount importance concerning metal speciation and
mobility in soil systems (McBride, 1994). Thus,
a substantial fraction of Cu, Zn and Cd released by
sulfide oxidation, which are relatively soluble under
the acidic conditions prevailing in the Technosol, was
immobilized to a large extent in some patches of neu-
tral soil where N. glauca and E. segetalis grew spon-
taneously. Chemical fixation might have occurred
either by precipitation, adsorption, or any other mech-
anism involving soil constituents with pH-dependent
charge that tend to deprotonate with increasing pH,
thus leading to increased metal retention. However,

the highest concentrations of As and Pb were found
in the Spolic Technosol, in association with relatively
insoluble sulfate minerals like jarosite and anglesite.
The precipitation of these secondary minerals at low
pH was an efficient mechanism for decreasing the
mobility of As and Pb at the source of contamination
and could be the reason why some races of the stud-
ied species were able to survive.

It is generally agreed that total concentration of
PTEs in soil does not provide predictive insights on
mobility and availability of contaminants in relation
to plant uptake (i.e., phytoavailability). The PTE pool
that may be available in the rhizosphere for plant
uptake (Madejon et al., 2011; Menzies et al., 2007)
was assessed by single extraction with CaCl,.

The results of the analysis (Table 4) showed that
the extracted element concentrations varied from
undetectable levels to values below 8 mg kg~!. The
maximum concentrations of Zn (7.40 mg kg7!),
As (0.07 mg kg™!), Cd (0.06 mg kg!), and Co
(0.06 mg kg~") were extracted from the soil sur-
rounding the roots of N. glauca, whereas the highest
content of extractable Cu (2.53 mg kg~!) was noted
in the rhizosphere of E. segetalis (sample DR-E-2).
The Pb concentration was below the detection limit
by ICP methods in all soil extracts. The t-test showed

Table 4 Trace element

. Element (ug kg™") As Cd Co Cu Pb Zn

concentrations extracted . o

with CaCl, from the Detection Limit (DL) 3 1 5 47 7 29

ﬁtiiizzzr;j:;:xfn d Rhizosphere N. glauca

Euphorbia segetalis (< DL, DR-N-1 33+2 6+04 <DL 75+6 <DL <DL

below detection limit) DR-N-2 15+£0.3 <DL <DL <DL <DL <DL
DR-N-3 79+0.2 46+1 63+1 925+6 <DL  4382+14
DR-N-4 66+0.1 39+0.03 <DL 805+6 <DL  828+6
DR-N-5 69+0.5 59+0.1 11+0.1 1844+30 <DL  7402+143
Mean 38+28 23+27 15+25  733+690 <DL  2522+3031
DR-N-Control <DL <DL <DL <DL <DL <DL
Rhizosphere E. segetalis
DR-E-1 33+2 30+0.2 <DL 876 +38 <DL 51%12
DR-E-2 46+0.003 18+0.1 13+0.01 2570+24 <DL  2340x19
DR-E-3 8.6+0.1 5.1+0.1 <DL 388+3 <DL <DL
DR-E-4 22+1 16+1 <DL 65+6 <DL  277x21
DR-E-5 27+1 44+02 <DL 203+1 <DL <DL
Mean 27+13 9+7 4+5 820+949 <DL  534+941
DR-E-Control 36+0.01 104+04 72+0.03 14,085+143 12+0.4 98,872+1301
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no significant differences between both rhizospheric
soils for the extractable concentrations of As, Cd, Co
and Cu (p>0.057), while the extractable Zn concen-
tration was significantly higher in the rhizosphere soil
of N. glauca (p=0.027).

Overall, the extractability, expressed as the amount
of PTE extracted with CaCl, relative to its total con-
centration in the soil rhizosphere, was practically
negligible. The extractable fraction of contaminants
accounted for less than 1% with a few exceptions
concerning Cd (up to 4.18%) and Zn (up to 1.27%).
The low extractability of PTEs with CaCl, suggests
that only a trivial fraction of PTEs may be available
for plant uptake. In this approach, the phytoavail-
able pool includes water-soluble and non-specifically
adsorbed PTEs that are retained on soil particles,
notably clay minerals, by relatively weak electrostatic
interaction. Unexpectedly, the PTEs were extracted
from the rhizosphere control soil of E. segetalis to a
greater extent than from the contaminated soil. As
noted previously, this could be due to unforeseen con-
tamination with potentially mobile PTEs.

Trace element concentrations in plant tissues

A detailed comparative analysis of PTEs concen-
trations in plant tissues (Table 5) reflected sig-
nificant differences between plant organs and spe-
cies (ANOVA, p<107), with extreme values
ranging from 0.034 mg kg™' to 13.39 mg kg!
for As, 0.123-13.16 mg kg=' for Cd,
0.105-6.757 mg kg™! for Co, 19.90-395.9 mg kg™!
for Cu, 0.621-41.83 mg kg=! for Pb, and
60.51-336.9 mg kg~! for Zn. Among the PTEs under
investigation, only the concentrations of Cu in leaf
tissue were higher than those compiled by Kabata-
Pendias (2011) as excessive or toxic values, and so
may pose a potential risk to the food chain. It has
detected the presence of numerous rabbits in the
study area. There are many rabbit latrines and clear
evidence of root predation of the studied species with
unpredictable consequences on the biota.

By studying distribution of PTEs among
roots, stems and leaves, a similar pattern can be
drawn from both species for all PTEs except Co
(Fig. 2), although the fractionation pattern was
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somewhat more homogeneous in E. segetalis.
Results from chemical partitioning in plant tis-
sues showed that the roots of the two investigated
species accumulate significantly more As, Cu and
Pb than the above-ground biomass (p=0.0001).
The target organs of such PTEs accumulation
appeared to be: root>leaf>stem in N. glauca,
and root>stem >leaf in E. segetalis. By contrast,
the mean fractions of Zn and Cd showed a signifi-
cant decrease in roots relative to aerial parts of N.
glauca, but they did not exhibit any clear distri-
bution pattern among the organs of E. segetalis.
Unlike all aforementioned PTEs, Co appears to be
preferentially partitioned both in stems of N. glauca
and leaves of E. segetalis.

The total concentrations of PTEs measured in the
narrow zone of soil subject to the influence of roots
may be used as a primary indicator to assess the
uptake and transmission of contaminants through the
soil-plant system of N. glauca and E. segetalis. Bio-
geochemical processes in the rhizosphere zone are
known to produce various organic compounds, which
are effective in releasing PTEs from firmly fixed spe-
cies in soil (Kabata-Pendias, 2011). Figure 3 depicts
the relationship between mean concentrations of
PTE:s in rhizospheric soil and those in plant organs of
the two species. In general, the distribution of PTEs
appeared to follow a pattern that involves an increase
in the mean concentration in both soil and plant tis-
sues, with Cu and Zn being particularly implicated. It
should be also noted the high level of Cd measured in
the leaves of N. glauca compared to its content in soil
immediately adjacent to roots. When the mean con-
centrations of PTEs in plant tissues are plotted ver-
sus the mean concentration of PTEs extracted with a
standardized solution of CaCl, (Fig. 4), which is con-
sidered that may be available in the rhizosphere for
plant uptake, a similar picture emerged for N. glauca
and E. segetalis. The highest CaCl,-extractable PTEs
(i.e., Cu and Zn) were accumulated in plant organs to
a greater extent than the others, although Pb showed
a relatively high concentration in all organs of both
plant species despite its low extraction yields. This
could be explained by the fact that, under certain
circumstances, the root exudates were capable of
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Table 5 Trace element concentrations (mg kg™') in plant organs of Nicotiana glauca and Euphorbia segetalis

Plant species Plant organ Sample As Cd Co Cu Pb Zn

N. glauca Root DR-N-1 13.39+0.14 1.907+0.026 1.426+0.018 149.2+0.8 41.83+0.28 149.3+0.1
DR-N-2 9.617+0.162 1.279+0.029 2.673+0.048 234.8+1.7 34.50+047 281.8+1.4
DR-N-3 6.717+0.091 1.397+0.023 0.766+0.014 313.8+2.4 26.94+0.27 142.1+0.6
DR-N-4 1.792+0.030 0.452+0.011 0.228+0.007 67.54+0.47 7.243+0.115 135.8+0.6
DR-N-5 5.772+0.072 0.577+0.011 0.327+0.007 132.9+0.4 3237+£029 117.8+0.2
Control  1.377+0.034 0.270+0.006 0.601+0.018 30.95+0.63  3.436+0.093 53.85+0.96
Stem DR-N-1 1.578+0.023 3.940+0.065 6.757+0.088 39.15+0.38 4.154+0.063 250.5+0.6
DR-N-3 0.288+0.008 0.977+0.015 3.776+0.050 21.76+0.26 0.621+0.035 107.4+0.5
DR-N-4 0.034+0.005 0.577+0.008 2.850+0.038 19.90+0.25 0.706+0.037 60.51+0.44
DR-N-5 0.496+0.013 1.973+0.041 2.562+0.048 52.45+0.73 4.776+0.094 134.6+1.1
Control  0.024+0.004 0.170+0.002 1.045+0.019 7.976+0.188 0.118+0.032 43.30+0.51
Leaf DR-N-1 2.139+0.020 13.16+0.18  0.184+0.004 128.6+0.1 11.46+0.08 3369+1.1
DR-N-2 0.855+0.022 6.488+0.182 0.406+0.013 97.95+1.43 6.228+0.154 307.5+3.6
DR-N-3 1.147+0.028 3.589+0.087 0.338+0.012 148.0%+2.3 9.333+0.184 184.1+2.0
DR-N-4 1.567+0.034 3.906+0.098 0.220+0.008 2154+2.3 9.428+0.184 2249+2.0
DR-N-5 0.946+0.021 2.962+0.073 0.105+0.006 124.7+1.3 6.335+0.133 163.1+1.4
Control  0.258+0.010 0.225+0.009 0.020+0.005 31.78+0.64 0.411+£0.049 58.99+1.15
E. segetalis ~ Root DR-E-1 6.377+0.117 2.004+0.047 0.777+0.017 395.9+3.5 9.561+0.166 167.5+1.2
DR-E-2  7.423+0.090 0.825+0.012 0.800+0.013 394.4+2.5 14.05+0.14  120.1+0.4
DR-E-3 3.176+0.012 1.019+0.006 0.811+0.005 254.8+0.6 8.304+0.017 94.73+0.48
DR-E-4 9.358+0.051 2.761+0.025 0.981+0.008 284.1+0.0 23.48+0.05 163.8+0.7
DR-E-5 7.485+0.043 1.636+0.015 1.145+0.010 322.0+0.0 39.12+£0.07  219.8+1.1
Control  1.519+0.005 0.286+0.000 0.313+0.003 68.27+0.21 3.920+0.013 95.79+0.68
Stem DR-E-1 1.509+0.029 0.963+0.019 0.761+0.017 172.6+1.9 6.040+0.105 99.23+0.86
DR-E-2 2.614+0.015 0.726+0.005 0.981+0.008 234.0+0.1 9.239+0.032 116.2+0.5
DR-E-3 1.786+0.010 0.315+0.001 0.451+0.005 134.7+0.2 4.968+0.024 70.97+0.21
DR-E-4 4.425+0.046 1.035+0.013 0.270+0.007 140.9+0.7 1442+0.11  85.77+0.23
DR-E-5 0.831+0.007 0.432+0.002 0.390+0.005 87.12+0.01 4.563+0.028 87.71+0.28
Control  0.558+0.016 0.200+0.004 1.349+0.031 54.52+0.89 2.652+0.076 158.4+1.6
Leaf DR-E-1 1.481+0.027 0.618+0.015 2.771+0.050 154.1+1.2 8.771+0.145 118.7+0.8
DR-E-2 1.964+0.022 0.656+0.011 3.581+0.040 121.2+0.2 16.16+0.13  162.4+0.1
DR-E-3 0.994+0.009 0.123+0.003 1.254+0.012 51.73+0.04 4.531+0.043 88.94+0.24
DR-E-4 3.476+0.051 0.766+0.016 0.876+0.015 87.22+0.48 1892+022 1162+0.4
DR-E-5 0.810+0.001 0.195+0.001 1.410+0.002 54.16+0.46 4.818+0.004 103.5+1.1
Control  0.704+0.004 0.138+0.002 11.65+0.05 60.49+0.28 3.689+0.026 380.5+3.0

forming complexes with trace element ions in solu- (Cpran)» Or certain plant parts, over that in rhizos-
tion (Mench & Martin, 1991), thus enhancing Pb pheric soil (C,;;) of each element of concern (Adri-
mobilization and uptake by plants. ano, 2001; Antoniadis et al., 2017; Kumar et al.,

The potential mobility of PTEs from soil to 2013; Shaheen & Rinklebe, 2015), as follows:
plants was evaluated by the soil-to-plant trans-
fer coefficient (T'C), which is a mobility index that
records the average concentration of the whole plant

TC = Cplam/ C

soil
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Fig. 2 Partitioning of trace elements among the plant organs
of Nicotiana glauca and Euphorbia segetalis

thus allowing feasible comparisons among PTEs, as
well as among different plant tissues. TC has been
used as indicator of bioavailability (Adriano, 2001)
and to estimate the phytoremediation potential of
plants (Yoon et al., 2006).

The soil-plant transfer coefficient values of PTEs
in all parts of both plants were well below unity
with the only exception of Cd in leaves of N. glauca
(Table 6), indicating that a limited fraction of PTEs
was actually solubilized by root exudates and trans-
ferred to plants despite the high degree of soil con-
tamination. This finding suggests that roots acted
as a barrier limiting the uptake of PTEs by plants.
Interestingly, N. glauca can absorb Cd in considera-
ble proportions from rhizosphere and accumulate it
in its leaves under the same soil conditions. This is
in line with other studies, showing that Cd has great
potential to escape the soil-plant barrier (Chaney
et al., 1999).
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A better way to quantify the uptake of contami-
nants from soil by plant roots and their transfer and
accumulation in above-ground biomass is to use
the translocation factor (Baker, 1981), which can
be estimated through the shoot-root quotient, as
follows:

TF = C

stem or leaves/ Cl'OOt

where TF is the translocation factor, Cg.p or reaves 15
the concentration of PTE in aboveground part of the
plant (stem or leaves) and C,, is the concentration
of PTE in root. A TF>1 indicates that plants not
only tolerate but utilize the PTEs in a beneficial way
(Antoniadis et al., 2017).

As shown in Fig. 5, N. glauca translocated Cd
effectively from the root to the stem (TF=1.4) and,
to a large extent, to the leaves (TF=5.4), as well as
Co from the root to the stem (TF=3.1), and Zn from
the root to the leaves (TF=1.5), indicating that this
wild plant species had high efficiency for phytoex-
traction of such elements from the contaminated soil.
N. Glauca tolerance to PTEs has been previously
reported (Barazani et al., 2004; Martinez-Fernandez
et al., 2014) related to the encode of a phytochelatin
synthase and the production of nicotianamine syn-
thetase that would promote some PTEs tolerance
(Gajaje et al., 2021; Shingu et al., 2005). Instead, the
capacity of E. segetalis was not effective in transfer-
ring PTEs from roots to shoots because the transloca-
tion factor values of PTEs were below unity except
for Co, which appeared to be accumulated mainly
in leaf tissues (TF=2.2). This is a feature of metal
excluder plant (Baker, 1981; Kumar et al., 2013).
Therefore, marked differences in the PTE accumulat-
ing ability were found between both plant species.

Conclusions

The soil developed on legacy mine wastes (Spolic
Technosol) of the Natural Area Estero Domingo
Rubio is highly acidic and strongly contaminated
with sulfate and PTEs arising from oxidative disso-
lution of sulfidic material, which impose severe lim-
itations for establishing vegetation. The results from
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this study led to the conclusion that, despite these
unfavorable soil conditions for plant development
and growth, N. glauca and E. segetalis are able to
colonize heavily contaminated soil with a slightly
alkaline reaction, occurring in isolated randomly
distributed patches on bare land. The high acid-
neutralizing capacity of the rhizospheric soil was
effective in reducing PTEs mobilization, and con-
sistently a limited fraction of phytoavailable PTEs
(i.e., extractable with CaCl,) was transferred to
plants. Soil acidity is regarded, therefore, as the key
factor limiting plant development. Notwithstanding,
the results of the plant tissue analysis showed that

N. glauca and E. segetalis accumulated relatively
high concentrations of As, Cu and Pb into their
roots, reflecting the high degree of soil contamina-
tion, while the aerial parts of the plants were the
target organs of Zn, Cd and Co. The establishment
of these spontaneous metal-tolerant plants helps to
mitigate the adverse impact of the mine wastes on
the wetland, although the risk of PTEs entering the
food chain needs to be evaluated. The new insights
gained from this study provide criteria to assist in
natural remediation in other legacy contaminated
sites worldwide.
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Fig. 4 Trace elements
mean concentration in
organs vs CaCl,-extracted
mean concentration in
rhizosphere soil of a
Nicotiana glauca and b
Euphorbia segetalis

Table 6 Soil—plant transfer
factors of trace elements
for each plant organ of
Nicotiana glauca and
Euphorbia segetalis
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Mean concentration extracted with CaCl, (mg kg™)
Trace element As Cd Co Cu Pb Zn
Nicotiana glauca
Root 0.038 0.234 0.040 0.075 0.030 0.091
Stem 0.004 0.322 0.123 0.014 0.003 0.067
Leaf 0.007 1.254 0.009 0.060 0.009 0.133
Euphorbia segetalis
Root 0.037 0.250 0.031 0.085 0.036 0.075
Stem 0.012 0.105 0.020 0.040 0.015 0.045
Leaf 0.010 0.071 0.068 0.024 0.020 0.057
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N. glauca —

N W s~ G

Translocation factor
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Translocation factor

As Cd Co Cu Pb Zn

L] Stem/Root I Leaf/Root

Fig. 5 Translocation factors calculated as the ratio between
trace element mean concentration in aerial parts (stems and
leaves) and trace element mean concentrations in the roots of a
Nicotiana glauca and b Euphorbia segetalis
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4.3. Evaluacién a largo plazo del uso de lodos de marmol para reducir la
acidez y la movilizacién de metales en un suelo minero de Tharsis

Basado en el articulo:

Long-term sustainability of marble waste sludge in reducing soil acidity and heavy
metal release in a contaminated mine Technosol. Applied Sciences 12 (2022) 6998

Este estudio abordd la problematica de la remediacidn de suelos altamente
contaminados en contextos mineros, caracterizados por una acidez extrema y
elevadas concentraciones de EPT, como As, Pb y Zn. En este trabajo se tratd de
evaluar la eficacia alargo plazo de una enmienda alcalina a base de lodos procedentes
de la industria del marmol (residuo R1) para inmovilizar EPT en un suelo minero de
Tharsis. Concretamente, los objetivos especificos fueron determinar el efecto de la
neutralizacion de la acidez en la composicion quimica del lixiviado del suelo, asi como
determinar la influencia del lodo carbonatado en el fraccionamiento de EPT y su

disponibilidad ambiental a largo plazo.

El trabajo se centrd en un tecnosuelo del entorno de Filén Norte (Minas de
Tharsis), afectado por DAM. Se empled una metodologia experimental en
condiciones de campo sobre una parcela de 1 x 1 m de suelo contaminado,
previamente enmendada con lodos de aserrado del marmol, aplicados 12 afios antes.
Se extrajeron 70 ¢cm de suelo con una barrena de tipo Edelman, tanto en el suelo
enmendado como en el suelo contaminado sin tratar (control), para un andlisis
comparativo de los siguientes parametros: pH, conductividad eléctrica,
concentraciones de EPT en el lixiviado y en el suelo (fraccién total y extractable con
EDTA). Ademas, se estudid la especiacién operacional de los EPT en la capa superficial

del suelo mediante técnicas analiticas de extraccién secuencial (esquema BCR).

4.3.1. Resultados y discusion

Los resultados mostraron la alta efectividad de la enmienda alcalina a base de

los lodos de aserrado del marmol en el proceso de neutralizacion de la acidez. Se
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observd unincremento significativo del pH del suelo, desde valores extremadamente
acidos (3,1-3,5) a ligeramente alcalinos (5,8-6,4) en todo el perfil del suelo
enmendado. Estos valores se mantuvieron practicamente estables durante todo el
experimento, lo que indica una capacidad amortiguadora duradera de la enmienda

frente a la acidez residual del suelo minero.

En el suelo tratado, se observd que la mayoria de los cristales de calcita del
lodo carbonatado permanecieron relativamente inalterados a pesar del tiempo
transcurrido, si bien algunos granos presentaron signos de disolucion parcial y otros
aparecen recubiertos por oxihidroxidos de hierro. Ademas, aumentd la precipitacion

de yeso, inducida por la disolucidn parcial de los carbonatos afiadidos.

En comparacion con el control, las concentraciones de As, Pb y Cr en el suelo
enmendado fueron significativamente inferiores en los primeros 20 cm del perfil,
aumentando con la profundidad hasta alcanzar valores similares a los del suelo sin
tratar (1860 mg kg™ de As, 72 mg kg" de Cr y 2660 mg kg™ de Pb). Este patrén de
distribucion vertical se atribuye efecto de dilucidn causado por la enmienda alcalina.
En cambio, los niveles de Cu (1210 mg kg™), Cd (1,4 mg kg™), Ni (38 mg kg™) y Zn (851
mg kg™) en la capa superficial del suelo enmendado fueron significativamente mas
altos que en las capas profundas. A pesar del efecto de dilucién, esta distribucién

indica una retencion efectiva de metales en la zona tratada del suelo.

El fraccionamiento geoquimico determinado mediante extraccion secuencial
reveld cambios importantes en el reparto o distribucion de EPT entre las distintas
fracciones geoquimicas del suelo. Con el tratamiento, se registré una marcada
disminucion de la fraccién mds labil (intercambiable y unida a carbonatos),
acompafada de un aumento en las fracciones mas estables, como la unida a dxidos
de Fe/Mn y la residual. Esta redistribucidn sugiere una transformacién de los
contaminantes hacia fracciones menos mdviles y biodisponibles, a través de

mecanismos tales como:

e Precipitacion de fases secundarias. El incremento del pH favorecid la

sobresaturaciéon y consecuente precipitacion de oxihidroxidos de Fe y Al y
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carbonatos metdlicos. Estas fases neoformadas pueden actuar, a su vez, como

sustratos o superficies para la adsorcién de EPT.

e Coprecipitaciéon. Los EPT también pudieron alojarse directamente en la
estructura cristalina de los carbonatos o los hidréxidos de Fe generados tras

la enmienda.

e Adsorcién/intercambio idnico. Las nuevas fases precipitadas (oxihidréxidos
de Fe y Al) proporcionaron sitios de sorcidn para la fijacion de aniones,

arseniato en el caso del As.

La fraccion de EPT extraible con agua, considerada la mas facilmente lixiviable
y potencialmente disponible para la absorcion vegetal, fue insignificante. El EDTA
mostré una mayor eficacia de extraccién de EPT, aunque las cantidades variaron
notablemente segun el elemento y la profundidad del suelo. Dado que el EDTA es
capaz de extraer EPT de todas las fases no unidas a silicatos, su accion refleja de

forma mas realista la disponibilidad potencial de los metales a largo plazo.

Un aspecto importante para la aplicabilidad practica de esta estrategia de
remediacion es la estabilidad a largo plazo de los efectos observados. A diferencia de
otras enmiendas cuya eficacia puede disminuir con el tiempo, el lodo micronizado de
marmol mantuvo su capacidad neutralizante e inmovilizadora durante los 12 afios

posteriores a su aplicacién, lo que indica una solucién duradera.

4.3.2. Conclusiones

Con una sola aplicacion de lodos residuales de la industria del marmol, se logré
reducir eficazmente la acidez y la liberacién de EPT en el suelo minero, manteniendo
su efecto neutralizante 12 afios después. Su capacidad para elevar y mantener el pH
del suelo, junto con la promocién de mecanismos de precipitacion y adsorcion, se
tradujo en una reduccidn significativa de la movilidad y disponibilidad de los

contaminantes.
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Estos efectos de remediacién son sostenibles a largo plazo, lo que
permite validar la estabilidad geoquimica de los contaminantes y la viabilidad
ambiental de la enmienda como estrategia para la recuperacién de extensos suelos

mineros acidificados.
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Abstract: A field-based experiment was set up to evaluate the effectiveness of a single application
of marble waste sludge (MWS) on chemical immobilization of potentially hazardous trace elements
(PHE) within the soil profile of a mine Technosol under natural assisted remediation for 12 years.
Results showed that MWS amendment significantly reduced soil acidity and PHE mobility compared
to unamended soil, thus improving soil health and plant growth. The amendment application had
a sustained acid-neutralizing action, as soil pH remains relatively constant at between 5.8 and 6.4
throughout the entire profile (70 cm depth). In addition to diluting pollutants, the treatment triggered
a redistribution of trace elements among the various operationally defined geochemical pools, shifting
the PHE speciation from water-soluble forms to fractions associated with carbonates (29% Cd), metal
oxides (40-48% Zn, Cd, Cu, and Ni), organic matter (22% Cu and Ni), and insoluble secondary
oxidation minerals and residual phases (80-99% As, Cr, Sb, T1, and Pb), thereby effectively limiting
its potential environmental significance. MWS treatment to immobilize PHE in the contaminated
mine Technosol was effective and persistent while in the untreated soil metal release is continuing
over time.

Keywords: waste recycling; soil amendment; acid neutralization; chemical partitioning; metal
immobilization; mine soil

1. Introduction

Soils contaminated with potentially hazardous trace elements (PHE) arising from
mining wastes and industrial discharges pose serious threat to human health and ecosys-
tems [1,2]. Management of these environmentally significant soils [3] may require the use
of sustainable remediation strategies to mitigate the dispersion of contaminants and their
associated risks. Conventional soil clean-up technologies [4,5], especially those involving
surface capping and landfilling, are often financially inefficient in extensive mine lands
where treatments should be affordable and self-sustaining.

In situ stabilization or chemical fixation of PHE induced by the addition of immobiliz-
ing agents, such as soil amendments made of waste materials and by-products [6-8], is a
cost-effective and eco-friendly option to reclaim abandoned mine lands following circular
economy principles and modern waste management trends. These amendments can be
referred as Technosols according to the World Reference Base for Soil Resources [9], because
they form a new soil layer [10].

The immobilization technique involves PHE removal from soil solution either through
precipitation, adsorption, ion exchange, or complexation mechanisms [11], thus reducing

Appl. Sci. 2022, 12, 6998. https:/ /doi.org/10.3390/app12146998
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to some extent contaminant uptake by plants and leaching into groundwater or nearby
watercourses [12]. Since contaminant solubility is linked to its mobility and bioavailability,
chemical stabilization has the potential to reduce environmental risk [13], although the
immobilizing effects may not last long enough and, consequently, repeated amendment
additions may be needed to sustain the stabilization process.

Liming is a widely used practice for reducing the mobility of PHE in contaminated
soils with different degrees of success [14,15]. Most research on the use of lime-based waste
materials and their efficiencies for PHE immobilization in soil has been conducted under
laboratory conditions in short-term studies [11,12], as the liming effects were observed
only after the first few years of treatment. These results from lab-scale experiments need
to be validated by further field work to verify long-term stability of immobilized PHE in
amended soils [16-18], where natural processes controlling PHE mobility can be monitored
over long time scales under realistic conditions. Long-term field monitoring provides direct
evidence of the ageing process of amendments [19].

Specifically, the waste sludge (i.e., micronized calcium carbonate) generated by marble
processing plants has been proven as an effective nanomaterial for acid soil neutralization
and for enhanced PHE retention capacity of soils affected by mining activities [20-23]. In
fact, a field trial in the historic mining district of Tharsis (southwestern Spain) showed
the potential of marble waste sludge (MWS) as a promising soil additive for assisting
re-vegetation of legacy mine lands [24]. The most remarkable features of the MWS are
alkalinity (pH = 8.8-9.2), fineness (mean particle size = 8.24 um), and purity (~95 wt% of
calcite). Using this MWS, a single amendment of 22 cmol.. of lime per kilogram of soil was
applied by Fernandez-Caliani and Barba-Brioso [24] to raise the pH from 3.2 to a pH level
suitable for plant regrowth. The acid neutralizing effect of the soil amendment effectively
reduced the concentrations of Al, Fe, sulfate and PHE, notably Cd, Cu, Pb and Zn, in the
most labile and phytoavailable fraction enough to allow the settlement of spontaneous plant
species (Lolium perenne, Plantago coronopus and Spergularia rubra). Even though the reported
early findings showed promise, substantial uncertainty exists regarding the long-term
effectiveness of PHE stabilization in soil.

To address this uncertainty, a mini plot field experiment was conducted to evaluate
the sustainability of a single application of MWS on chemical immobilization of PHE in
the mine soil of Tharsis, after a period of 12 years post-application. The specific objectives
were to ascertain: (1) the effect of acid buffering capacity of the liming waste on the soil
leachate chemistry; and (2) the influence of the MWS addition on fractionation of PHE and
their environmental availability over a long time span.

2. Location and Description of the Experimental Site

The experimental plot was established at the historic mine site of Tharsis, in southwest-
ern Spain (Figure 1), a world-class massive sulfide deposit hosted primarily by black shale
sequences from the latest Devonian [25]. The biggest deposit is exposed in the Filon Norte
open pit (Figure 1a), with total original reserves of about 90 million tons containing average
grades of 46.5% S, 0.7% Cu, 2.7% Zn plus Pb, 35 g/t Ag, and 0.9 g/t Au [20]. Besides, a
wide variety of PHE (As, Cd, Hg, Sb, and T1, among others) are usually present in the ore
as trace elements.

Tharsis has a long history of metal extraction dating back from prehistoric (third
millennium B.C.) and Roman to modern times [27]. Past mining and smelting activities
have left an extensive legacy of heavily contaminated soils. The surface soil has been
subjected to chemical loading for decades in the absence of legal and regulatory frameworks
for mine closure and environmental remediation. In the vicinity of the mining area, the
soil is adversely affected by acid mine drainage (AMD) emanating from the waste dumps,
thus being unable to support plant life [22,28,29]. However, small agricultural holdings
have persisted by adopting traditional farming practices that enable cultivation of food
crops [30], all at risk of contamination [31]. Elevated levels of PHE in soil and vegetation
can be detected up to 2-3 km downwind of the Tharsis mines [32,33].



Appl. Sci. 2022,12, 6998

30f17

The experimental plot (1 x 1 m) is regarded as representative of an area impacted
by AMD discharges arising from the mine wastes of Filén Norte pit (Figure 1b), with an
extension of about 1.5 ha. The site (UTM coordinates: X = 666,533 and Y = 4,163,175) is
located 250 m above sea level and subject to a Mediterranean climate (Csa in the Képpen
climate classification system) characterized by hot, dry summers and mild winters. During
the experimental period (2007 to 2019), the average minimum and maximum temperatures
were 5 °C and 34 °C, respectively, and the average annual rainfall was 389 mm, according
to data recorded in the nearest weather station.

SPAIN

PORTUGAL

Tharsis

® mines

~ Soilamended with _
~ marble wastesludge - _

~Mine
technosol

Figure 1. Location map of the study area showing a satellite view of the mining area of Tharsis (a),
and a field picture of the field experimental site (b).

3. Materials and Methods
3.1. Soil Sampling

Two undisturbed soil cores were extracted by hand augering to a depth of 70 cm from
the experimental mini plot amended with MWS in 2007 [24], and from an adjacent site
of contaminated soil in which no amendment was applied (control soil) for comparative
purposes. The cores were obtained using an Eijkelkamp auger (100 cm in length and
30 mm in diameter) after 12 years of MWS amendment application. The two soil cores were
sectioned transversely into seven 10-cm thick slices that are assumed to be representative
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samples of incremental depths within the soil profile (0-10, 10-20, 20-30, 30-40, 40-50,
50-60, and 60-70 cm) in both treated and control areas.

3.2. Analytical Procedures

The soil samples were air-dried, gently crushed to pass through a 2-mm sieve, and
mixed thoroughly. Soil texture was determined by particle-size distribution analysis using a
laser diffraction analyzer (Mastersizer 2000, Malvern Panalytical, Malvern, Worcestershire,
UK). Soil reaction (pH), redox potential (Eh) and electrical conductivity (EC) were deter-
mined by stirring soil in deionized water at the ratio of 1:2.5 (g mL~!). All measurements
were performed in triplicate and averaged. Aliquots of the sieved material (<2 mm) were
ground in an agate mortar until getting a fine powder (<63 um) for analyses.

Major crystalline phases were identified by X-ray powder diffraction (XRPD) using
a BRUKER AXS D8-Advance diffractometer (Bruker Corp., Karlsruhe, Germany), with
monochromatic CuK« radiation operated at 40 kV and 30 mA. Scans of randomly oriented
bulk powders were run from 3 to 70° 20 with a step size of 0.02° and a counting time of
0.6 s per step. The XRPD raw data were processed with the software MacDiff 4.2.6 (from
R. Petschick, Goethe-Universitat Frankfurt, Frankfurt, Germany) to precisely determine
the position, intensity, and area of the diffraction peaks. Semi-quantitative estimates of
mineral abundance were made by empirical intensity factors weighting the integrated
peak area values of diagnostic reflections [34], with absolute errors averaging less than
3% [35]. Samples were examined by environmental scanning electron microscopy (ESEM)
on a JEOL JSM-IT500 instrument (JEOL, Tokyo, Japan) coupled with energy dispersive
X-ray spectroscopy (EDS). Back-scattered electron (BSE) images and EDS spectra were
acquired at 20 kV accelerating voltage to assist in the identification of accessory minerals of
environmental concern.

The soil samples were subjected to multi-acid digestion (HF-HC1O4-HNO3-HCI) fol-
lowed by inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis to
determine total concentrations of As, Cd, Cr, Cu, Ni, Pb, Sb, T1, and Zn, all which are of
environmental significance. The analyses were carried out at Activation Laboratories Ltd.
(Ancaster, ON, Canada), which is compliant to the ISO/IEC 17,025 standard. Reliability
of the analytical procedure was evaluated by the use of reagent blanks, certified reference
materials (GRX-4, GRX-6, SDC-1, DNC-1a, OREAS-45d), and replicates to check accuracy
and precision of the data. The average relative standard deviation (RSD) of the analyses
was between 1.6 and 11.7%.

Chemical partitioning of PHE in the topsoil of both the amended and the control soil
was determined using an improved Community Bureau of Reference (BCR) sequential
extraction method [36]. This protocol fractionates PHE into three operationally defined
pools: (F1) exchangeable and weak acid soluble fraction (extraction with 20 mL 0.11 mol
L~ acetic acid, CH3COOH); (F2) reducible fraction (extraction with 20 mL 0.5 mol L~!
hydroxylammonium chloride, NH,OH-HC]); (F3) oxidizable fraction (digestion with 5 mL
8.8 mol L~! hydrogen peroxide, H,O,, and extraction with 25 mL 1 mol L~! ammonium
acetate, CH3COONHy); and (F4) residual fraction (open vessel, hot plate acid digestion with
10 mL HF, 3.8 mL HNOj3, 5 mL HCIOy4, and 1.2 mL HCI). Following each extraction step, the
extract was centrifuged at 5000 rpm for 10 min, then the supernatant was filtered through a
0.45-pum membrane filter, and stored at 4° C until analysis. The PHE concentrations in the
filtered soil extract were chemically analyzed by ICP-MS using an Agilent 7900 ICP-MS
instrument (Agilent Technologies, Santa Clara, CA, USA), with detection and quantification
limits of 0.01 ug L' and 0.03 pg L1, respectively, for all the determinations.

The sequential extraction procedure was repeated at least twice to ensure repeatability
of results. The validity of the method was verified by carrying out analysis of a reference
material (BCR-701) certified for extractable metal contents in the three steps of the modified
BCR scheme [37]. The results showed a close agreement between observed and expected
values for most PHE. The mean recovery was 102.6% with a standard deviation of 10.2%
for PHE extracted in step 1, 102.2 & 5.0% for those extracted in step 2, and 92.8 £ 16.0%
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for those extracted in step 3. Moreover, the cumulative amount of PHE released from the
three steps (F1 + F2 + F3) plus residual fraction (F4) compared well with the total PHE
concentrations determined in soil samples, indicating acceptable levels of accuracy.

Easily leachable and potentially leachable fractions of PHE were assessed by single-
reagent extraction tests with deionized water and with ethylene diamine tetraacetic acid
(EDTA), respectively. Aliquots of each soil sample (<2 mm) were placed in 50-mL polypropy-
lene centrifuge tubes and shaken for 2 h, with deionized water and with 0.05 mol L~!
EDTA (adjusted to pH 7.0) at a soil:solution ratio of 1:10 (w/v) [38,39]. Afterwards, the
suspensions were centrifuged for 10 min at 5000 rpm, and then filtered through a 0.45-um
membrane filter. The PHE concentrations were measured in the filtrates by ICP-MS (Agilent
7900 ICP-MS instrument). Blank analyses were carried out to correct for contamination.
The extraction procedure was repeated twice to assess reproducibility. Precision values
were generally better than 10% RSD.

3.3. Analytical Analysis

The data obtained were statistically processed using the Statistica 10.0 (Stat Soft Inc.,
Tulsa, OK, USA) and MS Excel 2016 (Microsoft Co., USA) software packages. For statistical
and graphical purposes, all values below detection limits (non-detects) were replaced with
half of the detection limit [40]. Statistical differences between measured variables in treated
and control samples were evaluated using Student’s t-test and analysis of variance (one-
way ANOVA). Prior to analysis, the homogeneity of variance was assessed by Levene’s test.
In this study, an a-value of 0.05 was used as critical level of significance for all statistical
testing.

4. Results and Discussion
4.1. Mineral Composition and Soil Reaction

The soil affected by AMD discharges from the sulfide mine wastes is silt loam in
texture (~68% silt, 25% sand and 7% clay), and mineralogically composed of quartz, clay
minerals (illite and kaolinite) and jarosite, with minor feldspars, gypsum and hematite, as
determined by XRPD analysis of control samples (Figure 2).
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© Calcite
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Figure 2. XRPD diffractograms of topsoil samples of amended soil (T10) and control soil (ST10).
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In addition, a suite of accessory minerals was identified by ESEM-EDS, including
barite, monazite, zircon, rutile, plumbogummite, cuprospinel and poorly crystallized iron
oxides. Consistently, the contaminated mine soil has a poor buffering capacity to neutralize
acid that is being produced, or has been produced, by AMD because it is completely
free of carbonates and depleted in other acid-neutralizing minerals. Jarosite typically
occurs as clusters of euhedral crystals of less than 1 um in size, coexisting with iron oxides
nanoparticles and soil clays, as observed by ESEM at high magnification (Figure 3a,b). The
EDS spectra of some isolated crystals of a jarosite-group mineral that appear brighter in
the ESEM-BSE images revealed a remarkable amount of Pb, by virtue of which they can be
ascribed to plumbojarosite (Figure 3c).

Twelve years after amendment with MWS, the soil showed a silt loam texture with
high contents of fine-grained calcite in the topsoil layer (0—20 cm) and lower proportions of
the other constituents relative to control soil, with the exception of gypsum. It is interesting
to note that most calcite crystals remain unaltered, maintaining their original rhombohedral
morphology despite the long time since marble slurry application. Nevertheless, some
of them showed signs of partial dissolution on their surface (Figure 3d), and some others
appear to be coated by iron oxyhydroxides (Figure 3e). Direct precipitation of gypsum
(Figure 3f) was induced by partial dissolution of the carbonates added to the soil, thus
providing the Ca?* ions necessary to combine with the sulfate ions. The neutralization
reaction can explain not only the increase in gypsum concentration observed in the amended
soil layer but also the occurrence of metal oxide coatings, as the Fe3* solubility is controlled
by the precipitation of ferric iron oxyhydroxides [2].

Figure 3. ESEM-BSE images showing salient mineralogical and textural features of the amended soil
after 12 years of amendment application: (a) aggregate of jarosite with pseudocubic habit of euhedral
crystals; (b) iron oxide nanoparticle aggregate; (c) isolated pseudocubic crystal of plumbojarosite;
(d) calcite grain with dissolution grooves on its surface; (e) iron oxide coating calcite grain; and (f)
newly-formed crystal of gypsum.

Soil reaction measured on control samples was ultra-acid, with pH values ranging
from 3.1 to 3.5 (Table 1), whereas in the amended plot the soil samples had pH values
in the range of 5.8-6.4, with an average of 6.2. Therefore, the soil solution appears to be
neutralized to slightly acidic reaction throughout the entire sampled profile (0-70 cm) in
the response to MWS amendment. Moreover, the long-term measurement of soil redox
potential changed noticeably from strongly oxidizing conditions (Eh = 535-647 mV) to
moderately oxidizing conditions (Eh = 343-525 mV) after treatment. The mean values of
soil electrical conductivity were 2.62 mS cm ™! in the amended soil and 3.04 mS cm ™! in the
unamended soil, indicating a low soluble salt content in both soil solutions.
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Table 1. Electrochemical properties and semiquantitative mineral composition of the samples.

Eles:;::ﬁeetr;;cal Mineral Composition (wt %)
Sample gy Eh EC cl
cm. pH (mV)  (mS/em) Quartz Mine:;’ls +«  Feldspars Jarosite =~ Gypsum  Hematite Calcite
T10 0-10 6.3 343 3.32 10-15 5-10 <5 10-15 10—-15 <5 55—60
T20 10-20 64 458 3.01 30-35 25—-30 <5 10-15 5-10 <5 25-30
T30 20-30 6.3 421 2.85 40—45 30—-35 <5 15—-20 <5 <5 n.d.
Amended 149 3040 58 472 172 40-45 30-35 <5 15-20 <5 <5 nd.
soil T50 40-50 6.1 502 1.95 35—-40 30-35 <5 15-20 <5 <5 n.d.
T60 50—-60 6.3 407 2.90 35—-40 35—-40 <5 15—-20 <5 <5 n.d.
T70 60—-70 6.2 525 2.61 40—45 30—-35 <5 15—-20 <5 <5 n.d.
ST10 0-10 32 619 4.02 40—45 35—-40 5-10 10—-15 <5 <5 n.d.
ST20 10-20 . 647 3.10 35—40 25-30 <5 15—-20 10—15 <5 n.d.
C | ST30 20-30 3.1 644 3.07 40—45 25-30 5-10 15—-20 <5 <5 n.d.
Ontfo ST40 30-40 3.3 632 2.90 40—45 30—-35 5-10 15-20 <5 <5 n.d.
sot ST50 40-50 3.3 627 1.92 40—45 30—-35 <5 15—-20 <5 <5 n.d.
ST60 50—-60 3.5 600 2.98 35—-40 40—45 <5 10—-15 5-10 <5 n.d.
ST70 60-70 3.4 535 3.26 30-35 45-50 <5 10—-15 <5 <5 n.d.

* illite and kaolinite; EC (electrical conductivity); n.d. (not detected).

As compared to soil electrochemical properties after one year of treatment, the soil
pH declined but not to detrimental levels, from 6.8 to 6.3, and the electrical conductivity
remained practically constant at 3.3-3.5 mS cm ! twelve years after amendment application.
Given the long lapse of time since the treatment, the soil system seems to be well buffered
by carbonate equilibria, and thereby further potential acid production could be consumed
with little or no decrease in pH through acid-neutralization reactions [41].

4.2. Total Trace Element Concentrations

Results of the total concentrations of PHE analyzed in the amended and control
(no amendment) soil samples are listed together in Table 2, and displayed in Figure 4 to

graphically show the variation of concentration with depth.

Table 2. Total trace element concentrations (in mg kg~!) analyzed by ICP-OES.

Element (mg kg—1) As Ccd Cr Cu Ni Pb Sb T1 Zn
Detection limit 3 0.3 1 1 1 3 5 5 1

T10 268 14 34 1210 38 655 64 BDL 851

T20 689 0.7 46 808 20 1800 35 BDL 296

T30 1290 BDL 60 607 18 2310 22 7 176

Amended 7, 1450 BDL 64 816 17 2420 26 11 153

soil T50 1860 BDL 61 636 18 2660 20 9 134

T60 1390 BDL 72 734 19 2380 20 11 217

T70 1830 BDL 60 743 20 2620 37 9 162

ST10 711 0.3 69 756 20 2010 129 BDL 157

ST20 964 0.5 68 474 14 1990 20 BDL 129

ST30 1130 BDL 61 504 20 2080 34 BDL 121

Control ST40 980 BDL 70 1630 22 2080 34 6 156

soil ST50 1090 BDL 59 1350 20 2080 42 12 141

ST60 1110 BDL 81 825 13 3410 36 BDL 171

ST70 1060 BDL 73 777 15 3320 42 6 132

BDL (below detection limit).
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Figure 4. Vertical distribution of trace elements along the two sampling sections (amended and
control) of the soil profile.

Total concentrations of As, Cr, and Pb increased significantly (p < 0.01) with depth in
the amended soil up to a maximum of 1860 mg kg ! As at 40-50 cm depth, 72 mg kg ! Cr
(50-60 cm), and 2660 mg kg_1 Pb (40-50 cm). Compared to the control, the concentrations
of As, Pb, and Cr in the amended soil were noticeably low at the upper sampling layers (up
to 20 cm depth), and then increased with depth to levels comparable to even higher than
baseline concentration. Such vertical distribution pattern may be related to a dilution effect
caused by the incorporation of MWS to the plough layer. It is nevertheless noteworthy that
As showed a contrasted soil profile distribution, with increasing downward concentrations
suggesting leaching from the upper horizons and subsequent re-deposition.

The levels of Cu, Cd, Ni, and Zn in the surface horizon were significantly (p < 0.01)
higher than in the lower sampling depths. Notwithstanding the diluting effect due to
MWS addition, the amounts of Cu (1210 mg kg~!), Cd (1.4 mg kg~ !), Ni (38 mg kg 1),
and Zn (851 mg kg~!) found in the topsoil (0-10 cm) of the amended mini plot were
higher by a factor of 5.4 for Zn, 4.7 for Cd, 1.9 for Ni, and 1.6 for Cu relative to control soil
(Figure 5). This increased upward trend is clearly indicative of metal enrichment in the
amended surface layer. It was further found that the vertical distribution of such PHE in
the two sampling sections (i.e., MWS-amended and control) was rather similar, with the
concentration factor values ranging from 0.5 to 1.5, except for Cu that seemed to be more
depleted in the 30-50 cm depth layer.
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Figure 5. Soil profile distribution of the concentration factor (calculated by dividing the total content
of each trace element in the amended soil by that in the unamended soil) for: (a) Cd, Cu, Ni, and Zn;
and (b) As, Cr, Sb, and Pb.

A similar distribution pattern was observed when comparing the ratio between the
concentrations of PHE in the amended topsoil 12 years after treatment and those previously
reported for the surface soil before treatment [24]. Zinc, Cd, Ni, and to a lesser extent, Cu
were found enriched in the amended surface layer (Figure 6), clearly indicating retention
by the soil, while As, Cr, and Pb were relatively depleted by the dilution effect of the soil
amendment.
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Figure 6. Quotient between total concentration (C) of trace elements in the amended surface soil 12
years after amendment application (this study) and before treatment [24].

4.3. Chemical Partitioning

Trace elements were unevenly distributed among the four operationally defined soil
fractions, as determined by sequential chemical extraction (Table 3), which has been proven
to be a useful procedure for assessing the long-term mobility of PHE [37].
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Table 3. Total trace element concentrations (in mg kg~!) analyzed by ICP-OES.
F1
Trace Element (Exchangeable + F2 F3 F4
1 . .1 .
(mg kg—1) Acid Soluble) (Reducible) (Oxidizable) (Residual)
Amended soil (sample T10)
Cr 0.096 £ 0.012 0.201 £ 0.011 4.80 £0.16 204 +1.77
Ni 2.79 +£0.29 17.7 £1.16 9.64 + 0.99 142+ 04
Cu 232+£22 554 + 24 282 +22 398 + 12
Zn 116 £17 436 + 46 158 £ 9 203 +£17
As 0.545 £0.078 0.406 £ 0.028 9.94 £0.85 263+ 6
Cd 0.538 £ 0.043 0.878 £ 0.026 0.180 £ 0.017 0.267 £ 0.008
Sb 1.30 £ 0.23 2.32£0.16 1.03 £ 0.10 65.6 £ 3.37
Tl 0.068 £ 0.03 0.104 £ 0.006 0.029 £+ 0.011 1.26 +0.04
Pb 0.089 £ 0.013 0.604 + 0.014 0.173 £ 0.08 639 + 18
Control soil (sample ST10)

Cr 0.375 £ 0.010 9.7 £0.77 6.65 + 0.53 38.6 & 5.52
Ni 2.43 £0.19 120+ 0.13 0.848 + 0.082 124 +21
Cu 149 + 4 182 +13 95 +9 335+ 43
Zn 356+ 1.1 14 £1.0 8.39+0.8 96 + 15
As 0.671 £ 0.056 139 +£ 10 3.19 £0.32 553 + 69
Cd 0.095 + 0.007 0.089 £ 0.010 0.030 £ 0.003 0.283 + 0.037
Sb 0.423 £ 0.067 142 £0.16 1.33 £0.12 185 £11
Tl 0.026 + 0.003 0.105 £ 0.011 0.039 + 0.003 2.20 £ 0.05
Pb 0.047 £ 0.004 522 £3.6 0.284 £ 0.055 1619 £ 60

Fraction F1 represents the labile fraction of PHE that would be released into the
environment when soil conditions become acidic, including water-soluble, exchangeable
(non-specifically sorbed), and weak acid soluble (bound to carbonates) pools. Trace element
concentrations in the fraction F1 of the amended soil appeared insignificant (generally less
than 1 mg kg~!), except for Cu and Zn which reached 23.2 mg kg~! and 116 mg kg~!,
respectively. Despite the low level of Cd (0.54 mg kg~ !) measured in this readily available
fraction, it accounted for a relatively high extractability (28.9%).

Fraction F2 includes PHE bound to Fe and Mn oxyhydroxides, which would be easily
released into the solution as a result of reductive dissolution. Copper (554 mg kg~ !) and
Zn (436 mg kg~!) were again the most extractable PHE in the reducible fraction of the
amended soil, with an extraction yield of 44.1% and 47.7%, respectively. In addition, Cd
and Ni were solubilized in the second step of the sequential extraction (F2) to a considerable
extent in terms of percent extraction, accounting for 47.1% and 39.9% of their respective
total concentration in the surface soil.

The results showed once again that Cu (282 mg kg~!) and Zn (158 mg kg~ !) were
the PHE removed at highest grade from the oxidizable fraction (F3) of the amended soil,
which theoretically involves PHE bound to sulfides and/or organic matter. These released
concentrations represent 22.4% and 17.3% of their respective total contents in soil and they
scored the highest proportion of extractable PHE together with the extraction yield of Ni
(21.7%).

The amounts of PHE solubilized in the amended soil samples after multi-acid digestion
ranged widely depending on the element studied, with Pb (639 mg kg~!), Cu (398 mg
kg™ 1), As (263 mg kg 1), and Zn (203 mg kg~ !) being the most abundant contaminants in
the extracts. This residual fraction (F4) was the dominant pool for Pb (99.8%), As (96.0%),
Sb (93.4%), and T1 (86.2%). It must be emphasized that this residual fraction comprises not
only the PHE tightly bound to the crystal structure of silicates but also those associated
with secondary sulfates, such as jarosite-group minerals, which have not been effectively
solubilized during the first three steps of the BCR sequential extraction procedure. It is
generally agreed that jarosite-group minerals can scavenge Pb, As, Sb, and Tl in AMD-
impacted areas through structural incorporation and/or adsorption mechanisms [2,42,43].
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The lability of PHE in the amended soil, expressed as the ratio between the most labile
fraction (F1) and the sum of all other fractions (F2 + F3 + F4), decreased in the following
order (values shown in brackets): Cd (0.41) > Zn (0.15) > Ni (0.07) > Cu, Sb (0.02) > As, Cr,
Pb, T1 (<0.01). Accordingly, Cd is the most labile PHE in soil under the current conditions of
the amended mini plot whereas mobility of the other PHE remains very low unless specific
environmental conditions are induced in the soil system. Interestingly, the most labile PHE
(Cd, Zn, Ni, and Cu) are those that have been concentrated in a greater proportion in the
soil surface as a result of the MWS amendment.

By comparing the fractionation pattern of PHE in topsoil, there are significant statistical
differences between treated and untreated soil (Figure 7). The fraction of Cu, Zn, and Ni
soluble in acetic acid (F1) was significantly lower in the amended soil than in the control
soil (p < 0.01). In contrast, the extractability of Cd, Sb, and Tl was significantly higher in
the amended soil (p < 0.01). The increased association of Cd with fraction F1 after soil
amendment may suggest immobilization through carbonate precipitation by increased soil
pH rather than sorption by cation exchange. It seems possible that adsorption could have
been inhibited or limited due to the competition with Ca?* ions for binding sites [41].

Amended Control Amended Control

2%

.Z.
.Cr.
I Pb .%

] F1 (exchangeable + acid soluble)
[] F2 (reducible)

[] F3 (oxidizable)

[] F4 (residual)

Figure 7. Geochemical partitioning of trace elements in amended soil (sample T10) and control
soil (sample ST10). Extraction yields are expressed as percentage of extracted trace elements in
operationally defined soil chemical fractions: (F1) water soluble, exchangeable and weak acid soluble;
(F2) reducible; (F3) oxidizable; and (F4) residual.
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The proportions of As, Cr, Pb, and Sb linked to reducible soil components (F2) of
the amended plot were found to be significantly low relative to the control soil (p < 0.01),
while those of Cu, Zn, Ni, and Cd showed a significant increase (p < 0.01). These findings
indicate that iron oxyhydroxides were potentially responsible for retention of considerable
levels of contaminants in soil after amendment, either by adsorption or coprecipitation
processes [11].

In general, the percentages of PHE extracted from the treated soil sample under
oxidizing conditions (F3) were significantly higher (p < 0.01) than those of the control
sample, with the exception of Pb and T1. The increase was particularly noteworthy for Cu
and Ni, suggesting that a considerable proportion of them (up to 22%) seem to be bound to
naturally occurring organic substances derived from plants growing on the amended soil.

In brief, most Pb, As, Sb, T1, and Cr were found accumulated in the residual fraction
(F4) of both treated and untreated soil; the fractionation patterns of Cu and Ni were fairly
similar as they appear more or less evenly distributed among F2, F3, and F4 fractions; and
Cd and Zn seemed preferentially partitioned among the most labile compartments (F1 and
F2).

4.4. Environmental Availability

For most soil samples from the plot treated with MWS, the concentrations of PHE
released after reaction with deionized water were generally less than 1 pg kg~! with a
few exceptions (Table 4), resulting in trivial fractions of less than 0.10%, calculated as the
percentage of the total PHE concentration that was removed by the water extraction. In
environmental terms, the fraction of PHE that may be available for plant uptake and easily
leachable from the soil was assessed to be negligible. Zinc, Ni, and Cu were the PHE that
showed the highest water-extractable concentrations, with their maximum values being
measured in the leachates of the samples T50 (154 pg kg '), T40 (41.38 pg kg~ 1), and T10
(31.4 ug kg 1), respectively.

Table 4. Trace element concentrations (ug kg~!) extracted with deionized water from amended soil
and control soil samples.

(Egﬁ‘gel‘f) As cd Cr Cu Ni Pb Sb I Zn
Amended
soil
T10 494+ 039 045+0.04 0.13 +0.01 314 +272 4.71 +0.44 0.29 + 0.03 7.56 + 0.67 0.03 4+ 0.003 529+ 3.3
T20 375+0.33 025+0.02 0.16 +0.01 264+ 2.5 206 +017 034+0.07 447+038 0024+0002 9.55+0.67
T30 1.07 £0.10 0.06 £+ 0.01 0.12 +0.01 3.70 £ 0.33 6.46 + 0.64 0.42 + 0.04 0.68 + 0.06 0.04 £ 0.004 3.47 +£0.25
T40 0.84 £ 0.08 0.16 + 0.02 0.11 +0.01 13.8 £1.23 4138 +3.20 0.11 +0.01 0.62 + 0.06 0.1 £0.01 126.5 + 9.51
T50 099 +£0.10 0.16 +0.02 0.11 +0.01 141 4+1.0 11.58 £+ 1.15 0.18 + 0.02 1.05 4+ 0.08 0.1 +£0.01 154 + 13
T60 238+0.22 00440004 011+0008 5184046 0.86+0.08 0.09 + 0.007 5.03 +0.5 007 +£0.006  0.73 + 0.07
T70 1.36 £0.10 0.04 +£0.004 0.21 £0.02 297 +0.27 1.96 +0.16 0.25 + 0.02 1.85 +0.14 0.12 +0.01 12.6 +1.26
Control soil
ST10 599+058 729 +052 421 +0.40 6646 + 614 162 + 14 1.61 £ 0.16 6.39 + 0.06 0.06 £0.004 3267 £ 224
ST20 3.03+026 287 +0.27 192 +0.18 2045 4+ 127 352+24 2.69 +0.26 1.25 4+ 0.11 0.09 £ 0.007 641 + 61
ST30 226+017 343 +0.39 2.01 £0.18 2831 4+ 209 669 + 5.8 0.44 + 0.04 1.354+0.13 0.12 £ 0.008 1309 + 130
ST40 2.31+0.21 291 +0.20 1.57 +£0.10 2727 + 204 61.1 +5.0 0.97 + 0.07 145+ 0.11 0.16 + 0.02 1051 + 84
ST50 1.89+£019 2204022 1.134+0.10 2191+178 439 +42 0.46 +£0.04  1.06 &+ 0.07 0.2 +0.02 831 + 76
ST60 359 + 231 5.00 + 0.48 4.80 + 0.48 3136 + 241 47.0+33 0.39 + 0.04 33.99 £3.37 0.43 + 0.04 781 + 78
ST70 45.1+28 6.02 + 0.58 7.80 + 0.68 4437 4+ 313 64.8 + 4.8 0.61 + 0.04 33.64 +2.82 0.56 + 0.04 993 + 74

Remarkable differences were observed when comparing the PHE concentrations
extracted with water from both groups of soil samples under study. The contents of Cu, Zn,
Ni, Cd, Cr, and Pb in the extracts from the upper sampling layers (up to 20 cm depth) of the
amended plot were significantly lower than those from the control soil sample (p < 0.01).
No meaningful changes were detected in the concentrations of As and Sb released from
the surface soil, although they were higher in the 10-20 cm depth interval of the amended
soil compared to control. A significant decrease (p < 0.01) was also observed in the water-
extractable amounts of all PHE at the amended soil depth of 20-50 cm, with the exception
of Pb (at 20-30 cm depth) and Sb (at 40-50 cm depth). At deeper depths (50-70 cm), the
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water-extracted concentrations of PHE in the amended soil remained consistently lower
than those of the control.

The amounts of PHE extracted with EDTA varied noticeably depending on the element
concerned and the sampling depth, in both the amended and the non-amended soil (Table 5).
The use of EDTA as extracting reagent led to much higher (p < 0.01) extraction yields than
those determined with deionized water (Figure 8), as expected given its strong complexing
capacity [44]. The EDTA extraction method is capable of extracting PHE from all non-silicate
bound phases, likely reflecting the metal availability in the long term [45].

Table 5. Trace element concentrations (ug kgfl) extracted with 0.05 mol L' EDTA from amended
soil and control soil samples.

Element .
(ug kg 1) As Cd Cr Cu Ni Pb Sb Tl Zn
Amended
soil
T10 298426 392435 3.08+029 10877 +1739  101+8 129 + 11 16.7+13  0.074+0.006 13419 + 940
T20 109 £ 0.9 235+19 559 + 0.5 6517 4+ 639 42+ 3 162 + 14 12.3 + 0.8 0.07 £ 0.004 3951 + 388
T30 59406 408+039 458+0.3 3261 =4 266 4243 334 +28 58405 040 +£0.03 1577+ 118
T40 112409 3154027 4214038  2383+£223 361425 289+19 144+13 0754 0.005 873 + 77
T50 154+14 434+032 387+£032  3062+246  315+£23 444442 184+17 093 +0.07 813 + 81
T60 37.7+£22 102407 115+ 1.1 4775 + 408 2014+18 589 +36 447439 0714007 33154294
T65 250+£20 535+093 476+ 045 3557 + 302 41.1+39 402 + 30 249 +24 1.23 +0.10 1101 £ 108
Control soil
ST10 116+11 7374073 309422 13,126+ 1260 154+12 142+ 12 69.8+69  0.07+0.01 2624 + 213
ST20 133412 3674032 8874067  4479+434  3814+32 473+42 7774066  0.16+0.01 898 + 56
ST30 776+49 379+037 231+21 6143 +355  682+44 190+ 14 329424  053+£004 1206 + 108
ST40 579455  3.0940.26 117 £7 6642 + 660  634+54 179+ 16 351432  0.69 =+ 0.05 788 + 46
ST50 424+41 3.17 £ 0.31 8.28 £ 0.82 4723 £ 359 457 £39 145 + 12 223+14 1.15+£0.11 624 + 55
ST60 578 £49 887 +077 351431 14,6634+1371 572453 452440 12547 1.71 £ 0.15 1017 4+ 97
ST70 477 £40 809+ 081 444+37 1562741561 755+73 579457 135+ 10 1.75 4+ 0.12 1137 £ 99
pgAskg™ pgCd kg™ pg Crkg! png Cukg™ pg Nikg!
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Figure 8. Vertical distribution of trace element concentrations extracted by deionized water and
EDTA from the two sampling sections (amended and control) of the soil profile.
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Certainly, Zn and Cu were the most abundant PHE in the topsoil extracts of the
amended plot, where the EDTA-extracted concentrations reached up to 13,419 pg kg !
and 10,877 ug kg~ !, respectively. Despite the high levels of Zn and Cu measured in the
extracts, the mobilizable fraction of Zn was 1.58%, and that for Cu accounted for only 0.90%.
The maximum contents of Pb (402-589 pg kg~!) were extracted from the subsoil samples
(50-70 cm depth), while the remaining PHE were at lower concentration in the extracts
(mostly below 50 pg kg ') over the entire soil profile.

The amended upper surface layer (0-10 cm depth) had a significant increase (p < 0.01)
in the levels of Zn and Cd in comparison with the control soil. It was also found that the
soil cores were significantly enriched (p < 0.01) in the EDTA-extracted concentrations of
Zn over the entire profile of the amended plot, as well as in those of Cd, Cu, and Sb at the
depth of 10-20 cm, and Pb at 20-60 cm depth. Conversely, As, Cr, Cu, Ni, Sb, and Tl were
generally most abundant in the EDTA extracts from the control soil samples. Furthermore,
the comparison also revealed a generalized significant decrease (p < 0.01) in the PHE levels
extracted with EDTA from the deeper sample (60-70 cm depth) of the amended soil.

To give a clearer picture of the effects of soil amendment on environmental availability
of PHE with time, Figure 9 shows a bar chart comparing water-soluble and EDTA-extracted
concentrations of PHE in the surface layer (0-10 cm depth) of the untreated soil, one year
after and twelve years after amendment application. The extractable levels of PHE did
differ statistically between the three groups of samples (one-way ANOVA, p < 0.01).

100,000
) b
10,000 E

1000

100

10

Zn Cu Pb Cr Ni Cd As Zn Cu Pb Cr Ni Cd

- Untreated I 1 year after application [] 12 years after application

Figure 9. Bar chart comparing trace element availability before and after marble slurry waste appli-
cation, at years one and twelve after soil amendment. (a) Water-extracted concentration; (b) EDTA-
extracted concentration.

Before soil amendment, substantial amounts of PHE were released from the mine
soil, as indicated in previous work [24]. The leachability risk was particularly high for Zn
and Cu. Given that metal sorption and many metal precipitation processes increase with
pH [11,46], amelioration of soil acidity by use of MWS amendment was the major factor
driving the immobilization of contaminants, by reducing the activity of H* ions in soil
solution and increasing negatively charged sites on soil particles. This in turn boosted the
adsorption capacity of amended soil as the water-soluble levels of PHE and their uptake by
plants dropped following MWS addition, except for As. Increased As mobility observed
in the treated soil one year after amendment may also be linked to the increase in the
negatively-charged surfaces of soil particles after acid neutralization [47], thus preventing
the adsorption of water-soluble As oxyanion species.

When comparing soil treated with MWS at years one and twelve after amendment
application, a salient decrease in the water-soluble concentrations (Figure 9a) of As, Cu,
and Ni was observed with treatment time (p < 0.01), while the opposite trend was apparent
for Zn, Pb, and Cd (p < 0.01). A plausible mechanism for reduced As leaching could be
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formation of low-solubility calcium arsenates [48-50], due to reaction of dissolved calcium
with arsenic, as reported in other acid mine soils reclaimed with sugar beet lime and
composted biosolids [41]. Decreased Cu and Ni availability can be ascribed to adsorption
onto organic matter or formation of stable complexes with organic ligands [51]. On the
contrary, the release of Zn, Pb, and Cd from the amended soil increased after 12 years. The
competition with Ca?* ions for sorption sites could have displaced such PHE from the soil
binding sites increasing their labile fractions, although they were limited in comparison
with those determined in the unamended soil.

The extractable amounts of PHE by EDTA (Figure 9b) showed a similar pattern of
results for the same time period excepting that of Cu, which increased from 12 to 22% with
treatment. This could be explained by the fact that EDTA is a chelating agent that has the
ability to release the fraction of Cu associated through complexation with various forms of
organic material [52].

5. Conclusions

A mini plot field study was conducted to test the long-term effects of amending a
heavily contaminated mine Technosol with a single application of MWS, with emphasis
on soil reaction, chemical partitioning, and PHE retention. Soil acidity (pH = 3.1-3.5)
and release of PHE were effectively reduced by amendment after its incorporation and
these improvements were still observed after 12 years of its application. The addition
of MWS provided a high pH-buffering capacity (pH = 5.8-6.4) to soil, making it less
susceptible to eventual re-acidification over time, and therefore to PHE mobilization. Soil
acidity neutralization affected the status and occurrence mode of PHE, rendering them less
potentially phytotoxic and available for plant absorption, as indicated by the presence of
plant species spontaneously growing in the amended site. Decreased mobility of Cu, Zn, Ni,
and Cd most likely occurred by retention in reducible phases, mainly poorly crystallized Fe
oxides, while Pb, As, Sb, T1, and Cr were mostly found accumulated in the residual fraction,
linked to insoluble secondary oxidation minerals and undissolved phases.

Consistently, application of MWS amendment is a promising option for assisting
sustainable natural remediation of degraded mining landscapes with long-term efficacy on
PHE immobilization, as well as an attractive way of industrial waste recycling. However, it
is important to note that, in the event of re-acidification, a considerable proportion of Zn
and Cd retained in topsoil as exchangeable and weak acid soluble forms could be released
by ion exchange and dissolution reactions. It has also been shown that the competitive
effect of Ca®* ions for sorption sites could displace PHE from soil binding sites into soil
solution enhancing the mobility of weakly adsorbed metallic cations. Therefore, further
monitoring would be required to assess the chemical stability of PHE over a longer time
span, the ageing process of the amendment, and the potential risk of transfer from soil to
growing plants.
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4.4. Aplicacion de tecnosuelos para estimular el crecimiento vegetal
en suelos mineros de Rio Tinto, un andlogo geoquimico vy
mineralégico de Marte

Basado en el articulo:

Unveiling a Technosol-based remediation approach for enhancing plant growth in
an iron-rich acidic mine soil from the Rio Tinto Mars analog site. Science of the Total
Environment 922 (2024) 171217

Los suelos mineros de Rio Tinto se caracterizan por una acidez extrema, altas
concentraciones de hierro y EPT, asi como por la falta o escasez de nutrientes. Estas
condiciones inhiben el crecimiento de la vegetacidn, dificultando la restauracion
ecoldgica y la estabilidad del ecosistema. Ademas de su importancia local, los suelos
del distrito minero de Rio Tinto se consideran un andlogo terrestre de Marte debido
a sus caracteristicas geoquimicas y mineraldgicas semejantes a las condiciones de
algunos sitios marcianos. Esto convierte a Rio Tinto en un laboratorio natural tnico
para investigar nuevas soluciones tecnoldgicas de remediacion ambiental con

implicaciones astrobioldgicas.

Este estudio propone el uso de tecnosuelos elaborados a partir de RNP como
una alternativa para mejorar las propiedades del suelo, reducir la toxicidad vy
promover el crecimiento vegetal. El objetivo principal fue evaluar la eficacia de
diferentes formulaciones de tecnosuelos en la mitigacion de los efectos de la acidez
y de los metales pesados en el suelo, y en la promocion del crecimiento vegetal

(Brassica juncea).

4.4.1. Resultados mas relevantes y discusién

La investigacion se llevd a cabo mediante experimentos en macetas, donde se
probd la capacidad de diferentes tecnosuelos para mejorar un suelo del entorno de
la mina Pefa de Hierro (PH), contaminado con cenizas de tostacién de pirita. Las

enmiendas utilizadas fueron una mezcla de residuos organicos (lodos de clarificacién
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de agua, residuo R3) y residuos inorganicos (escoria blanca de acero, residuo R5; y

escoria de horno de hierro, residuo R6) en diferentes proporciones.

El suelo sin tratar (control) produjo lixiviados altamente acidos (pH= 2,5),
favoreciendo la movilizacién de Pb (26,16 mg kg™), Zn (4,94 mg kg™) y Cu (2,29 mg kg
"). Por el contrario, los lixiviados de los tecnosuelos fueron moderadamente alcalinos
y su contenido de cationes divalentes, como Cu**, Zn**, Pb** y Cd**, experimentd una
disminucién notable con el tratamiento, entre 2 y 9,5 veces dependiendo del

elemento.

Por otro lado, elementos como As, Cr y Sb, que tienden a formar oxianiones
complejos, mostraron ligeros incrementos en algunos lixiviados de tecnosuelos en
relacion al suelo sin tratar, lo que se atribuye a la reduccidn de la capacidad de sorcidn
anidnica del suelo por el aumento del pH. No obstante, la fraccidn lixiviable de estos

elementos fue insignificante.

En base a los resultados de los ensayos de lixiviacion, se seleccionaron los
tecnosuelos mds eficaces (S2T8-25 y S2T13-25) para la experimentacién en macetas
con plantacién de Brassica juncea. Los resultados mas destacados obtenidos en esta

fase experimental fueron:

¢ Neutralizacién de la acidez. Las formulaciones de tecnosuelos lograron una
reduccidn significativa de la acidez neta del suelo, elevando los niveles de pH desde
valores extremadamente dcidos (pH 2.1-3.0) a rangos mas neutros o ligeramente

alcalinos (pH 6.8-8.2).

e Inmovilizacion de elementos potencialmente téxicos. Se observd una
drastica reduccién en las concentraciones de metales lixiviables. Especificamente, los
niveles de Pb, Zn y Cu disminuyeron a concentraciones despreciables (< 1 mg/L) y se

transformaron en especies menos tdxicas y mas estables.

e Mejora de las propiedades del suelo. Las enmiendas contribuyeron a mejorar

las propiedades fisico-quimicas del suelo, como la disponibilidad de nutrientes y la

124



capacidad de intercambio catidnico, creando un medio mas favorable para el

crecimiento de las plantas.

e Promocién del crecimiento vegetal. Los tecnosuelos mostraron una notable
capacidad para fomentar la germinacion de semillas y el crecimiento de plantulas. La
respuesta de Brassica juncea (tasas de germinacidn y supervivencia, altura de la planta
y numero de hojas) fue significativamente mejor en los suelos tratados en
comparacion con el suelo minero original, donde la tasa de germinacidon fue nula. La
mejora en el crecimiento de las plantas es una prueba directa de la eficacia de la

remediacion.

e Formulacién éptima. Entre las formulaciones evaluadas, el tecnosuelo S2T8-
25 demostrd ser el mas efectivo para superar las limitaciones del suelo minero,
favoreciendo un crecimiento mas vigoroso de las plantas y una mayor tasa de

supervivencia, similar al control con mantillo.

4.4.2. Conclusiones

Este estudio demuestra que los tecnosuelos lograron neutralizar eficazmente
la acidez, inmovilizar significativamente los EPT y mejorar sustancialmente las
condiciones del suelo, dando lugar un crecimiento exitoso de las plantas. Por tanto,
contribuye a los objetivos generales de la tesis al demostrar la viabilidad de la
revegetacion en suelo mineros complejos, y ampliando la aplicacion del concepto de

tecnosuelo a ambientes extremos.

La formulacién del tecnosuelo S2T8-25, con una mezcla de lodos de
clarificacién de agua y escoria blanca de la industria del acero, mostré el mayor
potencial para superar las limitaciones del suelo minero, facilitando la adaptacién de

las plantas y la estabilizacion de los contaminantes.

Para futuras investigaciones, se recomienda validar los resultados en ensayos
de campo con diferentes especies vegetales, para evaluar la aplicabilidad a gran

escalay la resiliencia a largo plazo de esta estrategia de remediacion.
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El reconocimiento de Rio Tinto como andlogo de Marte también abre una via
para la investigacion en astrobiologia y la posibilidad de extender estos principios de

revegetacion a ambientes extraterrestres con caracteristicas geoquimicas similares.
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ABSTRACT

This paper explores the potential of Technosols made from non-hazardous industrial wastes as a sustainable
solution for highly acidic iron-rich soils at the Rio Tinto mining site (Spain), a terrestrial Mars analog. These mine
soils exhibit extreme acidity (pHu2o = 2.1-3.0), low nutrient availability (non-acid cation saturation < 20 %),
and high levels of Pb (3420 mg kg™ 1), Cu (504 mg kg~ 1), Zn (415 mg kg™1), and As (319 mg kg™!), hindering
plant growth and ecosystem restoration. To address these challenges, the study systematically analyzed selected
waste materials, formulated them into Technosols, and conducted a four-month pot trial to evaluate the growth
of Brassica juncea under greenhouse conditions. Technosols were tailored by adding varying weight percentages
of waste amendments into the mine Technosol, specifically 10 %, 25 %, and 50 %. The waste amendments
comprised a blend of organic waste (water clarification sludge, WCS) and inorganic wastes (white steel slag,
WSS; and furnace iron slag, FIS). The formulations included: (T0) exclusively mine Technosol (control); (T1) 60
% WCS + 40 % WSS; (T2) 60 % WCS + 40 % FIS; and (T3) 50 % WCS + 16.66 % WSS + 33.33 % FIS. The
analyses covered leachate quality, soil pore water chemistry, and plant response (germination and survival rates,
plant height, and leaf number). Results revealed a significant reduction in leachable contaminant concentrations,
with Pb (26.16 mg kg™1), Zn (4.94 mg kg™!), and Cu (2.29 mg kg~ !) dropping to negligible levels and shifting
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towards less toxic species. These changes improved soil conditions, promoting seed germination and seedling
growth. Among the formulations tested, Technosol T1 showed promise in overcoming mine soil limitations,
enhancing plant adaptation, buffering against acidification, and stabilizing contaminants through precipitation
and adsorption mechanisms. The paper stresses the importance of tailoring waste amendments to specific soil
conditions, and highlights the broader implications of the Technosol approach, such as waste valorization, soil
stabilization, and insights for Brassica juncea growth in extreme environments, including Martian soil simulants.

1. Introduction

The exploration of Martian surface and its potential for supporting
plant growth is an active area of research in Astrobiology (Eichler et al.,
2021; Medina et al., 2021). The challenges posed by Martian soil for
sustaining plant life under terrestrial conditions such as nutrient scarcity
and potential toxicity requires substantial modifications. This involves
creating an environment suitable for plant survival and growth,
including the addition of organic matter, nutrients, water, and pH ad-
justments. Studies have shown that certain plant species can germinate
and grow in Mars soil simulants under optimal conditions (Silverstone
et al., 2005; Wamelink et al., 2014; Kasiviswanathan et al., 2022;
Caporale et al., 2023). However, these simulants may not accurately
replicate actual Martian soil, and there are uncertainties about the
extent to which they can support plant growth.

An alternative approach to explore the potential of Martian soil is to
investigate analogous extreme environments on Earth (Marlow et al.,
2008; Preston and Dartnell, 2014). These terrestrial analog sites provide
valuable insights into physical, geochemical, and microbiological pro-
cesses that might have taken place on the red planet (Navarro-Gonzalez
etal., 2003; Peters et al., 2008; Valdivia-Silva et al., 2016). They can also
serve as a testing ground for Mars exploration instruments, and aid in
interpreting the formation mechanisms of iron oxide-rich soils (Marlow
et al., 2008).

The Rio Tinto mine site (Fig. 1), in southwestern Spain, is recognized
as a terrestrial analog site of significant interest for studying the Terra

IBERIAN
PENINSULA

NI

g/
27N W,

Meridiani hematite region of Mars due to mineralogical and geochem-
ical similarities (Fernandez-Remolar et al., 2004; Amils et al., 2007,
2014; Edwards et al., 2007; Sanchez-Garcia et al., 2020). The NASA's
Mars Exploration Rovers have detected the presence of hematite, jar-
osite, and evaporitic sulfate minerals (Klingelhofer et al., 2004; Chevrier
and Mathé, 2007; Edwards et al., 2007; Hazen et al., 2023) providing in
situ evidence for an ancient aqueous environment at Meridiani Planum
(Squyres et al., 2004). In terrestrial environments, the inferred mineral
assemblage is often linked to near-surface processes involving the
oxidative dissolution of pyrite and the subsequent acid-sulfate chemical
reactions that drive under highly acidic and oxidizing conditions, similar
to the environment found at the Rio Tinto analog site (Fernandez-
Remolar et al., 2005).

Historically, the Rio Tinto mining district engaged in extensive open-
air sulfide roasting operations to extract copper from low-grade ores
(Salkield, 1987). The roasted mineral was subjected to acid leaching
with mine water leaving a solid residue of ferric iron oxide (red waste)
on the calcination grounds (Fig. 1a). Meanwhile, the leach liquors were
transferred into cementation tanks where dissolved copper was precip-
itated by using iron scrap chips. Interestingly, the iron-rich contami-
nated soil resulting from this ancient metallurgical process (Fig. 1b)
shares similarities with hematite-rich Martian regions in terms of its
chemical and mineralogical composition. Nutrient deficiencies coupled
with extreme acidity, and elevated levels of sulfate and phytotoxic trace
elements create an inhospitable environment for plant growing in this
mine Technosol (Fernandez-Landero et al., 2023).

Fig. 1. Map of the Rio Tinto mining area (viewfinder SIGPAC) and illustrative images showing (a) roasted pyrite heaps; (b) mine Technosol contaminated with

roasted pyrite wastes; and (c) sampling locations at the Pena de Hierro mine site.
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Moreover, prolonged exposure to pollutants could lead to chronic
health issues for human and wildlife populations. As such, effective
management of this environmentally significant soil requires the adop-
tion of sustainable remediation strategies to minimize the dispersion of
contaminants and their potential associated risks. The application of
Technosol-based methods for in situ immobilization of contaminant
trace elements may offer a cost-effective and eco-friendly approach to
land reclamation (Séré et al., 2008; Novo et al., 2013; Watkinson et al.,
2017; Forjan et al., 2018; Santos et al., 2019; Weiler et al., 2020; Ruiz
et al., 2023). This remediation strategy involves the use of soil amend-
ments derived from non-hazardous waste materials to create a condu-
cive environment for the establishment of plants. The combined use of
waste amendments and revegetation in mine soils offers several ad-
vantages (Tordoff et al., 2000; Fernandez-Caliani et al., 2021),
including: (i) immobilization of contaminants in the rhizosphere; (ii)
reduction of risk exposure to wind-blown or re-entrained toxic partic-
ulates through ingestion or inhalation; (iii) aesthetically pleasing and
publicly accepted landscape; (iv) beneficial habitat for wildlife.

By adopting a circular economy approach, this study addresses
challenges linked to plant growth within a Martian-like mine soil, of-
fering insights for optimizing soil properties and plant development.
Specifically, it was aimed to assess the effectiveness of chemical stabi-
lization in alleviating soil acidity and reducing the availability of toxic
elements for plants. Additionally, it seeks to analyze the adaptability and
resilience of Brassica juncea (L.) Czern, a known metal-tolerant plant,
under tailored waste amendment combinations, focusing on germina-
tion and seedling growth patterns.

2. Materials and methods
2.1. The mine Technosol

The study area, located at the Pena de Hierro site in the Rio Tinto
mining district (Fig. 1c), features a unique mine soil characterized by
significant amounts of technogenic artifacts (red waste) resulting from
past pyrite roasting processes. This residue poses a challenge to vege-
tation establishment, hindering the application of phytoremediation
techniques. Classified as a Spolic Toxic Technosol according to World
Reference Base for Soil Resources (Schad, 2018), the mine soil is
composed mainly of well-crystallized hematite, lending it a distinct
reddish hue (dry soil color Munsell chart 10R 4/2) reminiscent of the
iron oxide prevalent on the Martian surface (Chevrier and Mathé, 2007).
It also includes jarosite, quartz, amorphous or poorly ordered Fe phases,
and minor constituents such as mica, kaolinite, feldspars, barite,
anglesite, and efflorescent salts of iron sulfates (Fernandez-Landero
et al, 2023). Unlike relatively insoluble sulfate minerals (barite,
anglesite, jarosite), the efflorescent salts undergo cycles of dissolution
and reprecipitation due to dynamic wetting and drying conditions.

Soil analysis (Table 1) of the top layer (0-20 cm), extracted with an
Edelman hand auger and previously analyzed by Fernandez-Landero
et al. (2023), revealed silt loam texture, extremely acidic soil reaction
(PHuz0 = 2.1-3.0), strongly oxidizing conditions (Eh = 751 + 46 mV),
and relatively low electrical conductivity (< 1.8 mS cm™!). Upon
exposure to hydrogen peroxide, pHy2o2 values fall within the range of
PHu2o values, indicating a scarcity of sulfide minerals. Pyritic sulfur
content was relatively low (0.15-0.18 %), confirming minimal unroas-
ted sulfide ores in the red waste. Notably, sulfate was the predominant
sulfur form (0.78-1.71 %), mainly due to jarosite-group minerals,
resulting in an estimated modest release of latent acidity from sulfide
oxidation (approx. 100 mmol H" per kg of soil or 3.06 kg of H,SO4 per
ton). Importantly, results from an HyOo-based static test (Fernandez-
Landero et al., 2023) revealed that potential acid-consuming phases
were ineffective in neutralizing sulfidic acidity, as evidenced by the
mean value of net acid generation (NAG = 114 mmol H kg~!). Nutrient
deficiencies are evident with low total carbon content (0.07 %) and
reduced levels of exchangeable non-acid cations (mean non-acid cation
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Table 1
Soil properties and total concentrations of major and trace elements determined
by ICP-OES on the <2 mm size fraction.

Parameter Mine soil samples
PH-1 PH-2 PH-3 Mean std.
Dev.
Sand (%) 15.9 15.0 18.0 16.3 1.5
Silt (%) 69.0 74.3 71.0 71.4 2.6
Clay (%) 15.1 10.7 11.1 12.3 2.4
Electrical conductivity 1.66 1.49 1.78 1.64 0.15
(mScm )
Eh (mV) 698 786 768 751 46
PHio0 3.0 2.5 2.1 2.5 0.4
PHizo02 2.8 2.5 2.4 2.6 0.2
Ni;’;::lg?;igmn 144 104 93.3 114 26.9
Ssulfate (g kg™ 17.1 7.8 10.7 11.9 4.8
Spyrite (8 kg 1) 1.8 1.5 1.6 1.6 0.2
Ciotal (g kg™) 0.8 0.5 0.7 0.7 0.2
Cation exchange
capacity (cn1g01+kg’1) 14.2 2.5 4.0 6.9 6.3
Base saturation (%) 5.6 18.7 11.7 12.0 6.5
Major elements (g kg )
Al 22.6 3.0 4.6 10.1 10.9
Ca <0.1 <0.1 <0.1 <0.1 <0.1
Fe 352 461 470 428 65.7
K 7.1 1.3 1.9 3.4 3.2
Mg 0.4 0.1 0.1 0.2 0.2
Na 1.4 0.3 0.8 0.8 0.6
Trace elements (mg
kg™
As 319 150 152 207 97
Bi 86 108 100 98 11
cd 3 3.3 3.1 3.1 0.2
Co 46 46 47 46 0.6
Cr 18 7 9 11 5.9
Cu 504 400 384 429 65
Ni 8 8 9 8 0.6
Pb 2340 3420 2980 2913 543
Tl 12 17 15 15 3
Zn 415 314 311 347 59

saturation of 12 %), reflecting the limited nutrient-supplying capacity of
the highly acidic mine soil.

Given the dominance of iron-rich minerals, particularly hematite,
iron was the most abundant major element in the mine soil samples,
with an average content of 42.8 wt%. Other major elements such as Al,
Mg, Ca, Na, and K were present at concentrations generally below 1 wt
%. Total concentrations of potentially hazardous elements consistently
remained at elevated levels, with Pb (up to 3420 mg kg™1), Cu (up to
504 mg kg™1), Zn (up to 415 mg kg 1), and As (up to 319 mg kg 1) being
the major contributors to the trace element budget. Moreover, the mean
contents of Bi, Co, T, and Cd peaked at 98 mg kg !, 46 mg kg~ !, 15 mg
kg™, and 3.1 mg kg!, respectively. Trace element concentrations
surpassed regional geochemical background by one to two orders of
magnitude (Galan et al., 2008), collectively pointing to an extremely
high degree of multi-elemental contamination (Romero et al., 2006;
Fernandez-Landero et al., 2023; Yesares et al., 2023). Concentrations of
Pb, As, and Tl exceeded screening levels for evaluating contaminated
soils in Southern Spain (Junta de Andalucia, 2015), posing unacceptable
risks to potential receptors. Consequently, effective measures are
imperative to mitigate potential exposure to soil contaminants.

2.2. Experimental setup

The experimental setup encompassed several key steps, including the
selection and characterization of non-hazardous waste materials,
formulation and blending process, physical and chemical testing, and
trials with plants in pots. All these steps were designed to ensure the
development of Technosols capable of enhancing soil quality for vege-
tation restoration.
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2.2.1. Selection of waste materials for Technosol-based remediation

Three industrial wastes were selected as secondary raw materials for
constructing Technosols: (i) sludge generated during the process of
water clarification (WCS); (ii) white slag from steel making industry
(WSS); and (iii) furnace slag from iron production (FIS). These waste
materials, classified as non-hazardous under the codes 19 09 02, 10 02
02, and 10 09 03, respectively, within the European Waste Catalogue
(Commission Decision 2000/532/EC), are abundantly generated and
readily available on a global scale. Annually, drinking water treatment
plants produce millions of tons (Mt) of sludge, with the volume steadily
increasing due to the growing demand for water (Nguyen et al., 2022).
In 2022, the global production of blast furnace slags ranged from 330 to
390 Mt., while steel-making slags amounted to between 190 and 290 Mt.
(USGS, 2023). WCS sludge typically contains solid particles, organic
matter, and other substances that have been removed by coagulation
and flocculation processes during drinking water treatment. This re-
sidual material was incorporated as an organic component into the
Technosol, enhancing soil structure and water retention capacity, while
also providing essential macronutrients (N, P, K, S, and Mg) for
improved soil fertility (Dassanayake et al., 2015; Watkinson et al.,
2017). WSS and FIS slags have potential as liming agents, for assisting
acid-neutralization and removal of trace elements and Fe(II) from acid
mine drainage systems (Yang et al., 2022). Currently, these materials
have no further utility and are being consistently disposed of in a landfill
located at Nerva, within the Rio Tinto mining area. The company
managing the landfill provided representative samples of the waste
materials specifically for this study.

Before constructing Technosols, a comprehensive characterization of
the chosen waste materials was performed, analyzing physical and
chemical properties to ensure their suitability for chemical stabilization
and potential adverse effects on soil quality and plant growth. The waste
samples were air-dried, gently disaggregated, and sieved to 2 mm.
Analysis covered particle size distribution, pH (in water), Eh, electrical
conductivity, carbon contents (total, organic, and inorganic), nutrient
contents (total nitrogen, assimilable phosphorus and potassium), min-
eral composition, and total concentrations of major elements (Fe, Al,
Mg, Ca, Na, K, P, Ti, S) and trace elements of environmental significance
(As, Bi, Cd, Co, Cr, Cu, Hg, Ni, Pb, T1, Zn). In addition, a leaching test was
conducted following European Standard EN-12457-4, using a liquid-to-
solid ratio of 10 L kg~ with end-over-end agitation for 24 h. This aimed
to quantify potentially toxic trace elements that could leach from the
waste material when exposed to rainfall. The leachate solutions were
filtered through 0.45 pm syringe filters, acidified with dilute nitric acid,
and stored in polyethylene bottles at 4 °C until analysis.

2.2.2. Constructed soil formulation

The Technosol-based remediation strategy involved the formulation
of engineered soils tailored for remediating mining areas contaminated
with red wastes. Waste amendments were prepared by manually
blending WCS, WSS, and FIS in predetermined ratios to achieve a
balanced combination of organic and inorganic components, allowing
for enhanced fertility and contaminant immobilization capability. The
chosen formulation ratio was 60:40 (w/w), meaning 60 % organic waste
and 40 % inorganic waste on a dry weight basis. An exception was made
for one Technosol, which tested an equal proportion of organic (50 %
WCS) and inorganic (16.66 % WSS and 33.33 % FIS) waste materials.
Similar ratios are usually reported in the literature for the formulation of
tailor-made Technosols from wastes for the restoration of degraded
mining areas (e.g. Yao et al., 2009a, 2009b; Santos et al., 2016; Asensio
et al., 2019).

The Technosols were created through a blending process, where the
waste material mixture, referred to as waste amendments, was thor-
oughly hand-mixed with the most representative sample of the mine soil
(PH-2). To tailor the Technosols to the unique characteristics of the red
mine soil, adjustments were made to the amendment mixtures. Thus,
distinct Technosols were crafted by adding varying weight percentages
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of waste amendments into the mine soil, specifically 10 %, 25 %, and 50
%, in order to test the effect of the waste content on Technosol perfor-
mance. The mine soil sample PH-2 was selected as the control for the
laboratory experiment, providing a baseline measurement to assess the
influence of the amendments on soil properties. Overall, there were
eight mixtures (TO, T1la, T1b, Tlc, T2a, T2b, T2¢, and T3) including the
control (Table 2).

Additionally, both untreated soil and soil treated with waste
amendments were subjected to the EN-12457-4 leaching test to evaluate
leachability and the quality of the resulting leachates. This evaluation
played a crucial role in selecting optimal blends for growing purposes.
The chosen blends were manually homogenized thoroughly and then
moistened with distilled water to water-holding capacity (24-34 % dry
weight). Subsequently, they were placed in polypropylene containers
and left at room temperature (20 + 4 °C) for two weeks to allow for
equilibration before being transferred to pots.

2.2.3. Pot experiment with Brassica juncea growth

In the next phase of the experimental setup, a pot trial was carried
out with Indian mustard (Brassica juncea, var. scala) to assess the effects
of waste amendments on plant establishment and development.
B. juncea is a versatile herbaceous plant native to the Indian subconti-
nent, cultivated globally due to its adaptability to diverse climatic
conditions and various soil types. The selection of this species was based
on its rapid growth rate and dense root system, which significantly
contributes to enhanced soil fertility and stability. Given its remarkable
tolerance to potentially toxic trace elements, B. juncea is suitable for
phytostabilization and revegetating mine soils (Novo and Gonzalez,
2014; Pérez-Esteban et al., 2014; Forjan et al., 2018). It also serves as a
valuable indicator of phytoavailability, assessing the effectiveness of
potential remediation treatments in metal-contaminated soils (Clemente
et al., 2005). High-quality seeds were supplied by AgroEcology (El Ejido,
Almeria, Spain) and carefully selected to ensure uniformity and
viability.

Potting mixtures, each weighing approximately 3.5 kg, were pre-
pared by mixing predetermined ratios of mine soil and waste amend-
ments, and filled into individual pots of appropriate size (15 cm depth
and 15 cm diameter) with tiny drainage holes at the base to prevent

Table 2

Formulation of the Technosols produced from water clarification sludge (WCS),
white steel slag (WSS), and furnace iron slag (FIS), with the mixing percentage
expressed in weight percent.

Sample  Technosol  Technosol composition Amendment composition
PH-2 Control 100 % 0% - - -
mine amendment
soil
90 %
. 10 % 60 % 40 %
Tla $218-10 rm.ne amendment WCS WSS )
soil
75 %
. 25 % 60 % 40 %
T1b 5218-25 mine amendment WCS WSS -
soil
50 %
. 50 % 60 % 40 %
Tle 5218-50 ml.ne amendment WCS WSS -
soil
90 %
. 10 % 60 % 40 %
T2a S2T11-10 mllne amendment WCS - FIS
soil
75 %
. 25% 60 % 40 %
T2 S2T11-25 mllne amendment WCS - FIS
soil
50 %
50 % 60 % 40 %
T2 2T11- i -
¢ § 50 ml'ne amendment WCS FIS
soil
75 %
25 % 50 % 16.66 33.33
T 2T13-2 i
3 §2T13-25  mine amendment ~ WCS % WSS  %FIS

soil

WCS: Water Clarification Sludge. WSS: White Steel Slag. FIS: Furnace Iron Slag.
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waterlogging. A layer of gravel was placed beneath of each pot to pre-
vent soil leakage. Before planting, germination testing was conducted on
B. juncea seeds to assess seed viability and evaluate the suitability of the
constructed Technosols for promoting seedling establishment. For each
Technosol, the seeds were spread on Petri dishes (30 seeds per plate),
moistened with tap water, and subjected to day (10 h)-night (14 h) light
cycles at temperatures ranging from 18 to 22 °C. Germination progress
was observed and recorded over a period of 4-6 days. Following suc-
cessful germination, five B. juncea seedlings, having reached the stage
with two fully expanded cotyledons, were carefully transferred to the
pots filled with Technosol, allowing enough space for plant growth. For
quality control and accurate testing, three replicate pots of each Tech-
nosol were prepared. Additionally, a single pot was exclusively filled
with mine soil (sample PH-2), without any sown seeds, while another
pot was filled with mulch and used for planting, serving as the control
treatment.

The pots were placed inside a glasshouse environment under natural
sunlight conditions. Over the experimental period, extending from
February to May 2023, temperatures ranged from 10 °C to 42 °C, air
humidity levels varied between 25 % and 80 %, and daily light exposure
lasted 10.5 to 14.5 h. The pots were regularly irrigated with tap water
(pH = 6.85; EC = 0.65 mS cm 1) to maintain optimal moisture levels for
plant growth, avoiding overwatering or waterlogging. The moisture
levels typically ranged from 65 % to 75 % of the soil water-holding
capacity. Tap water was administered three times a week at a rate of
either 50 mL or 100 mL, depending on the evaporation rate. Throughout
the experiment, relevant parameters including pH, electrical conduc-
tivity and chemical composition of soil pore water, were regularly
measured and recorded for both Technosols and the control sample.
These measurements were conducted monthly for four months.

Soil solution sampling was performed under moisture conditions
equivalent to field capacity using Rhizon soil moisture samplers (Eij-
kelkamp, The Netherlands) inserted into the soil at a 45° angle. This
consists of a porous polymer tube with a pore size of 0.15 pm connected
to a PVC tube and a Luer-Lock connector (Clemente et al., 2008). Soil
pore water was sampled by pulling a vacuum with a 50 mL syringe and
used immediately for pH, Eh, and electrical conductivity measurements.
The extracted solution was then acidified with dilute nitric acid for the
subsequent analysis of element concentrations in the soluble fraction.
Furthermore, survival rate and parameters such as plant height and leaf
number were measured to monitor the growth and development of
B. juncea. These measurements were consistently recorded at regular
intervals, weekly over a span of four months.

2.3. Analytical methods

The analysis of grain-size distribution and specific surface area was
conducted using the Mastersizer 3000 laser diffraction particle size
analyzer. The pH, redox potential (Eh), and electrical conductivity of the
samples were determined through potentiometric measurements in the
supernatant suspension obtained by mixing 10 g of soil with 25 mL of
deionized water, followed by stirring for 5 min and allowing it to stand
for 30 min.

Total carbon (Ciota)) and total nitrogen contents were determined
using an ELTRA CHS-580 A analyzer through a dry combustion method.
Inorganic carbon (Cinorg) measurement involved a two-step process:
initially, the samples were calcined in a muffle furnace set at 400 °C for
16 h. Prior to this, a dehydration step was performed, wherein the
samples were subjected to 110 °C heat for 1 h to remove moisture.
Organic carbon (Corg) quantification was derived as the difference be-
tween Ciotal and Ciporg (Nelson and Sommers, 1996). To convert organic
carbon to organic matter, a conversion factor of 1.724 was applied.
Plant-available phosphorus concentration was assessed using Olsen's
method, which relies on alkaline phosphate extraction with a 0.5 N NaH
(CO3) solution (Olsen and Sommers, 1982), while the content of
assimilable forms of potassium was determined through a 0.01 M CacCl,
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extract (Houba et al., 1996).

Chemical analysis of total concentrations of major and trace element
was performed by ICP-OES after a four-acid (HClO4-HNOs3-HCI-HF)
digestion process at Actlabs (Ancaster, Ontario, Canada), an accredited
laboratory compliant with ISO 9001 and ISO/IEC 17025 standards.
Quality control measures, including the use of reagent blanks, duplicate
analysis, and certified reference materials (OREAS 101b, OREAS 98, and
OREAS 13b), were employed to ensure accuracy and precision. The
analysis of reference materials indicated deviations from certified con-
centrations with a relative standard deviation (RSD) of <10 %, and the
precision of analytical data consistently was better than 5 % RSD for all
reported elements.

Element concentrations in both the leachate solution and soil pore
water extracted with Rhizon samplers were subjected to chemical
analysis. Major elements were measured using an Agilent 5110 ICP-OES,
while trace elements were analyzed by inductively coupled plasma mass
spectrometry (ICP-MS) with an Agilent 7700 instrument. For quality
control, external calibration, internal standard, replicates, blank anal-
ysis and standard reference material (SRM 1640a) were used. All ele-
ments in the standard reference material fell within the range of 95 %
and 106 % of the certified concentrations. Analytical data for the ma-
jority of studied elements displayed accuracy and precision with an RSD
better than 10 %. Furthermore, soil solution analysis for chloride,
fluoride, and nitrate anions was conducted using ion chromatography
with a Metrohm 883 Basic IC plus instrument. Mineral saturation indices
and distribution of aqueous species in the soil solution were computed
using the geochemical modeling software PHREEQC (Parkhurst and
Appelo, 2013) and the Minteq.v4 thermodynamic database (Allison
etal., 1999), enlarged with data from Bigham et al. (1996) to account for
schwertmannite. The saturation index (SI) for each predicted mineral
was calculated using the formula:

SI = log (IAP/Ks)

where IAP is the ion activity product and K is the solubility product
constant. This index provides insights into potential dissolution-
precipitation reactions, thereby influencing the availability of toxic el-
ements to plants. A SI approaching zero indicates solubility equilibrium
in the pore water composition. A positive SI implies potential over-
saturation and precipitation, while a negative value indicates under-
saturation, suggesting potential dissolution.

Additionally, a mineralogical analysis was carried out by powder X-
ray diffraction (XRD) on a BRUKER D8-Advance diffractometer, using
monochromatic CuKa radiation at 40 kV and 30 mA. XRD patterns were
obtained from randomly oriented powders scanned from 3° to 70° 26,
with a step size of 0.02° and a counting time of 0.6 s per step. Soil
minerals were visualized by high-resolution field emission scanning
electron microscopy (FESEM) using a JEOL JSM-IT500HR instrument
operated at 20 kV, and chemically analyzed with an energy-dispersive X-
ray (EDS) spectrometer coupled to the FESEM.

2.4. Statistical analysis

The collected data underwent statistical analysis to evaluate the ef-
fects of the treatment on the chemistry of the soil pore water. Left-
censored data, representing values below the detection limit, were
managed by assuming them as half of the detection limit. Standard er-
rors were calculated to gauge the variability between replicates. Sta-
tistical differences between the sample means of the Technosols and the
control soil (mine soil without treatment) were assessed using the Stu-
dent's t-test and one-way analysis of variance (ANOVA). Before con-
ducting the ANOVA analysis, the homogeneity of variance was
examined through Levene's test. A significance level of o« = 0.05 (95 %
confidence interval) was set for all statistical tests.
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3. Results and discussion
3.1. Characteristics of waste materials used as amendments

To avert potential environmental issues stemming from the use of
non-hazardous wastes in tailor-made Technosol formulation, a thorough
understanding of the properties and constituents of these residual ma-
terials is crucial (Yao et al., 2009a). The waste materials used as com-
ponents of the Technosols showed distinct compositions and
characteristics in terms of particle size distribution, electrical conduc-
tivity, pH, carbon content, nitrogen content, and nutrient availability
(Table 3).

Specifically, WCS showed a light olive brown hue (2.5Y 5/3), a
slightly acid to neutral reaction (pHp20 = 6.7), and the lowest electrical
conductivity (0.69 mS cm™?), indicating a limited presence of soluble
salts. Remarkably, it displayed the highest total carbon content at 11.80
%, coupled with a substantial organic carbon content of 11.50 %. In
addition, WCS boasted the largest organic matter content at 19.83 %,
highlighting its rich organic composition. With the highest total

Table 3
Properties and chemical composition of the waste materials and their leachates.
Parameter WCS WSS FIS
Specific surface area (m? g~1) 0.598 0.640 0.474
Electrical conductivity (mS cm™!) ggg = 7.27 £+ 0.06 0.78 + 0.04
pHasz0) 6.74 + 12.44 + 10.00 +
0.21 0.11 0.13
Crotal (g kg™ 118.0 15.0 17.0
Cinorganic(g kg 1) 3.0 15.0 7.0
Corganic(g kg ™) 115.0 n.d. 10.0
Organic matter (g kg ') 198.3 n.d. 17.2
Niotal (§ kg™ 21.2 0.1 0.9
Pavailable (mg kg™1) 16.7 22.8 18.7
Kavailable (mg kg ') 57.7 151 56.0
Major elements (g kg~*) — Solid
waste
Al > 100 37.9 9.7
Ca 1.8 > 100 16.8
Fe 13.4 9.3 75.6
K 6.0 0.2 0.9
Mg 1.6 66.7 8.3
Na 0.6 0.9 2.9
1.75 0.01 0.24
S 7.8 4.2 0.4
Ti <0.1 1.2 0.3
Trace elements (mg kg’l) — Solid
waste
As 42 <2 26
Bi <2 <2 <2
Cd < 0.5 < 0.5 < 0.5
Co 3 1 5
Cr 14 121 73
Cu 84 42 294
Hg 2 <1 <1
Ni 15 12 54
Pb 23 16 88
Tl <2 <2 <2
Zn 71 252 226
Trace elements (mg L™!) — Leachate
As < 0.1 <0.1 <0.1
Cd < 0.05 < 0.05 < 0.05
Cr < 0.5 < 0.5 < 0.5
Cu <0.1 <0.1 <0.1
Hg < 0.01 < 0.01 < 0.01
Ni < 0.5 < 0.5 < 0.5
Pb <0.1 <0.1 <0.1
Zn <0.2 <0.2 <0.2
Anions (mg L) — Leachate
Sulfate 37 6.9 <4
Chloride <50 < 50 <50
Fluoride 0.1 <0.1 5.7

WCS: Water Clarification Sludge. WSS: White Steel Slag. FIS: Furnace Iron Slag.
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nitrogen content at 2.12 %, WCS could serve as a nitrogenous organic
fertilizer. The C/N ratio of 5.6 is indicative of a good balance between
carbon and nitrogen. Further enhancing its profile, WCS contained 16.7
mg kg ™! of available phosphorus and 57.7 mg kg~" of available potas-
sium, thus providing a source of essential nutrients for plant growth.

Regarding to WSS, it is characterized by a gray color (2.5Y 6/1) and
an exceptionally high alkaline pHyy0 of 12.44, coupled with a remark-
able electrical conductivity of 7.27 mS cm™!. WSS showed an inorganic
carbon content of 1.50 %, while organic carbon remained undetected.
Despite having the lowest total nitrogen content among the tested
wastes, WSS contained the highest levels of available phosphorus (22.8
mg kg~1) and available potassium (151 mg kg~ 1).

As for FIS, it is a gray-colored (10YR 4/1) waste material with an
alkaline pH of 10.0 and low electrical conductivity (0.78 mS cm™1). In
terms of composition, FIS showed a total carbon of 1.70 %, with 1.00 %
accounting for organic carbon, along with a total nitrogen content of
0.09 %. Moreover, the concentrations of available phosphorus and
available potassium measured in this waste material measured 18.7 mg
kg~ ! and 56 mg kg~?, respectively.

Each waste material displayed a distinctive chemical composition,
indicative of its origin and treatment process. WCS had remarkably high
concentrations of Al (> 10 wt%) due to the use of Al-based coagulants
and the prevalence of aluminosilicate clay minerals, as revealed by XRD
analysis. Its composition also included quartz, feldspars, iron oxides, and
gypsum. On the other hand, WSS showed relatively higher levels of Ca
(> 10 wt%) and Mg (6.67 wt%), suggesting its potential for soil
improvement if used as alkaline amendment to raise the pH and reduce
soil acidity. FESEM-EDS analysis revealed distinct metallurgical phases,
with a notable presence of Ca primarily combined with Si, forming
calcium silicate phases, which are significant in neutralizing acidity and
removing trace elements from mine discharges (Fernandez-Caliani et al.,
2008). Additionally, calcite was identified, while Mg predominately
occurred in the form of oxides and aluminates. FIS exhibited an elevated
Fe content (7.56 wt%) in comparison to the other waste materials, due to
the presence of poorly crystallized iron-silicate phases. Mineralogically,
it was characterized by abundant quartz with minor anorthite and
calcite, as crystalline phases identified by XRD analysis.

In contrast to the mine soil, the waste materials contained low total
concentrations of potentially hazardous trace elements (Table 3).
However, the presence of certain toxic elements, even at these reduced
levels, such as 42 mg kg~ ! of As in WCS and 294 mg kg~ of Cu in FIS,
raises concerns about their potential impact on soil and environmental
quality before being used for land applications. Particularly worrisome
is the potential for leaching elevated levels of trace elements, especially
in agricultural and landscaping contexts (Siddique et al., 2010). Yet,
elemental measurements of leachate from these wastes (Table 3)
revealed negligibly low values, with concentrations falling below the
detection limits for all reported elements (in mg L™1): < 0.01 for Hg, <
0.05 for Cd, < 0.1 for As, Cu, and Pb, < 0.2 for Zn, and < 0.5 for Cr and
Ni. Therefore, the waste materials used as amendments displayed a low
potential for leaching contaminants, with none of the analyzed trace
elements surpassing the soil solution concentration considered as toxic
for vegetation establishment (Ross, 1996). The concentration of sulfate
measured in the leach solutions was 37 mg L1, while chloride was
found to be <50 mg L™, indicating a minimal presence of soluble salts.
The concentrations of all dissolved cations and anions in the leachates
adhere to the standards outlined in Spanish legislation for the formu-
lation of Technosols derived from waste materials.

3.2. Effects of waste amendments on chemical stabilization

3.2.1. Leachate quality

The leaching test results (Table S1) provide valuable insights into
potential pollutant release from Technosols. Fig. 2 graphically compares
trace element concentrations leached from treated samples with the
total contents in the untreated mine soil sample. The line chart in Fig. 2
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enhances this comparison by depicting the proportion of the total trace
element pool removed from the mine soil by leaching.

The untreated soil (sample PH-2) yielded highly acidic leaching so-
lutions (pH = 2.5) resulting from the mine soil-water interaction,
leading to varying degrees of solubilization of potentially toxic trace
elements. Among these elements, Pb (26.16 mg kg™!), Zn (4.94 mg
kg™1), and Cu (2.29 mg kg™1) were the most prevalent in the leachates.
Other deleterious trace elements, including As, Cd, Sb, Cr, and Ni,

1.0%
0.9%
0.8%
0.7%
0.6%
0.5%
0.4%

0.06 7 0.47% r
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generally occurred at levels below 1 mg kg™ In contrast, leach solutions
from the Technosols were moderately alkaline. The leaching of soluble
divalent cations with low ionic potential, notably Cu?*, Zn?*, Pb?*, and
Cd**, experienced a noticeable decrease with treatment. All waste
amendments demonstrated the ability to reduce the mobility of these
trace elements by at least 9.5, 8.3, 4.5, and 2.0, times respectively, with
the Technosols S2T8-25 and S2T13-25 proving the most effective.
Interestingly, Ni concentrations in most Technosol leachates exceeded
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Fig. 2. Bar charts contrasting leaching concentrations of potentially toxic trace elements in untreated soil versus Technosols, and line charts showing the mobile

fraction (%) released from the mine soil (sample PH2).
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those in the control, attributed to the relatively high levels of this
contaminant introduced by waste amendments, although the leaching
fraction was limited to <1.5 %.

On the other hand, elements with high ionic potential, typically
occurring as complex oxyhydroxy anions, such as As (up to 0.057 mg
kg™1), Cr (up to 0.033 mg kg 1), and Sb (up to 0.037 mg kg~ ), showed
increased concentrations in leachates from certain Technosols compared
to those from untreated soil. This finding is consistent with the
commonly noted observation that increased soil pH can weaken anion
sorption onto soil minerals due to the increase in surface negative charge
(Carabante et al., 2009). Nevertheless, these concentrations remained
below regulatory limits (2 mg kg™!, 10 mg kg~!, and 0.7 mg kg,
respectively) established in Spain for Technosols derived from waste
materials. Moreover, the leachable fraction of trace elements was
negligibly low, with maximum release values of 0.47 % for Cr, 0.20 %
for Sb and 0.04 % for As.

3.2.2. Soil pore water chemistry throughout the pot experiment

Despite significant reduction in trace element leachability from most
treatments, formulations S2T8-25 and S2T13-25 were selected as first
choices for a growth test in a pot experiment with B. juncea. As con-
taminants are primarily taken up by plant through the root system,
analyzing the interstitial water in soil pores provides valuable insights
into of trace element availability and a more accurate indication of
environmental risk (Nolan et al., 2003). Therefore, the concentration of
trace elements in the soil solution, extracted using Rhizon samplers,
holds particular importance as it represents the fraction of soil water
available for plant uptake (Clemente et al., 2008).

The Technosol-based treatment significantly influenced the pH,
electrical conductivity, and redox status (Eh) of the soil-water system.
The soil solution extracted from the untreated control soil showed
extremely acidic pH values, ranging from 1.8 to 2.4 (Fig. S1a), nearly
matching or slightly lower than the soil pH measured in water. This
acidity persisted throughout the entire experimental period. Technosol
S2T8-25 treatment initially shifted pore water pH from extremely acidic
to slightly acidic (pH = 6.6), maintaining an alkaline level consistently.
Technosol S2T13-25 induced initial acidity, with pH values around 4 in
the first month of treatment, stabilizing at near-neutral values (pH =
6.7-6.8) after three months. The pH variations in both Technosols arise
from complex interactions between the amendments and the mine soil,
with the higher acid-neutralizing capacity of WSS playing a substantial
role in determining pH trends. The pH increase in Technosols was sig-
nificant compared to the control soil (p < 0.00008). The application of
the highest dose of WSS not only induced a rapid pH increase in the
Technosol S2T8-25 (40 % WSS) compared to Technosol S2T13-25
(16.66 % WSS) but also sustained an acid-neutralizing action
throughout the four-month trial. Hence, the Technosol treatment effi-
ciently neutralized the acid generated (104 mmol H* kg™!) by the mine
soil, fostering a more conducive environment for plant growth.

The pore water extract from the untreated mine soil initially had an
electrical conductivity of 26.7 mS cm ™!, decreasing over time to
recorded values (15.6-17.8 mS cm’l) in the second month of treatment
and thereafter (Fig. S1b). This decline in leachate conductivity, attrib-
uted to the dissolution and washing out of sulfate salts, is consistent with
the presence of a finite pool of readily soluble sulfate for release. Simi-
larly, the Technosols showed decreasing electrical conductivity over
time, ranging from 21.0 mS cm ™! to 7.9 mS em ™! (Technosol S2T13-25)
and from 12.0 mS cm ! to 6.7 mS cm ! (Technosol S2T8-25). The
treatment significantly reduced electrical conductivity compared to the
control soil (p < 0.004), reflecting a decrease in sulfate concentration in
the soil solution. Therefore, the observed decline in electrical conduc-
tivity values following treatment was another noticeable effect of the
applied waste amendments.

The initial soil solution extracted from the mine soil showed a redox
potential of 717 mV, indicating highly oxidizing conditions. Following
waste amendment application, the Eh decreased to 398 mV in Technosol
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S2T8-25 and 528 mV in Technosol S2T13-25 two weeks later. At the
end of the pot experiment, the pore water extracts exhibited Eh values of
370.4 + 0.9 mV and 372.1 £+ 1.9 mV, respectively, indicating a shift to
moderately oxidizing conditions. In contrast, the mine soil control
remained under oxidizing conditions with an Eh of 695 mV.

Rising soil pH and maintaining oxidizing conditions had a beneficial
impact on soil pore water quality by boosting the retention of trace el-
ements through chemical stabilization processes (Basta and McGowen,
2004; Kumpiene et al., 2008; Bolan et al., 2014). These immobilization
mechanisms led to the redistribution of contaminants from the soil so-
lution to the solid phase, thereby reducing their bioavailability and
phytotoxicity for the restoration of vegetation. Concentrations of trace
elements in pore water extracts from both treated and untreated (con-
trol) soil samples are listed in Table S2, and graphically depicted in
Fig. 3 for comparison. The application of Technosol buffered the soil pH
to moderately alkaline (Technosol S2T8-25) or near-neutral (Technosol
S2T13-25) values, enhancing the attenuation of trace element
contaminants.

Remarkably, there was a significant and substantial decrease in the
dissolved metal(loid) load of the Technosols compared to the untreated
soil (p < 0.05). Concentrations of all measured trace elements in the pore
water extracts dropped by several orders of magnitude owing to the
treatment-induced rise in pH. This reduction was particularly pro-
nounced for trace elements influenced by pH, displaying their lowest
mobility within the neutral to slightly alkaline range. For instance, the
concentrations of initially dissolved Cu and Zn in the mine soil solution
dropped from 481.1 mg L™! and 789.9 mg L™, respectively, to <1 mg
L7! by the end of the four-month monitoring period. Therefore, the
alleviation of soil acidity was a major factor driving the immobilization
of metallic cations by reducing the activity hydrogen ions in the soil
solution, thereby minimizing their competition for metal binding sites.
Mineral saturation indices computed with PHREEQC revealed that the
addition of waste amendments to mine soil triggered the precipitation of
various Cu-bearing phases, especially copper ferrite (CuFe304) (SI =
12.8-16.9), and carbonates like azurite (Cuz(CO3)2(OH)5) (SI =1.3) and
malachite (Cuy(CO3)(OH)2) (SI = 2.0) in Technosol S2T8-25, indicating
reduced mobility but allowing potential plant uptake upon re-
acidification. Conversely, minerals bearing Cd, Pb, or Zn, did not
exhibit positive SI values, suggesting that their dissolved concentrations
were controlled most likely by adsorption rather than precipitation.

Despite the potential risk of As mobilization associated with the pH
increase to the alkaline region (Hartley et al., 2004; Kumpiene et al.,
2008), the soluble concentrations of As interestingly dropped from
38.27 mg L} to either 23 pg L™! (Technosol S2T8-25) or 8 pg L*
(Technosol S2T13-25) by the end of the observation period. Clearly, this
reduction in the concentration of As and other trace elements suggests a
potential decrease in the mobility and phytoavailability of these
potentially harmful elements. In Technosol S2T8-25, the decline in As
mobility cannot be solely attributed to the adsorption of soluble oxy-
anion species, as the negatively-charged surfaces of soil particles
increased after acid neutralization. Instead, it might be linked to the
precipitation of low-solubility As-Ca complexes (Bothe and Brown,
1999; Porter et al., 2004; Fernandez-Caliani et al., 2022).

On the other hand, concentrations of key major elements such as Al,
Fe, and S in the pore water of the Technosols were significantly lower (p
< 0.004) than in the control soil. Remarkably, the soluble concentration
of Al dramatically dropped from 5200 mg L' to undetectable levels,
mitigating one of the most severe toxicity issues in acid mine soils
(Fernandez-Caliani and Barba-Brioso, 2010). Potential control over the
solubility of dissolved Al within the pH range of 6-9 may arise from the
formation of aluminum hydroxide solid phases (Sanchez-Espana et al.,
2011). Saturation indices predicted by PHREEQC for gibbsite (Al(OH)3)
(SI = 2.75), boehmite (y-AIOOH) (SI = 2.46), and diaspore (a-AIOOH)
(SI = 4.16) indicate that the reduction in dissolved Al concentrations
was likely governed by the precipitation of aluminum hydroxide phases,
which provides the soil with additional sorption capacity.
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Fig. 3. Comparative bar charts displaying element concentrations in the untreated mine soil (control) and the Technosol S2T8-25. Error bars denote the standard

deviation of the means (n = 3).

Fig. 3 (continued). Comparative bar charts displaying element concentrations in the untreated mine soil (control) and the Technosol S2T13-25. Error bars denote the

standard deviation of the means (n = 3).

Moreover, a fraction of trace elements may have been removed from
the soil solution and sequestered by newly-formed hydrous ferric oxides
(HFO) through adsorption, complexation and (co)precipitation pro-
cesses (Carlson et al., 2002; Sherman and Randall, 2003). HFO surfaces
are known to be involved in As adsorption in soils (Waychunas et al.,
1993; Hartley and Lepp, 2008; Kumpiene et al., 2021). Equilibrium
speciation calculations revealed supersaturation concerning ferrihydrite
(Fe10014(0OH)3) (SI = 3.8), which is thermodynamically unstable and
can be transformed to either lepidocrocite (y-FeOOH) or goethite
(a-FeOOH). Hence, it can be inferred that these HFO precipitates played

a pivotal role in controlling iron activity in the soil solution of both
Technosols. This is consistent with the significant reduction in water-
soluble Fe concentrations, decreasing from 25 g L™ to values below 1
mg L. The most likely HFO precipitate under neutral or mildly alkaline
pH conditions is ferrihydrite, a nanocrystalline phase commonly found
in ochreous precipitates from Fe-rich surface waters with a pH >5
(Bigham et al., 1992; Murad and Rojik, 2003). Consequently, HFO sur-
faces might have efficiently removed contaminants from the soil solu-
tion through adsorption and co-precipitation mechanisms.

In contrast, concentrations of Ca, Mg, Na, and K in the soil solution
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showed a significant increase compared to the control (p < 0.01).
Technosol application led to an increase in soluble Ca content from to
315 mg L1 (control soil) to 1024 mg L1 (S2T8-25) and 683 mg L1
(S2T13-25). Furthermore, there was an increase in soluble Mg content,
particularly in $2T13-25 (from 760 mg L™! up to 2141 mg L7Y),
although the Mg concentration gradually decreased over time to 1089
mg L~!. The minerals most prone to dissolution in the waste amend-
ments were notably calcite, but also calcium silicate compounds, as well
as magnesium oxides and aluminates. This boost in the solubility of
essential nutrients was advantageous for promoting soil fertility and
vegetation establishment.

Concerning anions (Fig. S2), sulfate stood out as the dominant spe-
cies in all pore water solutions, initially reaching a concentration of
82.95 g L™ in the untreated soil. Over time, this concentration
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significantly decreased to 22.45 g L™! due to the washing out of efflo-
rescent sulfate salts formed on the topsoil. During the experiment, the
addition of water to restore moisture content resulted in the dissolution
of sulfate salts, with partial reprecipitation observed on the pot walls of
the control sample. Conversely, higher concentrations of chloride (up to
1509 mg L™1), nitrate (up to 122 mg L™ 1), and fluoride (up to 44 mgL™1)
were detected in the extract soil solutions of the Technosols compared to
the untreated mine soil. Moreover, the concentration of bicarbonate
anions in pore water emerged as a notable species following the
Technosol-based treatment, peaking at 866 mg L~!. This substantial
increase was most pronounced and sustained at the higher dose of WSS
(Technosol S2T8-25).

On the other hand, the rise in pH induced by the waste amendment to
alkaline levels might theoretically destabilize metal-bearing minerals
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like jarosite, impacting soil acidity and triggering the re-release of sul-
fate and trace elements back into the soil solution (Hudson-Edwards
et al., 1999). However, this potential concern does not appear to be
supported by the data, as indicated by consistently low concentrations of
Fe, sulfate, and K in the pore water extracts of the Technosols
throughout the entire pot experiment.

3.2.3. Soil solution speciation modeling

Understanding the mobility, availability, and toxicity of contami-
nants in the soil solution, requires a focus on trace element speciation
rather than total dissolved concentration (Kalis et al., 2008). PHREEQC
speciation calculations provided insights into the distribution of trace
element of concern among various chemical species in both untreated
soil and Technosols after the four-month pot trial (Fig. 4).

In untreated soil, aluminum was mainly associated with sulfate ions,
existing in monomeric (AISOY) and dimeric (Al(SO4)3) forms, with free
ions comprising about 6 % of the dissolved fraction. The highly toxic
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A" form poses a significant limitation for plant growth (Chandra and
Keshavkant, 2021). Waste amendments prompted a shift towards hy-
droxylated species, particularly with AI(OH); being the dominant
aqueous species in both Technosols. In this state, aluminum is less toxic
to plant roots. Predicted Al(OH); suggests some aluminum hydroxide
precipitation, and Al(OH)7 in Technosol S2T13-25 does not exhibit
phytotoxicity under slightly acidic conditions (Bojorquez-Quintal et al.,
2017). The rise in pH likely alleviated aluminum toxicity by rendering it
less soluble and more prone to form less toxic species. Consequently,
nutrient availability to plants improved as competition for root uptake
sites with toxic AI*" ions decreased.

Trace element speciation was clearly dominated by sulfate com-
plexes and free (uncomplexed) ions. Specifically, Cu, Cd, Pb, and Zn
were predicted to be associated mainly with sulfate anions, forming
prevalent species such as CuSOy, Cd(SO4)%’, Pb(SO4)%’, and Zn(SO4)%’,
respectively. Furthermore, remarkable concentrations of free ions, ac-
counting for 45 % Cu?*, 16 % Cd?*, 11 % Pb?*, and 15 % Zn>* of the
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Fig. 4. Predicted speciation of trace elements of concern in the soil solution.
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dissolved fraction, had the potential to induce phytotoxicity and hinder
plant growth (Kumar et al., 2021).

The Technosol-based remediation approach induced substantial al-
terations in chemical speciation, resulting in a diverse distribution of
species (hydroxide, carbonate, bicarbonate, chloride, sulfate, and free
ions), which had a significant impact on trace element mobility and
plant availability. Copper speciation was dominated by CuCOj3 in both
Technosols, contributing to a favorable environment for plant growth by
decreasing the activity of toxic Cu?" ions. Lead speciation exhibited a
mix of carbonate, sulfate, free ions and other soluble complexes with
inorganic ligands. Zinc displayed a variety of species, including, sulfate,
carbonate, and free ions. Meanwhile, Cd primarily existed as free cd?t,
sulfate complexes, and chloride ions. Shifts in Pb and Zn speciation
suggest decreased mobility, influencing plant availability, though a
fraction of free Zn?* ions remained available to plants. Similarly, the
proportion of free Cd?* ions in Technosol S2T13-25 raises concerns
about plant uptake risk, and the occurrence of Cd(SO4) and Cd(SO4)%’
suggests limited changes in Cd speciation compared to untreated soil.

Arsenic speciation shifted towards less toxic forms (HASO%_) due to
increased pH and oxygenation, thereby contributing to improved soil
health. Oxidized forms of As(V) prevailed in the soil solution, aligning
with positive and high measured values of Eh. Initially, As existed in the
untreated mine soil in nearly equal distribution as arsenous acid
(H3AsO4) and dihydrogen arsenate (HpAsOz). However, the treatment
induced a significant shift towards the dominance of hydrogen arsenate
(HAsO3 "), with a slightly higher proportion of dihydrogen arsenate ions
in S2T13-25 compared to S2T8-25. The rise in soil pH and maintenance
of an oxygenated environment enhanced the prevalence of HAsO3 ",
which is typically less mobile than H3AsO4 and HyAsOy, and much less
toxic than arsenite species (Yamauchi and Fowler, 1994).

Substantial changes in chemical speciation, particularly of Al, Cu,
and As, and the saturation status of the soil solution indicate that
Technosol treatment effectively transformed soil pore water chemistry.
Reduced dissolution potential of metal-bearing minerals may contribute
to improving soil health by minimizing the release of potentially toxic
contaminants bound to such phases. Ultimately, these modifications
may enhance nutrient cycling and availability, aligning with the goal of
mitigating trace element toxicity and fostering overall soil conditions for
plant growth.

3.3. Effects of waste amendments on plant establishment and growth

Mine soils pose significant obstacles to conventional direct sowing
practices due to their inherently challenging environmental conditions
(e.g. Arenas-Lago et al., 2022; Carvalho et al., 2022; Mourinha et al.,
2022), including elevated trace element content, acidic pH, and poor
nutrient availability. These factors impede the establishment of sus-
tainable plant populations, leading to limited success with direct sowing
methods. As a result, alternative approaches such as the transplantation
of pre-treated seedlings in controlled environments have shown prom-
ising potential in revegetating abandoned mine lands (Fernandez-Cal-
iani et al., 2021). Additionally, hydroseeding techniques have been used
to enhance vegetation cover on slopes of waste rock piles (Madejon
et al,, 2021). To address these challenges, our study intentionally
adopted a germination test in seedbeds as a preliminary step before
transplanting into pots. This approach aimed to evaluate seed viability
and initial growth, given the adverse soil conditions and potential lim-
itations of direct sowing. The validity of this strategy is supported by
findings from previous studies that have employed similar germination
tests (e.g. Rodriguez-Vila et al., 2014, 2016; Baragano et al., 2021).

The germination assay conducted on B. juncea, assessing seed
viability and the suitability of the Technosols for seedling establishment,
yielded distinct outcomes. As expected, seeds in the untreated mine soil
failed to germinate due to various constraints for plant life, including
strong acidity, nutrient scarcity, high pollution load, and contaminant
phytotoxicity. It is noteworthy that, this Fe-rich acidic soil at the mine

12

Science of the Total Environment 922 (2024) 171217

site is currently barren due to severe degradation (Fernandez-Landero
et al., 2023). In contrast to the untreated soil, germination and seedling
growth of B. juncea were observed in Technosols. The seeds sown on
Technosols successfully hydrated, sprouted and developed fully
expanded cotyledons within a week. Seeds were deemed to have
germinated when the emerged radicle reached at least 3 mm in length
(ISTA, 2005). Thus, the percentages of seed germination varied across
treatments (Fig. 5a): untreated mine soil (0 %), Technosol S2T13-25
(56.7 %), Technosol S2T8-25 (86.7 %), and mulch control (90 %).

Fig. 6 illustrates the evolution of B. juncea plants during the four-
month pot trial. All seedlings transferred to pots filled with Technosols
S2T8-25 and S2T13-25 developed true leaves after a week, but
remarkable differences were observed between the treatments in terms
of plant establishment and vegetative growth. In Technosol S2T8-25, all
plants survived until week 11, with four persisting by week 12 (Fig. 5b).
By the end of the experiment, two plants were still thriving, yielding a
40 % survival rate, which was comparable to the seedlings in the
mulched control pot. This suggests the success of waste amendments in
promoting plant adaptation and resilience. The plants grew to an
average maximum height of 5.7 cm during weeks 7 and 8, maintaining a
stable height of 4.5-5 cm until the end of the observation period
(Fig. 5¢). The height of the plant after four month of growth in the
mulched control pot was 8.5 cm. B. juncea displayed leaves with an
alternate arrangement, elongated shapes, and serrated margins. The leaf
count per pot (Fig. 5d) varied from 19 (week 5) to 6 (week 16), while in
the mulched reference pot it ranged between 23 (weeks 10 and 11) and 4
(week 16).

In Technosol S2T13-25, one out of the initially planted five plants
died at the early seedling stage (80 % survival rate). By week 7, only one
plant remained, accounting for a 20 % survival rate, and by week 12 all
plants died, indicating a reduced capacity for B. juncea to thrive in this
Technosol. These plants attained an average peak height of 3.1 cm
during weeks 4 and 5. Beyond week 7, a distinct inhibition in plant
growth became apparent by reduced height and leaf expansion. The
decline in growth can be traced to the demise of larger plants, shedding
mature leaves, and the emergence of smaller leaves that failed to reach
previous heights. The leaf count per pot peaked at 14 in week 4.
Compared to plants in the mulch control pot, B. juncea in Technosol
S2T13-25 showed stress-related morpho-physiological effects,
including stunted growth, development of small leaves, delayed matu-
rity, and foliar chlorosis, resembling symptoms of nutrient deficiency
and metal stress (Chandra and Keshavkant, 2021; Kumar et al., 2021).

The results clearly establish Technosol S2T8-25, which combines 60
% WCS and 40 % WSS, as the superior choice for fostering the growth of
B. juncea. This conclusion is supported by a higher survival rate, greater
average height, and a more consistent leaf count observed in this
Technosol compared to Technosol S2T13-25 (t-test, p < 0.05). Plants
grown in Technosol S2T8-25 also exhibited healthy growth character-
istics, while those in Technosol S2T13-25 displayed signs of stress. The
higher concentration of potentially toxic elements in the pore water of
Technosol S2T13-25 (t-test, p < 0.05) may account for the reduced
survival rate, stunted growth, and chlorosis observed in plants grown in
this Technosol. In contrast, Technosol S2T8-25 showed a significantly
lower concentration of potentially toxic elements and a higher concen-
tration of Ca and bicarbonate ions in the pore water of (t-test, p < 0.035).
By neutralizing acidity, the addition of WSS not only mitigated the po-
tential risk of metal toxicity but also increased the availability of Ca and
other essential nutrients, suggesting that the chemical environment of
Technosol S2T8-25 was more conducive to plant growth and resilience.

However, larger-scale field trials may be necessary to assess Tech-
nosols under more realistic conditions. The effectiveness of Technosols
may vary depending on the plant species being grown. Studies with a
wider range of plant species are needed to fully understand the range of
potential applications for Technosols.
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Fig. 6. Visual comparison of Brassica juncea outcomes in terms of: (a) seed germination assay; and (b) seedling growth in pots.

3.4. Potential for plant growth in Martian-like soil

The barren and harsh conditions of the Fe-rich acidic soil at the Rio
Tinto site mirror challenges faced by plants in Martian soil simulants,
marked by limited nutrient availability and potential toxicity. An ex-
amination of the red mine soil from the Rio Tinto Mars analog site re-
veals significant constraints to vegetation establishment, including:
strong acidity, lack or deficiency of organic matter and essential nutri-
ents, soil salinity due to high soluble sulfate content, and elevated
concentrations of metallic cations dissolved in the soil solution. This
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complex interplay of acidic conditions, heightened trace element and
sulfate levels, and nutrient deficiencies creates an inhospitable envi-
ronment for plant growth, requiring a remediation strategy to overcome
such limitations for successful germination and seedling growth.

The results of the germination assay indicate promising potential for
B. juncea establishment and growth in Technosols compared to un-
treated mine soil. The failure of seeds to germinate in the mine soil
underscores its hostile conditions. Plant growth and trace element
availability were highly influenced by soil pH, as observed in soils
contaminated with pyrite sludge (Clemente et al., 2005). Aluminum,
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considered a potential growth-limiting factor in acidic environments,
causes rhizotoxicity by inhibiting nutrient transportation (Chandra and
Keshavkant, 2021). On Mars soil simulants, many germinated plants
died or remained stunted due to low pH and the presence of free AI>*
ions (Wamelink et al., 2014).

In contrast, Technosols, notably S2T8-25, demonstrated substantial
improvement, with 87 % germination rate, showcasing the effects of
waste amendments on overcoming soil constraints. The subsequent pot
experiment further confirmed the positive impact of waste amendments
on supporting B. juncea growth by enhancing soil conditions. Successful
germination, plant survival, and plant growth in Technosol S2T8-25
underlines the effectiveness of the Technosol construction approach in
creating a conducive environment for plant establishment. The devel-
opment of true leaves, coupled with a considerable survival rate and
stable plant height, indicates improved soil fertility achieved through
waste amendment addition. While the organic matter and assimilable P
and K provided by WCS enhanced soil fertility, conditioner amend-
ments, notably WSS, not only contributed effective acid neutralization
capacity through base cation leaching, but also increased the availability
of Ca, Mg, K, and Na to plants.

Positive outcomes in Technosol S2T8-25 highlight the potential of
waste amendments for long-term buffering against acidification,
improving soil fertility, and immobilizing contaminants, thus contrib-
uting to a more hospitable environment for plant growth. The waste
amendment combining 60 % WCS and 40 % WSS proved the most
effective, resulting in B. juncea grown with the highest biomass. How-
ever, Technosol S2T13-25 posed challenges in plant adaptation and
growth, as indicated by the reduced survival rate, suggesting a need for
further refinement in waste amendment composition to optimize plant
growth. The observed growth inhibition, characterized by a decline in
height and leaf expansion, emphasizes the importance of tailoring waste
amendments to specific soil conditions.

In summary, the findings support the hypothesis that waste amend-
ments in Technosols can address the factors limiting plant growth in
Martian-like soil, such as the Fe-rich acidic mine soils of Rio Tinto.
Overall, the success of Technosols in remediating challenging mine soils
and supporting plant growth in Martian-like soils suggests their poten-
tial to transform extreme environments into habitable and productive
spaces. Nevertheless, the variability in results between Technosols im-
plies that the composition and characteristics of the amendments require
careful consideration. The observed differences provide valuable in-
sights into the complex interplay between waste amendments and soil-
plant interactions, guiding future efforts in sustainable mine land
reclamation.

4. Conclusions

This study delved into the complex and dynamic interactions among
mine soil, waste amendments, soil water chemistry, and plant responses
to assess the efficacy of the Technosol-based approach in revegetating
iron-rich acidic mine soils, such as those at the Rio Tinto Mars analog
site. The acidic and heavily polluted soil pore water posed challenges to
plant growth, but the synergistic effects of waste amendments success-
fully stabilized contaminants and supported plant growth. The treat-
ment not only alleviated acidity but also reduced trace element
concentrations to environmentally sustainable levels, supplying essen-
tial nutrients for plant development. Copper removal from the soil so-
lution occurred through precipitation reactions, while the
immobilization of As and other trace elements likely took place through
adsorption onto or co-precipitation with newly formed Fe oxy-
hydroxides and Al hydroxides. Predicted changes in aqueous chemical
speciation indicated effective modification of soil pore water chemistry,
reducing trace element toxicity and mitigating environmental risks.

Pot experiment with B. juncea showcased plant adaptability and
resilience under stressful soil conditions, offering valuable insights into
potential challenges and strategies for plant growth in Martian soil
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simulants. While positive impact on seed germination and seedling
growth was evident, differential responses between Technosols
emphasize the importance of optimizing waste amendment composition
achieve optimal plant growth. Acknowledging hurdles like long-term
performance and site-specific considerations, results suggest Tech-
nosols as a promising avenue for assisted natural remediation in man-
aging similar mining-contaminated soils. Finally, to validate the
approach and ensure lasting stability in immobilized contaminants and
sustained plant life under actual field conditions, further research and
field trials would be justified.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.171217.
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Supplementary Figure S1

Bar charts comparing pH and electrical conductivity values measured in the pore water of
Technosols, and line charts depicting the values of the untreated mine soil (control). Error bars
denote the standard deviation of the means (n = 3).
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Supplementary Figure 52

Bar charts comparing anion concentrations between the untreated mine soil (control) and the
Technosols S2T8-25 and $2T13-25. Error bars denote the standard deviation of the means (n = 3).
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Supplementary Table S1

pH and Eh values of the leaching solutions and concentrations of potentially toxic trace elements

leached from the Technosols

Technosol pH Eh Cr Ni Cu Zn As Cd Sb Pb
Unit - mV  mgkg!' mgkg' mgkg' mgkg!' mgkg' mgkg' mgkg!' mgkg’
PH-2
2.50 747 0.011 <0.016 2.29 4.94 0.034 0.018 0.012 26.16
(Control)
S278-10  9.49 297 0.015 <0.016 0.19 <0.05 0.057 0.001 0.037 0.034
S278-25 9.64 248 0.018 <0.016 0.17 <0.05 0.028 <0.001 0.017 0.051
S2T8-50 10.0 230 0.033 0.027 0.24 <0.05 0.042 <0.001 0.015 0.030
S2T11-10  6.47 344 <0.004 0.118 0.06 0.60 0.011 0.009 0.011 5.750
S2T11-25  7.29 282 <0.004 0.062 0.05 <0.05 0.006 0.002 0.009 0.227
S2T11-50 8.27 321 <0.004 0.038 0.14 <0.05 0.012 <0.001 0.016 0.053
S2T13-25 9.44 287 0.004 <0.016 0.42 <0.05 0.026 <0.001 <0.004 <0.017
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SUPPLEMENTARY TABLE S2. SOIL PORE WATER CHEMISTRY

Unit pg/L | pg/L | pg/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L mg/L mg/L mg/L mg/L
Day 30 Cr Co Ni Cu Zn As Se Ccd Sh Pb Al Ca Fe K
Control (PH2) 1609 14644 2662 481112 789893 38269 2204 2800 180,1 66,90 5203 314,8 25001 <0,10
S278-25a 1,187 | 4,759 15,61 360,7 35,69 32,71 91,58 0,595 2,662 1,000 0,54 535,5 <0,10 3,43
S2T8-25b 1,161 | 5,174 | 15,29 599,7 25,11 56,92 160,5 0,301 3,432 0,249 0,83 1008 <0,10 5,31
S2T8-25c¢ 1,266 | 5,554 | 14,14 674,4 26,77 85,43 224,9 0,564 4,112 0,451 0,86 1259 <0,10 4,83
S2T13-25a 41,68 | 873,9 | 476,3 8672 34488 86,04 160,0 97,37 15,66 26,06 160,7 601,3 253,9 12,61
S2T13-25b 46,17 | 968,1 | 4949 9515 37260 163,2 129,3 97,61 12,39 19,18 186,0 586,3 338,6 9,215
S2T13-25¢ 187,3 1977 746,4 32025 90270 1070 142,6 248,5 6,379 32,41 590,8 568,6 1156 9,607
Day 60 Cr Co Ni Cu Zn As Se Cd Sb Pb Al Ca Fe K
Control (PH2) 1249 5239 2003 149234 241358 14402 1011 961,9 199,9 102,1 1623 115,1 7084 <0,10
S2T8-25a 1,352 | 4,866 14,29 618,4 233,24 64,80 147,4 0,292 5,161 0,279 0,74 1025 <0,10 5,70
S2T8-25b 1,554 | 5,675 15,84 697,5 73,75 69,24 170,6 0,234 5,143 0,230 0,81 1043 <0,10 6,16
S2T8-25c¢ 1,668 | 6,406 | 20,03 754,2 2581 76,15 215,7 0,324 5,386 0,551 0,79 1005 <0,10 4,07
S2T13-25a 21,80 | 5355 | 323,0 2806 19239 14,67 116,6 51,93 5,952 6,481 42,79 620,1 55,31 11,92
S2T13-25b 6,462 | 307,6 | 212,6 1919 9595 14,91 112,6 24,64 6,028 3,447 15,66 622,8 13,13 9,595
S2T13-25¢ 177,1 | 215,8 186,5 1404 5916 32,87 140,8 20,18 4,359 3,089 6,017 614,0 12,94 10,23
Day 90 Cr Co Ni Cu Zn As Se Cd Sh Pb Al Ca Fe K
Control (PH2) 776,3 6451 985,3 | 207962 331271 3967 927,4 1298 99,28 177,5 2707 198,8 9642 <0,10
S2T8-25a 3,160 | 7,729 | 21,67 674,6 144,6 68,59 156,0 0,332 5,342 0,339 <0,10 984,3 <0,10 8,119
S2T8-25b 2,285 | 6,870 | 14,36 469,8 760,0 59,86 124,8 0,258 4,322 0,362 <0,10 1058 <0,10 8,788
S2T8-25c¢ 1,871 | 6,150 | 14,01 504,4 174,6 44,32 132,8 0,262 4,239 0,733 <0,10 908,9 <0,10 4,002
S2T13-25a 82,48 265,2 200,7 1498 8472 16,62 65,21 36,22 3,285 5,351 <0,10 664,3 12,41 11,43
S2T13-25b 2,279 148,4 | 110,9 844,1 5474 19,29 69,05 16,77 3,212 5,312 2,584 664,9 <0,10 10,40
S2T13-25c¢ 207,8 44,81 106,1 770,1 1206 28,27 106,3 7,620 4,299 4,715 0,974 666,8 2,525 15,16
Day 120 Cr Co Ni Cu Zn As Se Cd Sh Pb Al Ca Fe K
Control (PH2) 7486 3805 6524 125648 206936 5384 1158 837,8 78,12 193,1 1483 122,4 5456 <0,10
S2T8-25a 1,466 | 3,848 | 9,613 276,9 142,6 28,83 62,75 0,192 3,813 0,240 <0,10 885,5 <0,10 7,443
S2T8-25b 1,420 | 2,669 | 6,304 190,1 342,1 14,72 49,12 0,198 2,991 0,260 1,326 901,6 <0,10 8,594
S2T8-25¢ 1,611 | 3,787 | 9,785 310,3 76,25 22,73 100,3 0,261 3,763 0,237 <0,10 940,2 <0,10 8,278
S2T13-25a 55,04 | 1353 104,7 699,3 3528 9,111 51,43 18,86 2,279 8,079 4,146 693,2 1,124 10,08
S2T13-25b 12,32 | 71,52 | 59,08 360,3 1740 6,076 51,85 7,974 2,167 4,759 2,132 675,1 <0,10 8,963
S2T13-25¢ 250,3 18,18 | 27,31 319,9 516,8 8,278 74,69 4,086 2,411 3,588 1,322 680,2 1,420 13,90
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SUPPLEMENTARY TABLE S2. SOIL PORE WATER CHEMISTRY

Unit mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
Day 30 Mg Mn Na S Fluoride | Chloride | Nitrate Sulfate | bicarbonate
Control (PH2) 759,6 41,44 32,34 27687 14,10 161,8 10,59 82948 0,0
S278-25a 303,0 0,18 66,14 491,0 5,540 1282 7,253 1471 256,3
S2T8-25b 565,8 0,24 111,4 939,7 3,888 1002 6,428 2815 280,7
S2T8-25c¢ 675,2 0,17 116,2 949,5 4,656 1737 7,192 2845 292,9
S2T13-25a 2708 76,84 290,8 3846 43,96 1479 7,048 11521 0,00
S2T13-25b 1871 73,82 182,7 3057 33,24 977,8 7,280 9159 0,00
S2T13-25¢ 1845 114,7 186,7 4299 38,83 1065 4,240 12878 0,00
Day 60 Mg Mn Na S Fluoride | Chloride | Nitrate Sulfate | bicarbonate
Control (PH2) 249,0 13,02 47,32 8660 3,510 124,0 6,500 25943 0,00
S2T8-25a 562,4 0,19 125,3 891,6 5,544 1101 6,008 2671 262,4
S2T8-25b 729,1 0,21 142,6 954,4 4,184 1254 8,676 2859 329,5
S2T8-25c¢ 916,6 0,26 148,6 1070 3,368 1007 4,668 3206 280,7
S2T13-25a 1794 58,62 254,9 2442 40,06 1071 26,78 7316 36,61
S2T13-25b 1957 43,43 257,3 2592 22,12 1021 5,272 7765 61,02
S2T13-25¢ 2286 26,57 328,8 2782 20,26 1606 121,9 8334 54,92
Day 90 Mg Mn Na S Fluoride | Chloride | Nitrate Sulfate | bicarbonate
Control (PH2) 444,3 22,14 55,85 12890 4,167 352,6 15,13 38617 0
S278-25a 814,7 <0,10 229,9 972,8 4,700 1339 17,77 2915 866,4
S2T8-25b 821,0 <0,10 241,6 901,3 3,496 1509 49,14 2700 323,4
S2T8-25c¢ 908,6 <0,10 214,1 1058 3,300 1295 16,83 3170 390,5
S2T13-25a 1062 25,80 245,8 1651 24,12 759,5 16,58 4947 61,02
S2T13-25b 1496 21,15 275,8 2028 7,488 941,3 22,31 6076 109,8
S$2T13-25c¢ 2140 9,204 467,5 2440 9,007 1771 111,3 7311 207,5
Day 120 Mg Mn Na S Fluoride | Chloride | Nitrate Sulfate | bicarbonate
Control (PH2) 285,9 14,03 63,00 <0.1 0,287 49,4 2,48 22487 0
S278-25a 544,8 0,195 173,6 856,2 0,785 182 5,69 2565 341,7
S2T8-25b 459,2 <0,10 176,3 776,8 0,511 184 52,6 2327 268,5
S2T8-25¢ 821,9 <0,10 260,6 989,7 0,421 214 21,7 2965 378,3
S2T13-25a 940,1 16,78 252,7 1405 0,935 126 3,44 4210 97,63
S2T13-25b 959,6 11,59 206,9 1446 0,650 99,1 3,61 4333 122,0
S$2T13-25¢ 1368 4,666 392,2 1712 0,871 200 27,0 5129 183,1
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4.5. Desarrollo eficiente de plantas en suelos afectados por drenaje
acido de mina mediante ensayos en macetas con enmiendas a base
de residuos

Basado en el articulo:

Successful plant growth in acid mine drainage-impacted soil using pot-based
experiments with waste amendments. Land Degradation & Development 922

(2024) 171217

La contaminacion del suelo por DAM representa uno de los mayores
problemas ambientales asociados con la actividad minera. La combinacion de una
acidez extrema y altas concentraciones de metales pesados crea un ambiente edafico
hostil, que imposibilita o limita severamente el crecimiento vegetal. Los suelos
afectados por DAM pierden su capacidad natural para retener contaminantes,
convirtiéndose en fuentes de lixiviados acidos con altas concentraciones de hierro,

sulfatos y EPT, lo que supone un peligro para los ecosistemas y la salud humana.

El objetivo principal de este estudio fue evaluar la efectividad de los
tecnosuelos, elaborados con una combinacion estratégica de residuos organicos
(lodos de la clarificacién del agua bruta) e inorganicos (escorias siderurgicas y yeso
rojo), para mitigar los efectos perjudiciales del DAM en las propiedades del suelo, la
quimica del agua intersticial y el crecimiento de las plantas. El estudio se basé en un
experimento controlado en macetas, permitiendo una evaluacidn precisa de los
cambios en el suelo (procedente de Tharsis) y la respuesta de la planta Brassica

juncea.

4.5.1. Resultados mas relevantes y discusion

El suelo afectado por DAM en Tharsis presenta condiciones extremadamente
acidas (pH 2,7-3,4), hiperoxidantes (706 mV) y deficiencias severas de nutrientes
esenciales (N y P). Ademads, se encuentra fuertemente contaminado por Pb (hasta

1610 mg kg"), Cu (hasta 942 mg kg™) y As (hasta 783 mg kg™), superando ampliamente
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los niveles genéricos de referencia. La principal fuente de acidez es la jarosita, que

representa entre el 86 % y el 90 % de la capacidad de generacidn acida total del suelo.

Segun la prueba estatica NAG, la generacidn neta de acidez fue de 296 mmol H* kg™.

De las doce formulaciones disefiadas, las que mostraron mejores resultados

en los ensayos de lixiviacion (S3T2-25, S3T8-5 y S3T11-35) fueron seleccionadas para

evaluar su eficacia en un ensayo en macetas con plantacién de B. juncea. A

continuacidn, se resumen los principales resultados del experimento:

Neutralizacion de la acidez. Se observé una notable neutralizacion de la acidez
neta del suelo, lo que elevd el pH de niveles extremadamente acidos a valores
ligeramente alcalinos o moderadamente acidos (pH 8,0; 7,7, Yy 5,3,

respectivamente).

Inmovilizacién de elementos potencialmente téxicos. Se redujeron las
concentraciones de EPT en el agua de poro. Las disminuciones de Al y Fe se
atribuyeron a la formacién de hidréxidos y ferrihidrita, mientras que Cu, Zn,
Cd y Pb fueron inmovilizados mediante procesos de adsorcidn,
coprecipitacion y/o precipitacién de metales en nuevas fases minerales. Sin
embargo, se detectd un incremento de movilidad de As y Sb en los
tecnosuelos alcalinos, probablemente debido a la mayor disponibilidad de
sitios con carga negativa, aunque las concentraciones se mantuvieron por
debajo de niveles criticos. En contraste, S3T11-35, con condiciones mas acida,

logrd inmovilizar eficazmente estos metaloides.

Aumento de la disponibilidad de nutrientes. Las enmiendas de RNP,
especialmente el lodo de la clarificacidn del agua, mejoraron la disponibilidad
de nutrientes, con concentraciones de nitrato que aumentaron hasta 417 mg

L™, lo que fue determinante para el establecimiento de las plantulas.

Crecimiento exitoso de las plantas. El ensayo de germinacion con B. juncea
reflejé una mejora sustancial en el establecimiento vegetal en los tecnosuelos
frente al suelo minero sin tratar. El analisis de componentes principales

mostrd una fuerte correlacién entre los indicadores de salud de las plantas
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(tasa de supervivencia, altura de la planta, nimero de hojas, produccién de
biomasa) y la mejora de los parametros del agua de poro del suelo (pH, EPT,

aluminio, calcio, bicarbonato y nitrato).

e Formulacion éptima. Las formulaciones S3T2-25 y S3T8-5 fueron las que
presentaron mayores tasas de supervivencia, un crecimiento vigoroso, una
elevada produccién de biomasa aérea y, ademads, alcanzaron la floracién. Por
el contrario, S3T11-35 mostré baja supervivencia, sintomas de estrés vegetal y

un escaso desarrollo, indicando su limitada idoneidad para la revegetacion.

4.5.2. Conclusiones

El estudio experimental en macetas demostré que los tecnosuelos formulados
con RNP tienen un alto potencial para revegetar suelos afectados por DAM. Los
tecnosuelos modificaron profundamente la quimica del agua del suelo, reduciendo la
toxicidad de metales y metaloides, mejorando la disponibilidad de nutrientes y

creando condiciones mads favorables para el crecimiento vegetal.

La inmovilizacion de los EPT se atribuye una combinacién de varios
mecanismos: a) formacién de nuevas fases minerales estables por precipitacién, y b)
adsorcidn sobre oxihidréxidos de hierro y aluminio. La modelizacion de la especiacion
acuosa mostrd cambios significativos hacia formas menos tdxicas de aluminio y EPT,
favoreciendo la germinacion y el crecimiento de Brassica juncea en los tecnosuelos
mas eficaces (S3T2-25 y S3T8-5), con una alta tasa de supervivencia y produccién de
biomasa. El andlisis de componentes principales confirmd la relacién positiva entre la

mejora de la calidad del suelo y la respuesta vegetal.

Los resultados de esta investigacion tienen amplias implicaciones para la
recuperacion de espacios degradados por la mineria, ofreciendo un ejemplo de
revegetacion exitosa y de produccidon de biomasa en entornos que antes eran

estériles.
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Abstract

This paper addresses the challenge of remediating soil impacted by acid mine drain-
age (AMD) using an innovative and sustainable Technosol-based approach to stabi-
lize soil and facilitate vegetation recovery. The study assessed the effectiveness of
Technosols made from recycled organic (water clarification sludge) and inorganic
(siderurgical slags and red gypsum) wastes in mitigating the detrimental effects of
AMD on soil properties, pore water chemistry, and plant growth through a 4-month
pot experiment. Technosols significantly improved soil health by neutralizing net
acidity (296 mmol H* kg™, raising pH levels from extremely acidic (3.3) to mildly
alkaline (7.7-8.0), and limiting the mobility of potentially toxic elements (PTEs). Dis-
solved Cu and Zn concentrations dropped from 80.21 and 72.08 mg L2, respec-
tively, to below 1 mg L™t by the end of the monitoring period. The experiment
identified several concomitant mechanisms of PTE retention, such as decreased dis-
solution of metal-bearing minerals, precipitation reactions and adsorption onto Fe
and Al (oxy)hydroxides. Aqueous speciation modelling indicated a decline in toxic
metal forms (e.g. AP, AISO,*, Cu?", Zn** and H,AsO,) in soil pore water after
treatment, thus reducing phytotoxicity. Additionally, waste amendments enhanced
nutrient availability, with nitrate concentrations reaching up to 417 mg L™, support-
ing seed germination and seedling establishment. The most effective Technosol, com-
bining water treatment sludge and white steel slag (60:40 w/w), enabled robust
growth of Brassica juncea. Principal component analysis showed a strong correlation
between healthy plant responses (survival rate, plant height, leaf number, biomass
production) and improved soil pore water parameters (pH, PTEs, aluminium, calcium,
bicarbonate and nitrate ions), highlighting the benefits of waste amendments. These
findings underscore the potential of waste-derived Technosols in stabilizing AMD-
impacted soils and promoting thriving plant growth. However, further validation in

field trials with diverse plant species is recommended for real-world applications.
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1 | INTRODUCTION

Acid mine drainage (AMD) poses a significant environmental challenge
arising from the exposure of sulphide minerals, notably pyrite, to air
and water (Blowes et al., 2003; Nordstrom, 2011). Sulphide oxidative
weathering leads to acid generation and the release of potentially
toxic elements (PTEs) into the surrounding environment. This process
raises substantial concerns in abandoned mine sites (Fernandez-
Caliani et al., 2009, 2019; Madején et al., 2011, 2021), causing severe
soil degradation, hindering plant growth, and posing health risks.
AMD-affected soils often lose their natural resilience and capacity to
immobilize harmful contaminants, becoming sources of acidic leach-
ates with high levels of iron, sulphate and PTEs (Fernandez-Landero
et al., 2023). Sustainable remediation strategies are essential to miti-
gate contaminant dispersion and protect ecosystems and human
health (Niu & Lin, 2021) in these environmental significant soils.

Remediating AMD-impacted soils is a complex, site-specific pro-
cess that requires effective techniques for chemical stabilization and
ecological restoration. In situ treatment involves using soil amend-
ments to reduce contaminant leachability and bioavailability (Adriano
et al., 2004; Bolan et al., 2014; Fernandez-Caliani et al., 2021;
Kumpiene et al., 2008; Palansooriya et al, 2020; Uchimiya
et al, 2010). Common amendments for acidic, metal-contaminated
soils include liming materials combined with organic additives (com-
post, biochar or manure) to improve soil fertility, enhance water hold-
ing capacity and stimulate microbial activity.

In recent years, Technosols (technogenic soils) have emerged as a
promising alternative to traditional post-mining reclamation methods
(Aguilar-Garrido et al., 2023; Ahirwal & Maiti, 2018; Aran et al., 2022;
Asensio et al., 2013; Fernadndez-Caliani et al., 2024; Santos
et al, 2019; Watkinson et al., 2017). This innovative approach
involves blending non-hazardous waste materials or by-products with
contaminated soil to create environments conducive to vegetation
recovery and no-food biomass production. The benefits include cost-
effectiveness, reduced resource reliance and waste reuse, aligning
with circular economy principles (Ruiz et al., 2020; Séré et al., 2008;
Watkinson et al., 2017; Weiler et al., 2020).

After achieving soil stabilization, ecological restoration becomes
feasible, playing a crucial role in maintaining ecological balance and
preventing further erosion. Selecting plant species depends on various
factors like soil conditions, hydrology and climate, especially in AMD-
impacted regions where species resilient to high PTE levels are
needed (Barba-Brioso et al., 2023; Tordoff et al., 2000). Certain metal-
tolerant plants, such as Indian mustard (Brassica juncea L.), are valuable
for phytostabilization and soil revegetation (Forjan et al., 2018; Lai
et al., 2008; Novo & Gonzilez, 2014; Pérez-Esteban et al., 2014) due
to their ability to absorb and accumulate PTEs without succumbing to
toxicity. Moreover, B. juncea serves as a reliable indicator of metal
phytoavailability (Clemente et al., 2005), aiding in the assessment of
remediation effectiveness.

This study explores the potential of using strategic combinations
of non-hazardous waste materials to create sustainable Technosols
for supporting plant growth in AMD-degraded landscapes. Through

controlled pot-scale experiments, the research aimed to (1) elucidate
the specific challenges associated with AMD-impacted soils; (2) evalu-
ate the effectiveness of waste amendments in mitigating the adverse
effects of AMD and (3) unveil how Technosols influence the establish-
ment of B. juncea in remediated soil and the capacity to support
healthy vegetation growth. By addressing these objectives, the study
seeks to contribute to the development of sustainable practices for
reclaiming AMD-affected soils and promoting broader ecological res-

toration efforts in post-mining landscapes.

2 | MATERIALS AND METHODS

21 | Mine soil and wastes used for Technosol
construction

Soil samples were randomly collected from three locations within a
barren area severely affected by AMD discharges (Fernandez-Caliani
et al., 2022; Ferndndez-Caliani & Barba-Brioso, 2010; Madején
et al,, 2011) in the Tharsis mining district, Spain (Figure 1). Composite
samples from the topsoil layer (0-20 cm) were air-dried, gently disag-
gregated and sieved to 2 mm. A portion of the sieved sample was
then finely ground and passed through a 63 um sieve for subsequent
chemical analysis.

The AMD-affected soil was analysed for particle size, pH, redox
potential (Eh), electrical conductivity, mineral composition, carbon and
sulphur content, nitrogen and phosphorous levels, cation exchange
capacity, exchangeable cations and total concentrations of major and
PTEs. Acid soil drainage prediction was accomplished using an acid-
base accounting approach, which assesses the total acid generating
and neutralizing capacities through the acid-base accounting equation
(Ahern et al., 2004): Net acid generation (NAG) = potential sulphidic
acidity ~ (PSA) + titratable  actual acidity  (TAA) + retained
acidity — acid neutralizing capacity.

Four locally sourced waste materials were selected for Technosol
construction: (1) water clarification sludge (WCS), (2) white slag from
steel production (WSS), (3) furnace slag from iron production (FIS) and
(4) red gypsum (RGY), a by-product of titanium dioxide pigment pro-
duction. These materials, classified as non-hazardous wastes accord-
ing to the European Woaste Catalogue (Commission Decision
2000/532/EC), served specific roles in Technosol formulation, with
WCS contributing organic nutrients (Dassanayake et al., 2015), WSS
and FIS acting as liming agents (Yang et al., 2022) and RGY potentially
improving soil structure while reducing contaminant mobilization
(Peacock & Rimmer, 2000; Rodriguez-Jorda et al., 2010). These mate-

rials are currently landfilled 60 km from the reclamation site.

2.2 | Experimental setup
The experimental setup aimed to tailor waste amendments to reclaim
AMD-impacted soils and promote vegetation restoration. Waste

materials were characterized for specific surface area, pH, Eh,
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FIGURE 1 Location map of the Tharsis mining area showing: (a) an aerial view of the study area, (b) the sampling sites and (c) the soil
sampling technique using a hand auger. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Composition of Technosols derived from water clarification sludge (WCS), white steel slag (WSS), furnace iron slag (FIS), and red
gypsum (RGY).

Technosol Technosol composition Waste amendment Amendment composition

Control 100% mine soil (S3) - -

S3T2-10 90% S3 10% WA1 WA1 60% WCS 20% WSS 20% RGY
S3T2-25 75% S3 25% WA1 WA1 60% WCS 20% WSS 20% RGY
S3T2-50 50% S3 50% WA1 WA1 60% WCS 20% WSS 20% RGY
S3T5-25 75% S3 25% WA2 WA2 60% WCS 20% FIS 20% RGY
S3T5-40 60% S3 40% WA2 WA2 60% WCS 20% FIS 20% RGY
S3T5-50 50% S3 50% WA2 WA2 60% WCS 20% FIS 20% RGY
S3T8-5 95% S3 5% WA3 WA3 60% WCS 40% WSS -
S3T8-25 75% S3 25% WA3 WA3 60% WCS 40% WSS -
S3T8-50 50% S3 50% WA3 WA3 60% WCS 40% WSS =
S3T11-25 75% S3 25% WA4 WA4 60% WCS 40% FIS -
S3T11-35 65% S3 35% WA4 WA4 60% WCS 40% FIS =
S3T11-50 50% S3 50% WA4 WA4 60% WCS 40% FIS -

Note: Mixing percentages are expressed in weight.

electrical conductivity, carbon content, nutrient levels and total con- of organic and inorganic components (Asensio et al., 2019; Santos
centrations of major and PTEs. et al, 2016; Yao et al., 2009). The waste amendments were mixed

Soil amendments involved blending WCS, WSS, FIS and RGY with mine soil at various rates (Table 1), with untreated mine soil
waste materials in a 60:40 (w/w) ratio to achieve a balanced mixture (sample S3) serving as the control. The resulting Technosols
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underwent leaching tests to assess leachability and guide optimal
blend selection for planting.

Selected planting blends were homogenized, moistened with dis-
tilled water and equilibrated for 14 days at room temperature before
being transferred to pots (15 cm depth and diameter) and planted
with B. juncea for 4 months. Germination assays in 90 mm Petri dishes
confirmed the viability of B. juncea seeds. The dishes were kept at
room temperature under a 10-14 h day/night photoperiod and moni-
tored daily for germination progress. Five seedlings with expanded
cotyledons were transplanted into Technosol pots. Each treatment
had three replicates, including negative (mine soil) and positive (mulch)
controls. The pots were placed in a glasshouse environment with con-
trolled temperature, humidity and light exposure, while regular irriga-
tion was applied to maintain optimal soil moisture levels.

A 4-month pot trial monitored the soil solution chemistry in both
Technosol and control pots. Soil solution was sampled monthly at
maximum water holding capacity using Rhizon samplers (Clemente
et al., 2008). The extracted solution was analysed for pH, electrical
conductivity and total concentrations of major elements and PTEs.
Plant health, growth and development were evaluated by monitoring
survival rate, height, leaf number, flowering time and biomass

production.

2.3 | Analytical procedures

Phase identification was conducted by X-ray diffraction (XRD) on a
BRUKER D8-Advance diffractometer, using monochromatic CuKa
radiation (40 kV, 30 mA). Selected particles were examined using field
emission scanning electron microscopy (FESEM) with a JEOL JSM-
ITS00HR instrument operating at 20 kV, and were chemically ana-
lysed with an energy-dispersive X-ray spectrometer coupled to the
FESEM. Grain-size distribution and specific surface area were deter-
mined using a Mastersizer 3000 laser diffraction analyser. For pH, Eh
and electrical conductivity measurements, a 10 g soil sample was
mixed with 25 mL of deionized water. Additional pH measurements
were performed in 1 M KCI (1:2.5 m/v) and 30% H,0, (1:20 m/v) sus-
pensions, with H,O, added until bubbling ceased (Urrutia
et al., 1992).

PSA was determined by extracting pyrite sulphur (S,,,) with hot
6 M HNOg, following the ASTM D2492-02 standard test method for
sulphate removal prior to pyrite extraction. The extracted S, was
quantified by inductively coupled plasma optical emission spectros-
copy (ICP-OES) with an Agilent 5110 instrument and converted to
PSA assuming complete pyrite oxidation, which releases two moles of
protons per mole (Dold, 2017; Nordstrom, 1982).

TAA measured readily available acidity in the soil, considering sol-
uble sulphates and exchangeable acid cations. This was achieved by
titrating a 1 M KClI soil suspension with 0.1 M NaOH until reaching a
pH endpoint of 7.0 (McElnea et al., 2002). The acidity retained in spar-
ingly soluble hydroxy-sulphate minerals, like jarosite, was estimated
by quantifying extractable sulphate sulphur (Sj,) using 0.2 M NH,4-
oxalate. The extracted Sj,r was analysed by ICP-OES and converted to

equivalent acidity units (mmol H* kg~2) based on the assumption that
one mole of sulphur in jarosite releases 1.5 moles of protons
(Dold, 2003).

A static NAG test assessed the overall acid-forming potential of
the mine soil. This test mimics pyrite oxidation by reacting the soil
with a 30% H,O, solution while monitoring pH variations. The solu-
tion is then titrated with 0.1 M NaOH until reaching a neutral pH,
accounting for any acid neutralizing minerals present in the soil
(Monterroso & Macias, 1998).

Total carbon and nitrogen were determined via dry combustion
using an ELTRA CHS-580A analyser. Plant-available phosphorus and
assimilable potassium were extracted with 0.5 N NaHCO3; (Olsen &
Sommers, 1982) and 0.01 M CaCl, (Houba et al., 1996) respectively.
Effective cation exchange capacity was assessed by leaching the soil
with a 1 M NH4CI solution. The extracted base cations were ana-
lysed using flame atomic absorption spectroscopy, while exchange-
able acid cations were measured through titration with
0.01 N NaOH.

Major and trace element contents in mine soil and waste samples
were analysed by ICP-OES following a four-acid digestion method.
Quality control measures ensured data accuracy, including reagent
blanks, duplicates and certified reference materials (OREAS series).
Element concentrations deviated from reference values by less than
10% relative standard deviation (RSD), with most elements showing
excellent reproducibility (RSD below 5%).

A standardized leaching test (EN-12457-4) evaluated PTE mobili-
zation from Technosols. Leachates were filtered (0.45 um pore size),
acidified, and analysed for major elements by ICP-OES, while PTE
concentrations were measured by ICP mass spectrometry (Agilent
7700 ICP-MS). Quality control measures, including external calibra-
tion, replicates, blanks and analysis of SRM 1640a, ensured outstand-
ing accuracy (SRM recovery within 5%) and precision (RSD below
10%). Nitrate, fluoride and chloride concentrations were determined
using ion chromatography (Metrohm 883 Basic IC plus instrument),
while bicarbonate content was measured via titration with
0.02 M HCI.

2.4 | Statistical analysis and geochemical modelling
Statistical analysis was performed using SPSS 27.0 to assess Techno-
sol influence on soil pore water chemistry. Left-censored data were
imputed as half of the detection limit, and replicate variability was
quantified by standard errors. Differences between Technosol-based
treatments and controls were assessed using Student's t-test and
one-way ANOVA, preceded by Levene's test to confirm homogeneity
of variance. All tests adopted a significance level of p < 0.05. Principal
component analysis (PCA) explored relationships between soil pore
water chemistry and plant responses.

The PHREEQC chemical equilibrium modelling software
(Parkhurst & Appelo, 2013) was employed to predict the aqueous spe-
ciation of PTEs and determine mineral saturation states using

Equation (1):
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Sl = log (IAP/K;) (1)

where Sl is the saturation index, IAP denotes the ion activity product
and K, represents the solubility product constant. A Sl value of 0 indi-
cates equilibrium solubility, positive values suggest oversaturation and
potential precipitation, while negative values imply undersaturation
and potential dissolution.

3 | RESULTS AND DISCUSSION

3.1 | Properties and constituents of the mine soil
The AMD-impacted soil exhibited loam texture, extremely acidic reac-
tion (pHy,0 2.7-3.4), strongly oxidizing conditions (Eh =706 mV) and
moderate salinity. Similar pH values were obtained using a 1M KClI
solution, suggesting potential constraints for plant growth and micro-
bial activity. XRD analysis identified quartz, mica, kaolinite and jarosite
as the dominant soil minerals, with minor feldspars, gypsum and
hematite. Importantly, the absence of carbonates indicates limited
buffering capacity against further acidification.

The observed pHy,o, values aligned with the low S, content
(0.10%), resulting in relatively low PSA (65 mmol H* kg™?) linked to
the oxidation of mineral dust particles derived from nearby mine
waste dumps (Chopin et al., 2003; Fernandez-Caliani et al., 2013; Fer-
nandez-Caliani & Barba-Brioso, 2010). Low TAA values (57-87 mmol
H* kg™?!) imply a limited capacity of the soil to generate acidity
through the dissolution of readily soluble sulphate minerals and the
release of acid cations from exchange sites.

Considerable differences between Sy, and Sy, levels denote
the occurrence of sulphate minerals, primarily jarosite, as confirmed
by XRD analysis. Sj,r was the dominant form of sulphur, ranging from
1.70% to 2.53%, representing retained acidity released through slow
jarosite hydrolysis, estimated at 797-1186 mmol H* kg~1. This find-
ing underscores the significance of jarosite as the main reservoir of
acidity, accounting for 86%-90% of the total acid-generating capacity,
and its role in predicting long-term acidification trends.

The H,05-based static test revealed a mean NAG value of
296 mmol H™ kgfl, which reflects the net acid production, assuming
simultaneous acid generation and acid neutralization reactions
(Karlsson et al., 2018; Miller et al., 1997). This result is consistent with
those from nearby Rio Tinto mine soils (Fernandez-Landero
et al., 2023), highlighting persistent acidity and limited acid neutraliz-
ing potential.

Mine soil analysis showed severe limitations in essential plant
nutrients, including nitrogen (0.32%) and plant-available phosphorus
(Poisen = 0.014%), aligning with observations from other regional mine
soils (Alvarenga et al., 2022). The high prevalence of exchangeable
acid cations (over 52% of effective cation exchange capacity) can fur-
ther exacerbate nutrient deficiencies for plant uptake. Organic carbon
content varied widely (0.2%-3.7%), with the higher values being likely
due to the presence of carbonaceous shale fragments derived from

nearby mine waste dumps.
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As shown in Table 2, the AMD-impacted soil showed a distinctive
geochemical signature characterized by relatively high levels of Fe
(9.6%-11.0%) and Al (6.9%-7.3%), with smaller contributions from K
and S. This elemental profile aligns with the mineralogical composition
of the mine soil, reflecting the occurrence of jarosite, iron oxides and
aluminosilicate minerals. A concerning aspect of the AMD impact was
the consistently elevated levels of PTEs. Total concentrations of Pb
(up to 1610 mgkg™), Cu (up to 942 mgkg Y and As (up to
783 mg kgfl) exceeded regional baseline levels (Galan et al., 2008;
Martin-Méndez et al., 2023) by one to two orders of magnitude, indi-
cating severe multi-elemental contamination. Of particular concern is
the surpassing of As concentrations beyond the screening level
(40 mg kg™1) set for industrial land use in southern Spain (Junta de
Andalucia, 2015), indicating an unacceptable risk to potential

receptors.

3.2 | Characterization of waste materials used as
amendments

The tested waste materials (WCS, WSS, FIS and RGY) displayed
diverse characteristics across particle size distribution, pH, electrical
conductivity, agronomic properties and element concentrations
(Table 3), reflecting their varied origins and compositions.

WOCS exhibited a slightly acidic to near-neutral pH, low electrical
conductivity, and a high organic carbon content (11.50%), making it
suitable as an organic fertilizer. It boasts significant amounts of avail-
able phosphorus (16.7 mg kg™?) and potassium (57.7 mg kg™2), pro-
viding a source of essential nutrients. The observed high Al content
(>10%) is attributed to aluminosilicate clay minerals and the use of
Al-based coagulants during drinking water treatment. XRD analysis
further revealed a diverse mineral assemblage encompassing quartz,
feldspars, iron oxides and gypsum.

WSS showed exceptional alkalinity (pHy,o = 12.4), indicating its
potential to counteract soil acidity, along with high electrical conduc-
tivity (7.27 mS cm™1). FESEM-energy-dispersive X-ray spectrometer
analysis revealed distinct calcium silicate phases, calcite and Mg
oxides and aluminates. Despite lacking organic carbon, WSS compen-
sates with remarkable levels of plant-available phosphorus
(22.8mgkg™?) and potassium (151 mgkg™?), serving as a valuable
nutrient source. High contents of Ca (>10%) and Mg (6.67%) further
enhance its potential as an alkaline soil amendment.

FIS displayed an alkaline pHy,o (10.0) and low electrical conduc-
tivity. It showed 1.70% total carbon, with 1.00% being organic carbon,
and low total nitrogen content (0.09%). Moderate levels of available
phosphorus (18.7mgkg™) and potassium (56mgkg™Y) further
enhanced its potential as a soil amendment. Additionally, it exhibited
a relatively high Fe content (7.56%) ascribed to iron-silicate phases.
XRD analysis identified abundant quartz with minor anorthite and
calcite.

RGY had a slightly alkaline pHy,o (7.76) and moderate electrical
conductivity. It is composed mainly of gypsum with minor iron oxides,

rutile, ilmenite and zircon. Despite its predominantly inorganic nature,
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TABLE 2

Parameter
Color (dry)
Sand (%)
Silt (%)
Clay (%)

FERNANDEZ-LANDERO T AL.

Electrical conductivity (mS cm™?)

Eh (mV)
pHu,0
PHkci
pHox

Acidity (mmol H* kg™?)
Potential sulphidic acidity
Titratable actual acidity

Retained acidity

Total acid generation

Net acid generation

Siar (%)
Spy (%)
Cinorg (%)
Corg (%)
Neotal (%)
Poisen (%)

Exchangeable cations (cmol™ kg

Ca2+
Mg2+

Na™

Kt

HY 4+ AT

Cation exchange capacity (cmol™ kg™?)
Non-acid cation saturation (%)

Major element concentrations (wt %)

Al
Ca
Fe
K

Trace element concentrations (mg kg™ %)

As
Bi

Cd
Co

,1)

Soil properties, acidity pools and chemical composition of mine soil samples.

Mine soil samples (<2 mm fraction)

S1

10YR 6/4
51.6

41.4

7.0

3.59

656

3.4

3.3

2.7

81
57
1073
1211
417
2.29
0.13
0.0
3.7
0.50
0.027

6.9
4.7
0.2
n.d.
194
312
37.7

6.91
0.22
10.5
1.76
0.44
0.019
0.40
0.31
2.25
0.835

714
14
0.7
13

S2

10YR 6/3
30.9

56.9

12.2

1.94

694

3.2

3.0

2.6

69
64
1186
1319
281
2.53
0.11
0.1
1.8
0.34
0.013

111
3.2
0.1
n.d.
14.3
28.8
50.3

7.26
0.26
11.0
248
0.45
0.017
0.54
0.38
244
0.333

556
12
04
11

S3

10YR 6/4
414

471

11.5

2.02

767

2.7

24

2.3

44
87
797
928
189
1.70
0.11
0.2
0.2
0.10
0.001

10.8
3.0
n.d.
n.d.
10.6
24.5
56.7

6.90
0.15
9.60
273
0.34
0.018
0.49
0.43
1.93
0.048

783
10
0.5
10

Mean

41.3
48.5
10.2
252
706
3.09
292
25

65
69
1019
1153
296
217
0.10
0.1
1.9
0.32
0.014

9.6
3.6
0.1
n.d.
14.8
28.2
48.2

7.02
0.21
10.37
2.32
041
0.018
0.48
0.37
221
0.045

684
12

0.53
11.3

Std. dev.
10.4

7.8

2.8

0.93

56

0.39
0.46

0.2

19
16
200
202
115
0.43
0.03
0.1
1.7
0.20
0.013

2.3
0.9
0.1
n.d.
44
34
9.7

0.21
0.06
0.71
0.50
0.06
0.001
0.07
0.06
0.26
0.398

116

0.15
1.5
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Mine soil samples (<2 mm fraction)

TABLE 2 (Continued)

Parameter S1
Cr 103
Cu 942
Ni 22
Pb 1610
Sb 86
Tl <5
Zn 190

Abbreviation: n.d., not detected.

it provided some nutrient value with 130 mgkg™* of assimilable potas-
sium and 3mgkg~! of plant-available phosphorus. High levels of Ca
and S (>10% each) are attributed to the abundance of gypsum, while
the significant Fe content (5.39%) stems from iron oxides.

Although the overall PTE concentrations in these waste materials
are generally lower than those observed in the AMD-impacted soil
and adhere to Spanish legislation for Technosol formulation
(ITR, 2008), elevated levels of Cu (294 mg in FIS) and Zn (315 mg kg’1
in RGY and 252 mg in WSS) may require careful consideration.

3.3 | Leachate quality

The leaching test provided valuable insights into the acidity/alkalinity
and pollutant release of both mine soil and the tested waste amend-
ments (WA1, WA2, WA3 and WA4). All waste amendments yielded
alkaline leachates (Figure 2a), with WA1 and WAS3 showing the high-
est alkalinity due to the incorporation of WSS as a liming material.
Electrical conductivity ranged from 0.66 to 2.60 mS cm™2, with RGY-
bearing wastes (WA1 and WAZ2) registering the highest values. Leach-
ate solutions revealed varying concentrations of diverse anions
(Figure 2b), with sulphate particularly elevated (around
12,000 mg kg™1) in WA1 and WA2 due to their gypsum content.
Chloride levels ranged from 324 to 838 mg kg™, while nitrate con-
centrations varied between 124 and 230 mg kg™ 1.

A significant concern when utilizing waste-derived amendments
in agriculture and landscaping is the potential release of high levels of
PTEs into the environment (Siddique et al., 2010). However, leachate
analysis showed negligible concentrations of dissolved PTEs in the
amendments, typically below 0.1 mgkg™t. Conversely, the AMD-
impacted soil produced highly acidic leachate (pH 2.8) with concerning
levels of Cu (39.54 mgkg™') and Zn (22.66 mg kg™2), while other
PTEs remained below 1 mgkg™® These results indicate minimal
leaching risk of contaminants, complying with Spanish regulations for
safe Technosol construction (ITR, 2008).

The Technosol treatments effectively reduced the leaching of
PTEs from the mine soil, particularly for Cu and Zn. Leaching of other

divalent metals (Ni, Cd and Pb) was minimized to negligible or

S2

S3 Mean Std. dev.

102 87 97 9

540 339 607 307

24 19 21.7 2.5
1010 1200 1273 307

27 <5 56 44

<5 <5 <5 <5

136 111 146 40

undetectable levels (Figure 2c). However, there was a slight increase
in the leaching of As and Sb attributed to reduced anion adsorption
onto soil particles under alkaline conditions (Bradl, 2004; Carabante
et al., 2009; Fan et al., 2020). Importantly, despite this increase, the
concentrations of leached As and Sb remained well below regulatory
limits for Technosol construction (2 mg kg™ for As and 0.7 mg kg™?
for Sb).

3.4 | Technosol pore water chemistry

Dissolved pore water PTE concentrations are a crucial indicator of
environmental risk, revealing the fraction readily available for plant
uptake (Clemente et al., 2008; Nolan et al., 2003). To gain insights into
this, interstitial water from Technosols S3T2-25, S3T8-5 and
S3T11-35 was analysed over a 4-month pot trial.

All Technosols displayed significantly higher pH values compared
to the untreated control soil (p < 0.002) throughout the experiment
(Figure S1). Technosols amended with WSS (S3T2-25 and S3T8-5)
experienced a rapid and sustained increase in pore water pH, shifting
from extremely acidic to mildly alkaline or near-neutral conditions.
Conversely, Technosol S3T11-35, amended with FIS, demonstrated a
less pronounced effect, remaining moderately acidic. These findings
suggest that WSS holds significant promise for neutralizing net acid-
ity. The strongly oxidizing state (Eh 712 mV) of the mine soil solution
displayed a noteworthy shift towards less oxidizing conditions upon
amendment application. The shift was most pronounced in Techno-
sols S3T2-25 and S3T8-5, which reached moderately oxidizing states.
In contrast, the untreated control soil maintained its highly oxidizing
character throughout the experiment. The electrical conductivity of
the pore water in the soil control exhibited a steady decline, stabilizing
between 6.0 and 8.1 mS cm™~ 1. This decrease reflects the depletion of
readily soluble sulphate salts through irrigation water leaching. How-
ever, Technosol treatments maintained consistent electrical conduc-
tivity ranges throughout the study period.

Technosols showed differential effects on the major element con-
centrations in the pore water (Figure 3). Waste amendments signifi-

cantly reduced the levels of Al and Fe compared to the control soil
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Waste materials (<2 mm fraction)

Parameter Unit WCs WSS
Munsell colour (dry) - 2.5Y5/3 2.5Y 6/1
Specific surface area m?g?! 0.598 0.640
Electrical conductivity mScm™!  0.69 £ 0.07 7.27 £ 0.06
pHu,0 = 6.74 £0.21 12.44 £ 0.11
Ctotal % 11.82+0.31 148 +0.13
Gz % 0.34 £ 0.04 1.48 + 0.60
Corg % 1149 £0.31 nd.
Organic matter % 19.83+0.53 nd.
Niotal % 212 0.01
C/N = 5.6 150
Pavailable mgkg™* 167 228
Kavailable mgkg™t 577 +42 151 + 8.2
Major elements Detection limit (wt %)

Al 0.01 >10 3.79

Ca 0.01 0.18 >10

Fe 0.01 1.34 0.93

K 0.01 0.06 0.02

Mg 0.01 0.16 6.67

Na 0.01 0.06 0.09

P 0.001 0.175 0.001

S 0.01 0.78 0.42

Ti 0.01 <0.01 0.12
Trace elements Detection limit (mg kg™?)

As 2 42 <2

Bi 2 <2 <2

Cd 0.5 <0.5 <0.5

Co 1 3 1

Cr 1 14 121

Cu 1 84 42

Hg 1 2 <1

Ni 1 15 12

Pb 3 23 16

Tl 2 <2 <2

Zn 1 71 252

TABLE 3 Properties and chemical
composition of the waste materials used

FIS RGY as ingredients in Technosols.
10YR 4/1 7.5YR 6/6
0.474 0.756

0.78 + 0.04 433 +0.25
10.00 +0.13  7.76 £ 0.61
1.67 £0.63 0.84 + 0.02
0.70 = 0.06 0.53 £ 0.22
0.98 +0.51 0.31 £0.02
1.72 £0.71 0.52 £ 0.04
0.09 0.08

18.9 3.9

18.7 3.0

56.0 £ 0.2 130+5.8
0.97 0.45

1.68 >10

7.56 5.39

0.09 0.02

0.83 0.50

0.29 0.07

0.024 0.006

0.04 11.0

0.03 0.47

26 4

<2 <2

<0.5 2

5 8

73 69

294 41

<1 <1

54 26

88 58

<2 <2

226 315

Abbreviations: FIS: furnace iron slag; n.d., not detected; RGY, red gypsum; WCS, water clarification

sludge; WSS, white steel slag.

(p < 0.00001). Notably, Al concentration dropped dramatically from
1178 mg L™! to practically undetectable levels, addressing a major
toxicity concern in acid mine soils (Fernandez-Caliani & Barba-
Brioso, 2010). This improvement is likely due to the formation of Al
hydroxide solid phases (Sanchez-Espana et al., 2011). This hypothesis
is supported by saturation indices predicted by PHREEQC modelling,
which indicates a likelihood of precipitation for gibbsite (SI = 1.8-
2.9), boehmite (SI = 1.5-2.6) and diaspore (S| = 3.1-4.3). These
precipitates not only remove harmful Al from the solution but also

provide additional binding sites for other contaminants, boosting the

sorption capacity of the Technosols. Similarly, dissolved Fe concentra-
tions decreased significantly from 10 mgL~! to below 0.5 mgL™1.
Equilibrium modelling suggests this decrease is due to the formation
of ferrihydrite (SI = 3.6-3.8), a mineral prevalent in ochreous sedi-
ments precipitated from Fe-rich waters with neutral to mildly alkaline
pH (Bigham et al., 1992; Murad & Rojik, 2003).

All three amended soils displayed a significant increase
(p < 0.00001) in dissolved Ca concentrations. This notable increase,
particularly evident in Technosol S3T2-25 (peaking at 948 mg L™3),

can be attributed to the dissolution of calcite and calcium silicate
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FIGURE 2 Effects of waste amendments on mine soil leachate

composition: (a) pH and electrical conductivity of leachates from mine
soil and waste amendments; (b) anion concentrations in leachates and
(c) concentrations of potentially toxic trace elements leached from
Technosols compared to regulatory limits for safe Technosol
construction. S3, untreated mine soil; T, Technosol; WA, waste
amendment. Composition details of waste amendments are provided
in Table 1. [Colour figure can be viewed at wileyonlinelibrary.com]

compounds present in the waste amendments. Dissolved Mg concen-
tration decreased significantly (p < 0.01) in Technosols S3T2-25 and
S3T11-35, but increased (p < 0.01) in Technosol S3T8-5 due to its
higher WSS content. Technosol S3T11-35 showed a noteworthy ele-
vation in Na concentration compared to the control (p < 0.00005),
whereas no significant changes were observed in Technosols S3T2-25
and S3T8-5 (p > 0.05). Overall, Technosol S3T11-35 proved most
effective in promoting the solubilization of alkaline elements, while
S3T8-5 displayed enhanced Mg mobilization.

As noted previously, waste amendments caused a pH increase,
shifting towards moderately alkaline or near-neutral levels, while
maintaining oxidizing conditions. This combined effect improved soil

pore water quality by enhancing PTE retention through chemical
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FIGURE 3 Comparative bar charts showing the temporal
evolution of major element concentrations dissolved in the pore
water extracts of the Technosols (T1, T2 and T3) and the control mine
soil (TO) during the 4-month pot trial. [Colour figure can be viewed at
wileyonlinelibrary.com]

stabilization (Basta & McGowen, 2004; Bolan et al., 2014; Kumpiene
et al., 2008). Figure 4 illustrates the significant reduction in dissolved
metal load within Technosols relative to the untreated (control) soil
(p < 0.00001). In fact, treatments lowered mean concentrations of Cr,
Co, Ni, Cu, Zn, Cd and Pb in pore water, with some declining by sev-
eral orders of magnitude, clearly indicating reduced mobility and phy-
toavailability. Particularly, Cu and Zn concentrations dropped from
initial levels of 80.21 and 72.08 mg L~ to below 1 mg L~ by the end
of the monitoring period. The observed improvement in PTE immobili-
zation can be ascribed to the alleviation of soil acidity, which reduces
the activity of hydrogen ions in the soil solution, thereby decreasing
competition for metal binding sites. This finding supports recent stud-
ies (e.g. Diaz et al., 2024; Paniagua-Lopez et al., 2024) that demon-
strate metal immobilization through soil amendment practices.

Waste amendment application in the mine soil triggered the pre-
cipitation of Cu-bearing phases, primarily copper ferrites. This is sup-
ported by positive saturation indices computed using PHREEQC
(SI = 12.7-16.7). However, minerals containing Cd, Pb or Zn lacked
positive Sl values, suggesting that their mobility is likely controlled by
adsorption processes onto newly formed phases rather than precipita-
tion. Ferrihydrite may play a role in sequestering some of these PTEs
through adsorption and co-precipitation mechanisms (Carlson
et al., 2002; Michel et al., 2007; Sherman & Randall, 2003).
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FIGURE 4 Comparative bar charts displaying trace element
concentrations dissolved in the pore water extracts of the Technosols
during the 4-month pot trial. Line charts show the trace element
contents in the pore water of untreated mine soil (control). Error bars
denote the standard deviation of the means (n = 3). [Colour figure
can be viewed at wileyonlinelibrary.com]

Rising the pH to near-neutral and mildly alkaline levels in Techno-
sols S3T2-25 y S3T8-5 increased the mobility of metalloids, specifically
As and Sb, evidenced by their higher concentrations in pore water com-
pared to the control (p < 0.00003). Despite concerns about potential
As mobilization associated with the pH increase to the alkaline region
(Hartley et al., 2004; Kumpiene et al., 2008), dissolved As concentra-
tions remained below 50 ug L™* in both Technosols after treatment.
The enhanced mobility of As and Sb may result from an increase in neg-
atively charged soil surface sites following acid neutralization
(Bradl, 2004; Carabante et al., 2009), hindering the adsorption of harm-
ful oxyanions. Conversely, Technosol S3T11-35, with an acidic soil

solution, showed significant reductions in metalloid concentrations

compared to the control (p < 0.0001), indicating its effectiveness as the
most suitable treatment for all PTEs, including metalloids.

Sulphate was initially the predominant anion in the untreated
mine soil solution, peaking at 23.04 gL' This concentration
decreased to 4.19 g L~* over time due to the washing out of efflores-
cent sulphate salts formed on the soil surface. Upon treatment, mean
chloride concentrations increased up to 1824 mg L~ and nitrate con-
centrations up to 417 mg L™}, exceeding untreated counterparts,
which peaked at 376 mg L™! and 61.2 respectively. Elevated nitrate
levels benefit for plant growth as an essential nutrient. Bicarbonate
also emerged as a prominent anion, peaking at 382 mg L1 in Techno-
sol S3T2-25.

Following the pot trial, sulphate remained the dominant anion in
the mine soil solution (control), comprising 98% of the total anionic
composition. However, Technosol treatments induced a shift in the
species distribution pattern. Although sulphate remained significant
(50%-66%), a new speciation model emerged (Figure S2), with chlo-
ride, bicarbonate and nitrate accounting for up to 31%, 28% and 25%
respectively. This shift in the anionic balance can influence soil prop-
erties, affecting the mobility and speciation of contaminants.

Understanding the mobility, availability and toxicity of contami-
nants in the soil solution requires paying attention to their specific
chemical forms rather than solely focusing on total dissolved concen-
tration (Kalis et al., 2008). Through PHREEQC speciation calculations,
insights into the distribution of PTEs among different agueous species
were gained by comparing untreated soil with Technosols after the
4-month pot trial (Figure 5).

In the untreated control soil solution, Al mainly formed harmful
sulphate complexes, with the monomeric form (AISO,*) comprising
83% of dissolved Al species. Notably, around 10% existed as highly
toxic APT ions, detrimental to plant growth (Chandra &
Keshavkant, 2021). Waste amendment applications effectively miti-
gated this concern by promoting a shift towards less toxic hydroxyl-
ated species, such as AI(OH),~ and Al(OH), ™. This shift, driven by the
increased pH, reduces Al phytotoxicity by rendering it less soluble and
more prone to form less harmful species (Bojorquez-Quintal
etal, 2017).

Heavy metal speciation revealed a dominance of sulphate com-
plexes in the mine soil solution, including neutral and negatively
charged species (CuSO,, CdSO., Cd(SO.),%2~, PbSO4 ZnSO, and
Zn(S04),%7). Moreover, a significant fraction of the dissolved metal
load existed as free metal ions, posing a threat to plant growth
through phytotoxicity (Kumar et al, 2021). Technosol application
demonstrably altered this speciation pattern, leading to a greater
diversity of metal species compared to the control. In Technosols
S3T2-25 and S3T8-5, Cu speciation was dominated by CuCOs;
(77.5%-81.0%), creating a thriving environment for plants by reducing
the activity of toxic Cu®" ions. Zinc speciation was more complex,
with a mixture of free metal, sulphate, carbonate and nitrate ions,
while Cd primarily existed as free Cd?*, along with sulphate com-
plexes, and chloride ions. Changes in Cu and Zn speciation suggest a
decrease in their mobility, although some free ions remained available
to plants. While dissolved Pb and Cd concentrations decreased to
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negligible levels in Technosols S3T2-25 and S3T8-5, the presence of
Cd?* jons in Technosol $3T11-35 raises concerns regarding potential
plant uptake.

Similar to other PTEs, the aqueous speciation of As in the
amended soils shifted towards less harmful forms due to increased pH
and oxygenation. Initially dominated by dihydrogen arsenate
(H,AsO,7), treatment induced a transition towards hydrogen
arsenate (HAsO,2~), which is less mobile than H3AsO4 and HpAsO4~
and much less toxic than arsenite species (Yamauchi & Fowler, 1994).
Notably, Technosols S3T2-25 and S3T8-5 showed a remarkable domi-
nance of this less harmful species, with 95%-99% of As existing as

HAsO,2~

35 |
growth

Effectiveness of waste amendments on plant

A seed germination assay using B. juncea revealed a significant posi-

tive effect of waste amendments on plant establishment in

Technosols. The inherent limitations of the mine soils (strong acidity,
nutrient deficiencies and high levels of dissolved PTEs) severely ham-
pered germination. Conversely, Technosols enhanced both germina-
tion and early seedling growth, with seeds readily absorbing water,
sprouting and developing cotyledons within a week. Germination was
confirmed when the radicle reached 3 mm in length (ISTA, 2005). Ger-
mination rates varied across treatments (Figure 6a): untreated mine
soil (0%), Technosol S3T11-35 (73.3%), Technosol S3T8-5 (80.0%),
Technosol S3T2-25 (86.7%) and mulch control (90%).

Figure 7 depicts the 4-month progression of B. juncea plants in
the pot trial. Although all seedlings successfully developed true leaves
within a week, remarkable differences in plant establishment and
growth were observed among treatments.

Technosol S3T2-25 demonstrated outstanding plant survival
(100%), comparable to the mulched control (Figure éb), indicating its
effectiveness in fostering plant adaptation and resilience. Plants grew
vigorously, reaching a maximum height of 59.4cm with up to
51 leaves per pot by week 13 (Figure 6c,d). Technosol S3T8-5 main-
tained an 80% survival rate throughout the trial, with surviving plants
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FIGURE 6 Bar chart comparing (a) seed germination rate of
Brassica juncea in Technosols and mulch control, alongside line charts
showing plant growth dynamics throughout the pot-based trial:

(b) survival rate; (c) maximum plant height and (d) leaf number. [Colour
figure can be viewed at wileyonlinelibrary.com]

achieving an even taller average height (66.8 cm) and a maximum leaf
count of 44 by week 13. Notably, there were no statistically signifi-
cant differences (p > 0.053) in plant growth parameters between the
two Technosols, suggesting comparable effectiveness. Flowering com-
menced in both Technosols by week 12, mirroring the mulched con-
trol, with plants displaying vibrant yellow flowers and successfully
completing seed production by week 13. At the conclusion of the trial,
Technosol S3T2-25 vyielded 6.734 g per pot of aboveground dry bio-
mass, while Technosol S3T8-5 produced 5.574 g per pot.

In contrast, plant survival in Technosol S3T11-35 sharply
declined, with only 20% survival by week 4 and complete mortality by
week 6, indicating a limited capacity for B. juncea growth. The surviv-
ing plants displayed stunted growth, reaching an average peak height
of just 3.5 cm by week 4, with limited leaf production (peaking at

11 leaves in week 3). Unlike the healthy growth observed in other
Technosols, plants in Technosol S3T11-35 showed stress symptoms
like limited growth, reduced leaf number, and foliar chlorosis, resem-
bling effects typically associated with nutrient deficiency and metal
stress (Chandra & Keshavkant, 2021; Kumar et al., 2021). By week
6, when all plants succumbed, cumulative aboveground dry biomass
production was only 0.155 g.

PCA analysis elucidated the relationships between plant
responses (survival rate, plant height, leaf number, biomass) and soil
pore water variables (pH, trace elements, aluminium, calcium, bicar-
bonate, nitrate), providing further insights into how changes in soil
solution chemistry influenced plant health and growth. The scores
projected onto the two principal components (PC1 and PC2) delin-
eated distinct clusters (Figure 8). PC1 explained 87% of the total vari-
ance and was driven by strong positive loadings for healthy plant
responses and favourable soil conditions. High positive PC1 scores
correlated with heightened survival rates and biomass production, tal-
ler plants, increased leaf count and higher levels of pH, bicarbonate,
calcium and nitrate. Conversely, PC1 displayed strong negative load-
ings for aluminium and PTEs, indicating their detrimental effects on
plants. PC2 played a minor role (10% variance), with all loadings
remaining below 0.54. Overall, the PCA unveiled a clear link between
thriving B. juncea plants and improved soil pore water quality, charac-
terized by lower acidity, reduced stress from aluminium and PTEs and
optimal nutrient availability. These findings are consistent with previ-
ous research on the beneficial effects of soil amendments on B. juncea
growth in contaminated soils (Clemente et al., 2005; Fernandez-
Caliani et al., 2024; Pérez-Esteban et al., 2014).

In the PCA plot, Technosols S3T2-25 and S3T8-5 clustered
closely together, indicating similar effects on both plant response and
soil solution chemistry. Conversely, Technosol S3T11-35 displayed a
notable separation, reflecting distinctive effects on plant growth
(e.g. reduced survival rate and biomass) and pore water parameters
(e.g. lower pH and higher toxic elements). The distant positioning of
the untreated mine soil (control) from these clusters underscores the
effectiveness of Technosol-based treatments in promoting plant
growth and modifying soil chemistry.

The successful germination, growth and flowering observed in
Technosols S3T2-25 and S3T8-5 provide promising evidence of their
potential to overcome growth limitations in mine soils. These techno-
genic soil blends not only enhance plant survival rates but also sup-
port flourishing development under controlled pot experiment
conditions. Nevertheless, field trials with a variety of plant species
may be necessary to fully validate the impact of Technosol amend-
ments on PTE mobility and bioavailability in the soil-plant system,

under realistic environmental conditions.

4 | CONCLUSIONS

This pot-based study used B. juncea as a model plant to explore the
potential of waste-derived Technosols as a sustainable and multifunc-

tional approach for revegetating AMD-impacted soils. The results
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consistently demonstrated the effectiveness of Technosols in mitigat-
ing the extreme acidity of the mine soil, improving nutrient availability
and reducing the leaching of PTEs to environmentally sustainable
levels. The study identified several concomitant mechanisms for PTE
immobilization: reduced dissolution of metal-bearing minerals, precipi-

tation reactions forming stable mineral phases and adsorption onto Fe

PC 1 (87%)

and Al (oxy)hydroxides. These processes collectively contribute to
decrease PTE mobility and bioavailability in the leachate. Aqueous
speciation modelling indicated a shift towards less phytotoxic forms
of aluminium and heavy metals following treatment. This aligns with
the observed germination and robust growth of B. juncea in specific
Technosol formulations. Technosols S3T2-25 and S3T8-5 supported
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high survival rates and optimal biomass production, underscoring their
capacity to transform barren AMD-impacted landscapes into fertile
and revitalized soils. PCA analysis corroborated this positive correla-
tion between improved soil conditions and healthy plant responses.
However, Technosol S3T11-35 showed limited effectiveness, empha-
sizing the importance of carefully selecting and formulating waste
amendments to achieve optimal reclamation outcomes. Further
research, particularly through field trials, is warranted to confirm these
findings and assess the long-term effects of waste amendments on
soil quality. This will provide valuable insights for informed decision-
making regarding the large-scale implementation of Technosols in
real-world settings.
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Figure 51. Bar charts illustrating the temporal evolution of pH and
electrical conductivity values in the pore water of Technosols
compared to the control mine soil (shown in line charts). Error
bars denote the standard deviation of the means (n = 3).
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Figure S2. Pie charts illustrating the distribution of major anions in the pore
water extract after the four-month pot trial period.
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5. CONCLUSIONES GENERALES Y
NUEVAS VIAS DE INVESTIGACION
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5.1. Conclusiones generales

Los resultados de esta tesis han permitido profundizar en el conocimiento del
comportamiento de los sistemas eddficos hiperdcidos y extremadamente
contaminados con arsénico y metales pesados en los entornos de Rio Tinto y Tharsis,
y el estero de Domingo Rubio. Este avance en la caracterizacion ha sido
imprescindible para calibrar la magnitud del problema y disefiar unos tecnosuelos
efectivos. Asimismo, se ha progresado en la identificacion de RNP que cumplen las
especificaciones técnicas y ambientales requeridas para su empleo en la elaboracién

de tecnosuelos, siempre bajo las restricciones pertinentes en cada caso.

Los ensayos realizados han demostrado la viabilidad, a escala de laboratorio,
de los tecnosuelos formulados con RNP como una solucién para mejorar las
propiedades fisicas, quimicas y bioldgicas de suelos mineros degradados. Los
tecnosuelos son capaces de estabilizar quimicamente estos entornos, reduciendo la
acidez y la movilidad de los contaminantes, al mismo tiempo que promueven la
fertilidad y el desarrollo de la vegetacidn. A continuacion, se resumen las principales

conclusiones de esta investigacion:

1. Avances en la caracterizacion de suelos mineros. Se ha logrado un avance
significativo en la caracterizacion de suelos mineros altamente acidos y
contaminados, proporcionando un diagndstico ambiental exhaustivo de su
estado previo al tratamiento. Los resultados obtenidos han demostrado que
los suelos mineros han superado su carga critica de acidez y capacidad
amortiguadora de la contaminacién, comportandose como fuentes
secundarias de contaminantes. Por tanto, es imprescindible aplicar medidas
correctivas para aminorar el riesgo que representan para los ecosistemas y la

salud humana.

2. Desarrollo de tecnosuelos sostenibles. Se ha demostrado la viabilidad de
valorizar RNP para la produccién de tecnosuelos como una solucién sostenible
para la recuperacion de suelos degradados por la actividad minera. Las

mezclas propuestas representan un avance importante hacia estrategias de
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restauracion ambiental tendentes a minimizar el impacto de la mineria
metdlica, aportando estabilidad quimica y mejorando las propiedades

edaficas.

3. Mejora de la calidad ambiental. El tratamiento con tecnosuelos ha
contribuido notablemente a mejorar la calidad ambiental, restaurando la salud
del suelo y su capacidad de regeneracion. Se ha logrado una reduccion
efectiva de la acidez, movilidad y la disponibilidad ambiental de los EPT en los
suelos tratados, ademas de estabilizar carbono y aportar nutrientes

esenciales.

4. Revegetacion exitosa. Uno de los logros mas notables es la evidencia de que
los tecnosuelos formulados favorecen el crecimiento de plantas en macetas,

lo que demuestra su potencial para la revegetacion de dreas degradadas.

En definitiva, los avances alcanzados en la aplicacidon de tecnosuelos como
técnica de recuperacion natural asistida tienen un impacto positivo tanto en el
medio ambiente como en la sociedad, abriendo el camino a soluciones mas

sostenibles para la gestion de suelos contaminados.

5.2. Trabajos en curso y nuevas lineas de investigacion

En continuidad con la tesis, se han desarrollado analisis microbioldgicos que
permiten evaluar la salud de los suelos remediados, incluyendo cultivos bacterianos,

extraccion de ADN gendmico y analisis de la actividad enzimatica.

e Cultivo bacteriano. Se han cultivado bacterias a partir del agua de poro
obtenida cuatro meses después de la plantacion de B. juncea. Las muestras se
cultivaron en medio Luria-Bertani para comparar la microbiota presente en
suelos tratados y no tratados, con el fin de evaluar el impacto de los

tecnosuelos sobre comunidad bacteriana.
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e Extraccidn y caracterizacion de ADN genémico. Para identificar y comparar
las especies microbianas en ambos tipos de suelos, se extrajo ADN gendmico
utilizando el kit QIAGEN DNeasy PowerMax Soil, especifico para suelos con
baja biomasa microbiana. El procedimiento de extraccidn consta de 6 pasos:
1) descomposicidn celular, 2) precipitacién de impurezas, 3) purificacién del

ADN, 4) lavado, 5) elucién, y 6) preconcentracion.

e Evaluacion de la actividad enzimadtica. Se analizaron las actividades de
diversas enzimas indicadoras de salud del suelo (deshidrogenasas, [-
glucosidasas, celulasas, fosfatasas, ureasas, proteasas y sulfatasas), mediante
incubacién con sustratos especificos, y posterior cuantificacion colorimétrica

de los productos liberados por las reacciones enzimaticas.

Los resultados de estas investigaciones microbioldgicas son inéditos y las

publicaciones derivadas de estos trabajos se encuentran en proceso de elaboracidn.

Asimismo, se estdn analizando las plantas (Brassica juncea) cultivadas en los
suelos mineros recuperados para determinar el contenido de EPT en los drganos
vegetales y evaluar la posible transferencia de metales desde el suelo a la planta,

como indicador de su biodisponibilidad.

Otra linea de trabajo actualmente en curso pretende ampliar y diversificar la
gama de RNP susceptibles de valorizar en la produccién de tecnosuelos, mediante la
caracterizacion de nuevos materiales residuales que se generan regularmente en

grandes volumenes, en colaboracién con la empresa Green Soil Solutions.

Finalmente, se considera fundamental incorporar ensayos de campo a largo
plazo en zonas piloto. Estos ensayos permitiran validar los resultados obtenidos en
laboratorio a escala mayor y en condiciones ambientales reales, reforzando asi la

aplicabilidad practicay la transferencia del conocimiento generado.
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