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Foreword

This volume presents the key notes of six invited lecturers to the Workshop on "Continental
sediment metal contamination by agricultural, industrial and mining activities: mineral processes
and bioavailability " held in the Antonio Machado Campus of the International University of
Andalucia in Baeza (Jaén, Spain) on June 28 and 29, 2022, during the SEM-SEA 2022 congress, a joint
meeting of the Spanish Mineralogical Society (SEM) and the Spanish Clay Society (SEA) organized
by both societies, the International University of Andalucia and the University of Jaén. The meeting
was coordinated by Isabel Abad and Africa Yebra (University of Jaén).

Sediments and soils from continental basins with intense human activity are a favorable
environment for the concentration of natural nanomaterials (clays, oxides, sulfides), industrially
designed nanomaterials (metallic nanoparticles of phytosanitary products, such as fungicides,
herbicides...) and incidental nanomaterials formed by the reaction of anthropic nanomaterials with
the environment (e.g. metal sulphides from industrial nanomaterials). This workshop aims to cover
the important gaps in the knowledge about the interaction between the different types of
nanoparticles and the influence of environmental conditions on the solubility, aggregation and
mineral fixation of metal nanoparticle contaminants. The contributions integrating this volume
evaluate if continental sediments have a relevant role in the natural attenuation of pollution and
the design of solutions based on nature for the remediation of environmental pollution problems.

Michael Hochella Jr. reviewed in his plenary talk sources and impacts of natural nanomaterials,
which are not created directly through human actions, incidental nanomaterials, which form
unintentionally during human activities and engineered nanomaterials, which are created for
specific applications. Knowledge of the properties of all three types as they cycle through the Earth
system is essential for understanding and mitigating their long-term impacts on the environment
and human health.

Rosario Jiménez Espinosa and Juan Jiménez Millan aim to show the influence of the
microorganisms on the main reactions involving clays and other minerals associated to the metal
nanoparticle fixation, reviewing the sources of salinity and metal enrichment in wetlands from the
Chicamocha Basin (Colombia) and the most important bacterial communities developed in the
organic matter rich sediments deposited in these environments.

The contribution by Julidn Martinez, Rosendo Mendoza, Maria José De La Torre, Vicente Lopez
Sanchez-Vizcaino, Maria José Campos Sufiol and Rosario Jiménez Espinosa describes the metal
pollution on the hydrographic network of the abandoned Linares Mining District (Spain), which was
visited in a field trip integrated in the workshop.

The lecture of Tibor Németh gives an insight through some examples into the change of metal
sorption with the alteration of clay minerals in soils and sediments which is useful for researchers
working on metal contamination issues.




Foreword

The manuscript by Rafael Pérez-Lépez, Sergio Carrero, Ricardo Millan-Becerro, Maria D. Basallote,
Francisco Macias, Carlos R. Canovas and José M. Nieto focuses on the geochemical processes
involving metal mobility in acid mine drainage-impacted waters occurring in the Tinto and Odiel
rivers as well as in the Huelva Estuary (Spain), which are extensible to other mining districts in the
world where AMD-affected fluvial courses reach seawater.

Beata Smieja-Krol summarizes the current state of knowledge on the biogenic sulfide formation in
wetlands and its role in metal sequestration, as well as the implications of sulfide formation in the
water-saturated contaminated sites producing anthropogenic metal accumulations similar to
known from geological records.

We want to acknowledge the collaboration and enthusiasm of the authors to provide us their

communications and make possible the publication of this volume.

Rosario Jiménez Espinosa
Juan Jiménez Millan
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Michael F. Hochella, Jr. (1)

(1) University Distinguished Professor (Emeritus), Department of Geosciences, Virginia Tech, Blacksburg, VA, USA.

As our group has written about before, particularly in our highly cited Science article (Hochella et al.,, 2019),
nanomaterials are critical components in the Earth system’s past, present, and future characteristics and behavior.
They have been present since Earth’s origin in great abundance. Life, from the eatliest cells to modern humans, has
evolved in intimate association with naturally occurring nanomaterials. This synergy began to shift considerably with
human industrialization. Particularly since the Industrial Revolution some two-and-a-half centuries ago, incidental
nanomaterials (produced unintentionally by human activity) have been continuously produced and distributed
worldwide. In some areas, they now rival the amount of naturally occurring nanomaterials. In the past half-century,
engineered nanomaterials have been produced in very small amounts relative to the other two types of
nanomaterials, but still in large enough quantities to make them a consequential component of the planet. All
nanomaterials, regardless of their origin, have distinct chemical and physical properties throughout their size range,
clearly setting them apart from their macroscopic equivalents and necessitating careful study. Following major
advances in experimental, computational, analytical, and field approaches, it is becoming possible to better assess
and understand all types and origins of nanomaterials in the Earth system. It is also now possible to frame their
immediate and long-term impact on environmental and human health at local, regional, and global scales.

For this symposium on the topic of metal contamination by agricultural, industrial and mining activities, and
especially mineral processes and bioavailability, I have chosen two examples from our work that are particularly
relevant to this theme. The first example is from the Clark Fork River Superfund Complex (western Montana, USA)
which is the largest contaminated site in the United States apart from the nuclear fuel/weapons-contaminated sites
managed by the U.S. Department of Energy. The Clark Fork contamination is due to base-metal mining that started
in this area in the 1860’s. Considerable amounts of metals (mainly Pb, Zn, Cu, and As) at toxic concentrations were
spread atmospherically, and also distributed down hydrologic gradient from the original mining areas. Extensive
transmission electron microscopy (TEM) observations revealed for the first time the key secondary mineral
formation as a result of the breakdown of sulfides and silicates in oxic, acidic soil-sediment-solution environments.
It was determined that the contaminant metals were taken up by several nanoscale secondary iron and manganese
oxide minerals and amorphous alumino-silicates. Clays also carried significant amounts of Cu and Zn.

In a second example of the nanoscience principals given above, we have discovered that burning coal generates
large quantities of otherwise rare Magnéli phase titanium suboxides in the nanosize domain from macroscopic TiO:
minerals naturally present in coal. These nanoscale Magnéli phases, which we have shown now to be spread globally
via atmospheric transport, are toxic to mammalian airways and lungs, including in humans. Therefore, these
incidental nanophases are likely a significant environmental pollutant, especially in geographic regions where coal
combustion is a major contributor to atmospheric particulate matter. It is clear that further toxicology studies ate
necessary and future assessments of the impact of these nanoparticles on human health is warranted.

Taly como ha publicado previamente nuestro grupo, particularmente en nuestro articulo altamente citado de Science
(Hochella et al., 2019), los nanomateriales son componentes criticos para las caracteristicas y el comportamiento
pasado, presente y futuro del sistema de la Tierra. Han estado presentes desde el origen de la Tierra en gran
abundancia. La vida, desde las primeras células hasta los humanos modernos, ha evolucionado en intima asociacién
con los nanomateriales naturales. Esta sinergia comenz6 a cambiar considerablemente con la industrializacion
humana. Particularmente, desde la Revolucién Industrial hace unos dos siglos y medio, los nanomateriales
incidentales (producidos de forma no intencional por la actividad humana) se han producido y distribuido
continuamente en todo el mundo. En algunas areas, ahora rivalizan en cantidad con los nanomateriales naturales.
En el tltimo medio siglo, los nanomateriales de ingenierfa se han producido en cantidades muy pequefias en relacién



a los otros dos tipos de nanomateriales, pero en cantidades lo suficientemente importantes como para convertirlos
en un componente importante del planeta. Todos los nanomateriales, independientemente de su origen, tienen
distintas propiedades quimicas y fisicas en todo su rango de tamafio, lo que los distingue claramente de sus
equivalentes macroscopicos y requiere un estudio cuidadoso. Tras los importantes avances en los enfoques
experimentales, computacionales, analiticos y de campo, cada vez es posible evaluar y comprender mejor todos los
tipos y origenes de los nanomateriales en el sistema terrestre. Ahora también es posible enmarcar su impacto
inmediato y a largo plazo en la salud ambiental y humana a escala local, regional y mundial.

Para este simposio sobre el tema de la contaminacién de metales por actividades agricolas, industriales y mineras, y
especialmente los procesos minerales y la biodisponibilidad, he elegido dos ejemplos de nuestro trabajo que son
particularmente relevantes para este tema. El primer ejemplo es del complejo Superfund del rio Clark Fork (oeste
de Montana, EE. UU.), que es el mayor lugar contaminado de los Estados Unidos, sin considerar los lugares
contaminados con armas o combustibles nucleares administrados por el Departamento de Energfa de los EE. UU.
La contaminacién de Clark Fork se debe a la minerfa de metales basicos que comenzé en este area en la década de
1860. Cantidades considerables de metales (principalmente Pb, Zn, Cu y As) en concentraciones toxicas se
dispersaron atmosféricamente y también se distribuyeron por gradiente hidrolégico desde las areas mineras
originales. Las observaciones de microscopia electrénica de transmisiéon (TEM) revelaron por primera vez la
formacion de minerales secundarios clave como resultado de la descomposicion de sulfuros y silicatos en soluciones
suelo-sedimento con ambientes oxidantes y acidos. Se determiné que los metales contaminantes fueron absorbidos
a nanoescala por varios minerales secundarios del grupo de los 6xidos de hierro y manganeso y aluminosilicatos
amorfos. Las arcillas también contenian cantidades significativas de Cu y Zn.

En un segundo ejemplo de los principios de la nanociencia comentados anteriormente, hemos descubierto que la
quema de carbén genera grandes cantidades de subdxidos de titanio de fase Magnéli, que de otro modo setfan raros,
en el dominio de tamafio nanométrico a partir de minerales macroscopicos de TiO» presentes de forma natural en
el carbon. Estas fases Magnéli a nanoescala, que ahora hemos demostrado que se propagan globalmente a través del
transporte atmosférico, son toxicas para las vias respiratorias y los pulmones de los mamiferos, incluidos los
humanos. Por lo tanto, estas nanofases incidentales son probablemente un importante contaminante ambiental,
especialmente en regiones geograficas donde la combustién del carbén es un importante contribuyente a las
particulas atmosféricas. Esta claro que se necesitan mds estudios de toxicologia y se justifican evaluaciones futuras
del impacto de estas nanoparticulas en la salud humana.

Natural, incidental, and engineered nanomaterials, Clark Fork, metal adsorption, Magnéli phase nangparticles.

Hochella Jr., M.F., Mogk DW, Ranville, J., Allen, I.C. y 10 mas (2019) Natural, incidental, and engineered
nanomaterials and their impacts on the Earth system. Science, 363, caau8299. DOI:10.1126/science.aau8299



Rosario Jiménez Espinosa (1), Juan Jiménez Millan (1)

(1) Departamento de Geologia and CEACTEMA, Universidad de Jaén. Campus Las Lagunillas, 23071, Jaén (Espafia)

Saline fluids in eutrophic environments promote multiple mineral reactions coupled with biological activity in
wetland sediments from river basins. Microbial redox reactions involving Fe and other metals control mineral
authigenic sedimentary processes in these environments affecting the stability of clays, sulfides, oxides and
phosphates in sediments. This contribution shows how the wetlands from the Chicamocha river Basin (Colombia)
is an excellent natural laboratory to study factors controlling these reactions mediated by microorganisms. Most of
the bacterial activity in wetland sediments is associated with organic matter degradation processes. These groups
play the role of biogeochemical linkers that relate the reactions of C and S in sediments, favoring elemental mobility
that affect the cycle of Fe and other metals of the sediments and the activity of iron- and sulfur-cycling bacteria,
sulfur- and sulfate-reducing bacteria (SRB), sulfide-oxidizing bacteria (SOB), iron-reducing bacteria (IRB) and iron-
oxidizing bacteria (IOB). Authigenesis and clay mineral reactivity is influenced by cation availability, frequently
mediated by the microbial activity, and the presence of an appropriate mineral precursor. Fe-rich environment by
hydrothermal and anthropic inputs in the Chicamocha Basin wetlands and the reducing conditions generated by the
decay of abundant organic matter caused Fe mobilization mediated by the presence of SRB and SOB communities,
which favored the processes of transformation of detrital clays. High concentration hydrothermal K in the waters
of the lake and Fe uptake in the octahedral sheet promoted the illitization of the precursor clays (smectites or I-
DV). Bacterial activity in organic matter rich sediments also favors the availability of sulfide (stimulated by SRB and
their syntrophic partners that produce Hz) and Fe?* (promoted by IRB and SRB) and other metals, such as Zn, that
can be fixed as insoluble monosulfides encrusting microbial cells. IRB enrichment of the sediments stimulates a
greater availability of Fe2* and favors the reaction of Fe?" with PO4* to form vivianite. The stage of monosulfide
and/or phosphate precipitation is followed by a dissolution step and a recrystallization process that produce pytite
framboids enhanced by the SOB activity, which also facilitate the oxidation of the reduced sulfides to S° and the
release of toxic heavy metals again into the environment that can be increased by IOB oxidation reactions even in
anoxic environments.

Los fluidos salinos en ambientes eutréficos y la actividad biolégica asociada promueven multiples reacciones
minerales en los sedimentos de los humedales de las cuencas fluviales. Las reacciones redox microbianas que
implican al Fe y a otros metales controlan los procesos sedimentarios de formacion de minerales en estos ambientes
y afectan a la estabilidad de las arcillas, sulfuros, 6xidos y fosfatos presentes en los mismos. Este trabajo muestra
que los humedales de la cuenca del rio Chicamocha (Colombia) son un excelente laboratorio natural para estudiar
los factores que controlan estas reacciones mediadas por microorganismos. La mayor parte de la actividad bacteriana
en los sedimentos de los humedales estd asociada con los procesos de degradacion de la materia organica. Estos
grupos conectan biogeoquimicamente las reacciones del carbono y del azufre en los sedimentos, favoreciendo la
movilidad elemental del hierro y de otros metales de los sedimentos, asi como la actividad de las bacterias implicadas
en los ciclos del hierro y el azufre: bacterias reductoras del azufre (SRB), bacterias oxidantes del azufre (SOB),
bacterias reductoras del hierro (IRB) y bacterias oxidantes del hierro IOB). La autigénesis y la reactividad de los
minerales arcillosos estin influidas por la disponibilidad de cationes, frecuentemente mediada por la actividad
microbiana, y la presencia de un precursor mineral apropiado. El ambiente rico en hierro por aportes hidrotermales
y antrépicos en los humedales de la Cuenca del Chicamocha y las condiciones reductoras generadas por la
descomposicién de abundante materia organica provocaron la movilizacién de hierro mediada por la presencia de



comunidades de SRB y SOB, que favorecieron los procesos de transformacion de las atcillas detriticas. La alta
concentracion hidrotermal de K en las aguas del lago y la captacion de hierro en la capa octaédrica promovieron la
illitizacién de las arcillas precursoras (I-DV). La actividad bacteriana en sedimentos ricos en materia organica
también favorece la disponibilidad de sulfuro (estimulada por SRB y sus socios sintroficos que producen Hy), Fe?*
(promovida por las IRB y SRB) y otros metales, como Zn?*, que pueden fijarse como monosulfuros insolubles en
incrustaciones de la pared de células microbianas. El entriquecimiento en IRB de los sedimentos estimula una mayor
disponibilidad de Fe?" y favorece la reaccién de Fe?* con PO4* para formar vivianita. A la etapa de precipitacién de
monosulfuro y/o fosfato, le sigue una etapa de disolucion y un proceso de recristalizacién que produce framboides
de pirita potenciados por la actividad de las SOB, que también facilitan la oxidacién de los sulfuros reducidos a S°
y la liberacién de metales pesados toxicos que puede incrementarse por reacciones de oxidacion de las IOB incluso
en ambientes andxicos.

SRB, IRB, SOB, IOB, illite, mackinawite, pyrite.

Water salinity of hydrologically-restricted environments such as continental wetlands can commonly increase due
to natural inputs or pollutants affecting the chemical and composition of the sediments. Natural inputs are
frequently associated to dissolution processes producing trace element-rich hydrothermal fluids, especially in
geothermal or evaporitic areas (see e.g. references in Cifuentes et al., 2020, 2021a). Agricultural activities, smelting
and urban wastewaters have been considered as some of the main types of anthropic activities promoting potential
pollution in waters and sediments of wetlands (see e.g. references in Quevedo et al., 2020a). Moreover, fertilization
techniques and organic matter from urban wastewaters contribute to environmental eutrophication.

Saline fluids in eutrophic environments can promote multiple mineral reactions coupled with biological activity in
the sediments (Cuadros et al., 2017; Aghasian et al., 2019; Zhang et al., 2019). Microbial redox reactions involving
Fe and other metals control mineral authigenic sedimentary processes in these environments affecting the stability
of clays, sulfides, oxides and phosphates in sediments (Andrade et al., 2018).

The Chicamocha river Basin (Colombia) is an excellent natural laboratory to study the influence of natural and
anthropic inputs on the composition of organic matter rich sediments deposited in saline wetlands (Cifuentes et al.,
2020, 2001a, b and ¢; Quevedo et al. 2020a and b, 2021). Two main wetlands regulate the surface water outflow of
the basin ( ): the La Playa dam and the Sochagota Lake dam. These wetlands store water to meet various
demands, such as ranching, agriculture, tourism and industry, and their impoundments receive anthropogenic input
from farm activities and wastewater (La Playa reservoir) as well as input from natural hydrothermal waters
(Sochagota Lake) that produce high salinity waters, intense eutrophication and organic-rich sediments.

This article reviews the sources of salinity and metal enrichment in wetlands from the Chicamocha Basin and the
most important bacterial communities developed in the organic matter rich sediments deposited in these
environments with the aim to show the influence of the microorganisms on the main reactions involving clays and
other minerals associated to the metal nanoparticle fixation.

Wetlands are hydrologically-restricted environments where water salinity and metal concentrations can increase due
to natural inputs or pollutants. Water wetlands salinity increase is frequently controlled by geological factors, such
as the presence of regional evaporitic sediments or hydrothermal SO42~-Na inputs. However, anthropogenic inputs
from farm activities (using fertilizers and pesticides) and wastewaters (mainly urban sewage) can also produce high-
salinity waters.

High heavy metals concentration is of particular concern for humans because of their detrimental health effects on
people in excessive quantities. Polluted wetlands, can create potential risk of metal exposure to humans. The origin
of heavy metal enrichment can also be associated to natural and anthropogenic processes.
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Fig.1. Geographical setting of the Chicamocha river Basin (Colombia). (a) Global context of the area; (b) Regional map; (C) Sectors of the
Chicamocha River between Tunja and Paipa, Boyaci Province indicating the location of the La Playa dam and the Sochagota Lake. Modified
from Quevedo et al. (2020a).

1.1. Natural hydrothermal inputs. The Sochagota Lake

The Sochagota Lake is an exceptional case study to show the influence of natural inputs on the composition
of waters and sediments. An increase of water salinity and metal concentrations associated to natural inputs can
be observed in this wetland located at the lowest segment of the Chicamocha Basin. This is an artificial lake
constructed from a previous natural wetland (Figure 2). From a geological point of view, it is located in the
main Andean geothermal system in Colombia with hydrothermal systems associated to the area's volcanoes
(Alfaro et al., 2005). The rhyolitic Paipa volcano, which is characterized by a collapsed caldera (3 km wide) with
several hydrothermal vents, is the nearest volcanic building to the lake. The hydrothermal waters flow through
the El Salitre River (a tributary of the Chicamocha River) and are mixed with rain waters in Sochagota Lake
(Cifuentes et al., 2021a).



Fig.2. Location of the Sochagota Lake. Numbers indicate sample positions. The small map represents the regional context of the global area, ie.,
situation of the Paipa province (Boyaca region) in Colombia. Taken from Cifuentes et al. (2021a).

Geothermal waters contribute to the chemical composition of the water of the El Salitre river as follows (see specific
data in Cifuentes et al., 2021a): (i) SO42~-(Cl") Na*-K-rich hot waters; and (ii) Fe-rich, HCO3~ (CI7-SO4%7) cold
waters. Hydrothermal fluids associated with geothermal systems contain potentially pollutant chemicals (e.g., S, Fe,
As, Pb, Zn, Mn) in the liquid fraction that may be present in harmful concentrations and can cause environmental
chemical pollution. The water isotopic composition of the Sochagota Lake waters (6.4%o for S and 8.1 for 5180,
which is comparable to several hydrothermal liquids), and the lack of evaporitic rocks in the stratigraphic sequence
indicated that the high mineralization of the lake water was a result of hydrothermal contributions of S-bearing
fluids from springs feeding the Salitre River. The good correlations of SO4>~ with metals in the lake waters also
supported that its origin is associated with hydrothermal inputs to the Salitre River. The hydrochemistry of the cold
waters can be related to the water—rock interaction of an alluvial shallow aquifer made of volcanic and sedimentary
particles and recharged by rain. A mixing of thermal and saline waters with cooler groundwater is produced at the
Salitre River bed, causing the SO42~-Na*-K*-Fe-rich waters which are accumulated at the south entrance of the lake.

High electrical conductivity and sulfate-rich waters from the south lake entrance are characterized by high contents
of Cl, Li, Be, Al, K, Fe, Co, Ni, Cu, Zn, As, Rb, Cs, and Pb. The concentrations of SO42~, CI~, Fe and As exceeded
the regulatory framework for contaminants in waters (250 mg/L for SO42~ and Cl-, 0.3 and 0.01 mg/L, respectively)
ot electrical conductivity (1000 uS/cm). On the other hand, in the centre and north areas of the lake, conductivity,
SO42~ and CI~ were clearly lower than in the waters from the south entrance, although these contents slightly
exceeded the Colombian regulations for pollutants in waters.

Two main types of sediments can be distinguished in the Sochagota Lake (see specific data in Cifuentes et al., 2020).
Sediments from the southern part of the lake, deposited at the entrance of the hydrothermal inputs (El Salitre) under
fast-flowing conditions, were found to contain negligible organic matter (TOC 0.7%). In this area, the deposition
of organic matter is not favored by the hydrodynamic conditions, thereby promoting the oxygenation of the
sediments (measured redox potential around 90 mV). By contrast, the central and northern parts of the lake, under
slower-flowing conditions, are characterized by the deposition of the finest clay-rich sediments and organic matter
(TOC up to 11.10%) with reduced conditions (redox potential around —150 mV).

The spatial distribution of trace elements in the sediments of Sochagota Lake seems to be associated with the
distribution of organic matter content and mineral assemblages (see specific data in Cifuentes et al., 2021b). Organic
matter-poor sediments from the southern part of the lake were found to be enriched in Zr (mean 567 mg/kg) and
their mineral assemblages did not contain illite, I-DV or S-bearing minerals. The large contents of Zr, SiO, and
TiO: in these sediments can be associated with the deposition of terrigenous zircon, quartz and rutile. On the other
hand, organic matter-rich sediments with a fine-grain sized matrix rich in illite and I-DV located in the northern and
central segments of the lake were found to be enriched in heavy metals (Cu, Zn, Cr, Ni, Co, Pb, Mo), Rb, Ba and



As. These sediments were characterized by the crystallization of S-bearing minerals (mackinawite, pyrite, and S°)
(Cifuentes et al., 2020). The concentrations of heavy metals in these sediments exceeded the world standard
averages, and the mean level of some of these elements was clearly higher than the value of unpolluted reference
sediments from the Chicamocha River area (Quevedo et al., 2020a).

1.2. Anthropic pollution inputs. La Playa dam

La Playa dam, the most relevant anthropic change in the Chicamocha Basin, offers the opportunity of showing the
influence of human activity inputs on several biogeochemical cycles. The reservoir of the La Playa dam receives
wastewaters (urban sewage) from the towns of the region and waters of the agricultural activities, which generate a
high nutrient load and intense eutrophication. Moreover, the La Playa dam is located less than 3 km east of an
important smelter that produce smelting slags with high Zn contents.

Waters and sediments from La Playa reservoir reflect the effect of these anthropic inputs. Water composition is
characterized by high heavy metals concentrations, especially for Zn (mean value 268 pg/L) as compared with
waters from other segments of the Chicamocha River, and high P contents (mean value 6847 pg/L). Water salinity
is very high (1478 pS/cm) and redox potential is low (-27 mV) (see specific data in Quevedo et al., 202042).

The sediments from the La Playa dam are characterized by alternating bands of microlaminated organic-matter-
rich layers and clay-rich layers, showing a high organic matter content (TOC of up to 11.1%), low redox potential
(around —230 mV) and high electrical conductivity (2625 uS/cm) (see specific data in Quevedo et al., 2020a, b,
2021). Clay mineral assemblage in the sediments trapped in La Playa dam in the upper part of the basin is
characterized by the presence of detrital kaolinite and I-DV and authigenic Fe-bearing smectite (up to 0.4 atoms
per formula unit (a.p.f.u.). Fe and Zn-bearing minerals (pyrite, ZnS, vivianite, goethite) are exclusively found in
sediments from the La Playa dam and are absent from the rest of the alluvial sediments from the Chicamocha
river basin. Periodical water discharges in La Playa dam create areas with intermittently emerged sediments,
whereas other areas contain permanently flooded sediments, producing important changes in the redox
conditions of sediments (Figure 3). Pyrite is present in all of the sediments deposited in the reservoir. Permanently
flooded sediments that are richer in organic matter and have a lower redox potential (around —230mV) from the
northern part of the reservoir are characterized by the presence of vivianite and ZnS, and, by contrast, periodically
emerged sediments from the southern part of the reservoir with lower organic matter contents (4.29%) and
higher Eh values (—10mV) contain goethite.
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Fig.3. Location of the La Playa dam. Numbers indicate sample positions. Taken from Quevedo et al. (2020).




From the geochemical point of view, clay-rich sediments from la Playa reservoir have lower SiO» contents (mean
61.24%) and higher AbOs contents (mean 17.17%) than quartz-rich sediments from the rest of segments of the
Chicamocha Basin. The La Playa sediments atre also characterized by the highest content in organic matter (TOC
up to 13.84%), and LOI values (up to 15.43%). A significant enrichment in the P>Os content (mean value of 0.58%)
and heavy metals (Zn > Cu > Cr > Ni > Pb) of these sediments can also be observed.

Several environmental variables, such as hydrodynamic conditions, organic matter content, salinity or cycles of
wetting and drying, favor the presence of specific microorganism communities controlling some of the most
important biogeochemical cycles in wetlands. Processes of organic matter degradation and mineral transformation
in the C, Fe, P and S cycles are associated with the bacterial activity of the sediments of these environments. Thus,
the presence of a diverse bacterial community composition made of the following groups can be identified
(Cifuentes et al., 2021b; Quevedo et al., 2021).

Most of the bacterial activity in wetland sediments is associated with organic matter degradation processes. In the
Chicamocha Basin, the main bacterial communities belong to fermentative genera from anoxic zones from
Bacteroidetes, Chloroflexi and Firmicutes phyla, which digest, grow on and degrade organic substrates (Rui et al.,
2009; Zhou et al., 2016). Sphingobacteriales can play an important role during the initial degradation stages of organic
matter whereas other groups like Bacteroidetes_vadinHA17 and Debalococcoidia and Anaerolineae are more important
during the final degradation stages of organosulfur compounds in sulfidic zones. Other groups, suchs as
Ignavibacteriales order, have the function of COy fixation. Rikenellaceae family (Bacteroidetes) in these sediments can be
associated with being responsible for the decomposition of harmful algal bloom in ponds. Othes Bactervidetes genera,
such as WCHB1-32, BVS13 and Macellibacteroides (Ji et al., 2018), have been thought to be important in the formation
of methanogenic precursors from organic matter degradation. Some members of the phylum Firmicutes, such as
the Christensenellaceae family, are frequently reported in human feces and other animal feces, and show a fairly high
capability for degrading carbohydrates and carboxylic acids. Finally, several communities, ie.
Syntrophomonadaceae members (Firmicutes) or Anaerolineaceae (Chloroflexi) can contribute to produce H» used by sulfate-
reducing bacteria (SRB) acting as syntrophic partners (Timmers et al., 2018). Thus, these groups play the role of
biogeochemical linkers that relate the reactions of C and S in sediments, favoring the mobility of these elements in
the system, which can affect the cycle of Fe and other metals of the sediments and the activity of iron- and sulfur-
cycling bacteria, sulfur- and sulfate-reducing bacteria (SRB), sulfide-oxidizing bacteria (SOB), iron-reducing bacteria
(IRB) and iron-oxidizing bacteria (IOB).

SRB and IRB have direct effects on the availability of dissolved metals, which can be incorporated into the
precipitated minerals (e.g., sulfides or phosphates).

An important SRB community was identified in the wetland sediments of the Chicamocha Basin (Cifuentes et al.,
2021b;  Quevedo et al, 2021). This community was dominated by Desulfatiglans, — Pseudomonas,
Syntrophobacter, and "Thermodesulfovibrionia although other SRB microbial communities
of Desulfobacterales (Fam. Desulfobacteraceae, G. Sva0081 sediment group), Sva0485, Desulfomicrobinm and Desulfobulbus and
Desulfobacca genera. were also identified. These bacterial groups are characterized by its elevated levels of metal
resistance (Psendomonas, Zampieri et al., 2020), its ability to colonize in sludge and sewage (Desulfobacca) in in sulfate-
rich wetlands (Syntrophobacter) where play a crucial role in the cycles of nitrogen and sulfur (Thermodesulfovibrionia) and
promoting P release at contaminated sediments (Desulfomicrobium and Desulfobulbus).

The presence of a significant proportion of iron-reducing Latescibacteria, Geobacter, Dechloromonas, Paludibacter and
Acidibacter (Cifuentes et al., 2021b; Quevedo et al, 2021) suggests that these communities could have also
contributed to the direct reduction of Fe’*. Geobacter and Paludibacter was associated with organic-matter-rich
sediments with humic acids, playing an essential function in the release of Fe?* to the interstitials waters of sediments



under anaerobic conditions. Dechloromonas has been found to be related to the reduction of Fe3* to Fe?" in sludges
that contain P and Fe. Paludibacter has been described as a fermentative microorganism in high sulfate and metal
concentration environments that is able to transfer electrons from anaerobic oxidations to promote the reduction
of iron. Acidibacter has the capability of reducing dissolved Fe3* in low pH and high Fe environments (Chen et al.,
2020).

Some groups of Ganmmaproteobacteria and Epsilonbacteraeota are believed to be the functional SOB of the wetlands
from the Chicamocha Basin (Cifuentes et al., 2021b; Quevedo et al., 2021), producing the transformation of Fe
sulfides and contributing to the possible release of metals and producing the presence of sulfates and S° associated
with areas with pyrite framboids.

Thioalkalinicrobinm and Thiobacillus were the dominant SOB belonging to the Gammaproteobacteria group, whereas
Sulfurovum, Sulfuricurvum , Arcobacter and Sulfurimonas are the main components of the Epsilonbacteracota group. These
two SOB communities use diverse strategies for the oxidation of sulfur. Epsilonbacteraeota need a continuous supply
of reduced sulfur and oxygen, but Gammaproteobacteria are able to adapt their energy metabolisms to different reduced
environmental conditions. Thiobacillus, Sulfurimonas and Arcobacter are commonly involved in the autotrophic
denitrification of saline sewages and can be used as an indicator of sewer and human fecal pollution (especially
Arcobacter). Sulfuricurvum is frequently the dominant SOB under elevated free sulfide concentrations.

Although IOB are commonly absent in reduced sediments of the Chicamocha Basin. The alternation of wetting and
drying periods can favor an increase of the IOB amount. Thus, Gallionellaceae family and Sideroxydans genus are
very well represented in the periodically emerged sediments of the La Playa dam (Quevedo et al.,, 2021). These
groups can play an important role in the oxidation of Fe?* in sediments with low oxygen levels.

Many mineral reactions at low temperature are not controlled by thermodynamics but kinetics. In organic matter
rich sediments, authigenesis and clay mineral reactivity is influenced by cation availability, frequently mediated by
the microbial activity, and the presence of an appropriate mineral precutsor.

Regarding cation availability, continental saline environments are characterized by Fe-enrichment due to natural or
anthropic input sources. The abundance of organic matter promotes reducing conditions generated by its decay and
the proliferation of IRB and SRB. These bacterial communities cause Fe mobilization that can eventually be fixed
as sulfide or phosphate minerals. However, the common coexistence of SOB in this type of sediments can favor
sulfur oxidation and Fe-release. These processes can facilitate the presence of abundant dissolved and colloidal Fe?*
and Fe3* in the interstitial water that promote formation of reactive Fe phases in constant transformation favoring
silicate mineral neoformation and reactions (Andrade et al. 2018; Quevedo et al, 2020b). The authigenic formation
of clay minerals, such as smectites, is frequently revealed the presence of small flakes forming rose-shaped aggregates
that fill pores in the sediment, such those observed in the La Playa dam (Quevedo et al, 2020b). The existence of
Fe easily mobilized by bacteria mediated oxidation—reduction reactions favored that, under the influence of the
reducing environment produced by anthropic contamination, clay minerals uptake Fe and incorporate it into
authigenic clays. The presence of up to 0.4 a.p.f.u. of Fe in the TEM-EDX analysis of smectite from La Playa
sediments suggested that Fe was incorporated in the octahedral sheet (Quevedo et al, 2020b).

The crystallization of illite is a common feature of the end of the processes of authigenesis and clay mineral reactions
in saline sediments rich in organic matter. The presence of an appropriate mineral precursor and cation availability
(Fe and K) and are the two main factors controlling the illitization process in these environments (Cuadros et al.,
2017).

Smectite or illite—smectite mixed layers are the most frequently proposed clay precursors for illite formation in
sedimentary basins but the transformation to illite can also be produced through illite—dioctahedral vermiculite (I-



DV) interstratification, as in the Sochagota Lake (Cifuentes et al., 2021¢c). Climatic conditions in the Sochagota
Lake area produced a partial transformation of primary minerals to kaolinite and vermiculitic minerals as the
main clay minerals in the source materials draining the basin, favoring the deposit of small-sized metastable
intermediates of I-DV minerals, which acted the mineral detrital precursor of the illitization process. TEM-EDS
data revealed that well crystalized neoformed illite (Figure 4) has more Fe than I-DV, revealing that the
uptaking of Fe played an important role during the illitization process. The chemistry of the lake water,
which is enriched in Fe by hydrothermal input, and the reducing conditions generated by the decay of
abundant organic matter caused Fe mobilization mediated by the presence of SRB and SOB communities. High
concentration hydrothermal K in the waters of the lake and Fe uptake in the octahedral sheet can promote the
illitization of the precursor clays (I-DV). The incorporation of Fe during illitization should be produced by the
coupled substitutions of Al for Si in the tetrahedral sheet and of Mg and Fe for Al in the octahedral sheet,
promoting the incorporation of K to the interlayer. This low-temperature illitization process highlights the
importance of clays in the uptake of K from hydrothermal waters in geothermal areas.

Fig.4. TEM images of illite in samples from the Sochagota Lake. (a) Textural image of illite in clay aggregates. (b) SAED pattern of
ilite. (¢) HRTEM image of illite showing wide areas of well-defined 10 A lattice fringes. OM: organic matter, 1t: illite. From Cifuentes
et al. (2021¢).

4. Bacteria mediated reactions of metal-rich minerals

The redox reactions of metal-bearing minerals in organic matter-rich sediments have a strong effect on the
speciation, mobility and bio-availability of pollutants. The precipitation of Fe and other metals in different minerals
depends on the environmental conditions. Redox conditions are one of the main factors controlling the precipitation
of Fe-bearing minerals, favoring the precipitation of Fe?*-minerals (mainly phosphates and sulfides) under low redox
potential conditions and Fe3*-minerals (mainly oxides and oxyhydroxides) under high redox potential conditions.
In anoxic environments rich in P and S, microbial processes can promote the formation of vivianite
(Fes(POy) 2 -8H20) and iron and other metal sulfide minerals, such as mackinawite ((Fe,Ni)S), ZnS or pyrite (IFeS»).
The crystallization of sulfide minerals can widely affect all of these reactions.

The importance of a decaying organic matter-rich environment for the crystallization of metal sulfides have been
frequently described as important factor controlling the mineral assemblage of sediments (see e.g., Folk, 2005; Love,
1967; Love et al., 1984; MacLean et al., 2008). High metal concentrations in sediments is frequently related to the
process of sulfide crystallization in these carbonaceous matter-rich environments.

Bacterial communities of this types of sediments in the Chicamocha Basin (Cifuentes et al., 2021b, Quevedo et al.,
2021) are characterized by the presence of groups able to reduce sulfate (SRB, such as Desulfatiglans,
Desulfobacterales and Sva0485 in the Sochagota Lake; Pseudomonas, Desulfonsicrobium and Desulfobulbus in the La Playa
dam) and Fe3* (IRB, Latescibacteria in the Sochagota Lake; Geobacter, Dechloromonas, Pseudomonas and Paludibacter in the
La Playa dam). The activity of these bacterial groups in the flooded sediments can be reinforced by syntrophic
partners to produce Hz used by SRB (such as Syntrophomonadaceae) and increase the sulfide availability. Therefore,

10



bacterial activity in organic matter rich sediments favors the availability of sulfide (stimulated by SRB and their
syntrophic partners that produce Hz) and Fe?* (promoted by IRB and SRB) and other metals, such as Zn, that
can be fixed as insoluble sulfides. SEM images showing cell-shaped aggregates with metal sulfide composition
support the importance of the bacterial communities in the nucleation and transformation of sulfide minerals
(Figure 5). HRTEM images of the nanoparticles encrusting bacterial cells frequently show (001) lattice fringes of
=5 A (Cifuentes et al., 2021b) suggesting mackinawite precipitation during the initial step of the sedimentary
sulfide formation in the Sochagota Lake. Raman microspectrometry has confirmed the accumulation of these
mackinawite particles at the inner part of plant fragments (Figure 5¢).

298 (M)
s s
8 —
& 8
o™

00 300 400 500 600
Raman cm!

N.

100

Fig.5. Metal sulfide nanoparticles forming aggregates which oval and spherical shape and size closely resemble bacterial cell morphology.
(a) FeS nanoparticles aggregates with bacterial cel] morphology in the Sochagota Lake sediments. (b)) EDX spectrum of the FeS
minerals. (¢) Raman spectrum of the FeS minerals confirming the presence of mackinawite. (d) ZnS cell-shaped aggregate in La Playa
dam. (¢) EDX spectrum of the ZnS minerals. (f) Pyrite cell-shape aggregates in La Playa dam. (g) EDX spectrum of pyrite M:
mackinawite. Py: pyrite. Modified from Cifuentes et al. (2020) and Quevedo et al. (2020a, 2021).

The monosulfide nucleation promoted by microbial cells can also enhance the accumulation of trace elements
to the sediments. The Zn-enrichment of the sediments from the La Playa dam can be associated to the
crystallization of ZnS nanoparticles encrusting SRB cells (Figure 5d), probably from the Psexdomonas group is a very
good example of metal fixation by monosulfide precipitation.

Sulfide formation can compete with the precipitation of Fe?"-bearing phosphate (vivianite) for the available
reduced Fe of the environment. The formation of vivianite is frequently restricted to environments where an
excess of Fe in dissolution is available after the crystallization of sulfides. However, microorganisms can play an
important role in the availability of these substances and, therefore, in the concomitant crystallization of
phosphates and sulfides.

IRB enrichment of the sediments (such as in the permanently flooded sediments of the La Playa dam which
contain Geobacter, Dechloromonas, Pseudomonas and Paludibacter) can promote a greater availability of Fe?*, which
favors the precipitation of vivianite by the contribution of microbial iron- and sulfur-reducing processes, as in
the La Playa dam (Figure 6). These bacterial communities play an essential function in the release of Fe?* to the
interstitials waters of sediments under anaerobic conditions and they have been found to be related to the
reduction of Fe in sludges that contain P and Fe, promoting the reaction of Fe?* with PO4* to form vivianite (Wu
et al., 2021).

11



Fig.6. VVivianite from sediments of La Playa dam: (a) prismatic to flat nanocrystals of vivianite frequently associated with the occurrence of
plant fragments (SE image); (b)) EDX spectrum; (¢) HRTEM image (bright feld) of a vivianite crystal; (d) EDX elemental map of P;
(E) EDX elemental map of Fe; (f) EDX spectrum of vivianite from image ¢; (g) lattice fringe image of vivianite crystal from image ¢. V'ip:
vivianite. From Quevedo et al. (2021).

The initial stage of monosulfide and/or phosphate precipitation is in many cases followed by a dissolution
step under free sulfide excess conditions and a recrystallization process that produce pyrite framboids. This stage
can be enhanced by the SOB activity. Several SOB communities, such as Sulfuricurvum or Arcobacter are the
dominant SOB under elevated free sulfide concentrations increasing the pyrite crystallization rate. Morphology of
the pyrite crystals in the framboids reveals physicochemical conditions controlled in some cases by the bacterial
activity. In the La Playa dam, the formation of microframboids, including hopper pyrite crystals (Figure 7),
suggests transformation processes under high supersaturation values of Fe and sulfide, which promote the fast
accumulation of growth units at the crystal edges, causing the typical faces of hopper grains (Garcfa Ruiz et al,,
2015).

pyrite. Modified from Quevedo et al. (2021).
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During this stage, the presence of Cu-pyrite crystals (Sochagota Lake) and other Cu-bearing sulfides (Laguna Honda)
in sediments from wetlands evidence the importance of the process of metal sulfidation on the metal take up into
low-solubility minerals.

However, the persistent action of the SOB can facilitate the oxidation of the reduced sulfides to S° (Figure 8) and
sulfates such as barite. In the Sochagota Lake, the SOB communities (Thivalkalimicrobium,
Sulfurovum, Arcobacter and Sulfurimonas) might have played an important role during this oxidation stage. The
oxidation processes of the reduced sulfide may promote the release of toxic heavy metals again into the

environment.
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Fig.8. Electron microscope image and spectroscopy data (EDS and Raman) of S° in sediments of the Sochagota Lake: (a) SE image of an
individual grain of native sulfur near pyrite-rich ones; (b) BSE image of a S-aggregate formed by microfilaments that generate a vesicular texture;

(h) Raman spectrum of pyrite-rich region. Py: pyrite, S: elemental sulfur. Modified from Cifuentes et al. (2020).

The presence of IOB can promote this type of oxidation reactions even in anoxic environments. The
high representation of Members of the Gallionellaceae family and the Sideroxydans genus in the periodically
emerged of La Playa dam with Eh negative values reveal that these groups can be adapted to low oxygen
levels, enhancing goethite precipitacion in these sediments (Figure 9). Watanabe et al. (2021) revealed the
importance of bacteria that belong to the Gallionellaceae family and the Sideroxydans genus on the oxidation of
Fe2* in soils that alternate wetting and drying periods.
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Fig.9. SEM and EDX images of goethite sediments of La Playa dam. From Quevedo et al. (20217).

Conclusions

Organic matter-rich sediments from wetlands of the Chicamocha Basin are characterized by the presence of bacterial
communities producing biodegradation associated with eutrophication. These sediments show relevant SRB
communities involved in the precipitation of Fe-sulfides. SEM images showing cell-shaped aggregates with metal
sulfide composition support the importance of the bacterial communities in the nucleation and transformation of
sulfide minerals (mackinawite, ZnS). The activity of these bacterial groups can be reinforced by syntrophic partners
involved in the organic matter biodegradation, which produce H» used by SRB and increase the sulfide availability.
IRB enrichment favors the precipitation of vivianite by the contribution of microbial iron- and sulfur-reducing
processes producing the accumulation of metals into the sediments.

The presence SOB in the sediments can favor both pyrite crystallization under a high sulfide availability and the

oxidation of microbially precipitated monosulfides releasing metals into the environment and promoting the
precipitation of S° and sulfates. The Fe mobilization mediated by the presence of SRB and SOB communities
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favored the processes of transformation of detrital clays. High concentration hydrothermal K in the waters of the
lake and Fe uptake in the octahedral sheet promoted the illitization of the precursor clays (smectites or I-DV).
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The extractive mining activity and the associated concentration and smelting industries produce different types of
solid waste that are accumulated in dumps, flotation tailings dams and slag heaps. These mining waste have high
contents of metals and semi-metals, which can cause an environmental risk if they reach the ground and drainage
networks. Aware of this risk, administrations have been addressing the problem in recent years, in such a way that
many of these tailing dams are being restored and sealed.

In this field trip, we will focus on the area known as Adaro, within the Linares mining district. A review of the
geology of the district and types of deposits, the mining techniques used and the concentration processes will be
carried out. Based on this knowledge, the hydrogeochemical works carried out for the characterization of surface
and groundwater in the studied sector are indicated, analyzing the condition they have evolved since the mining
activity ended. The geophysical techniques used for the characterization of mining dams are also described and the
effectiveness of the sealing carried out in some of these restored dams is evaluated.

La actividad extractiva minera y las industrias de concentracién y fundicién asociadas producen diferentes tipos de
residuos solidos que se acumulan en escombreras y presas de flotacion y lavado. Estos residuos mineros tienen altos
contenidos de metales y semimetales, lo que puede ocasionar un riesgo ambiental si llegan al suelo y a las redes de
drenaje. Conscientes de este riesgo, las administraciones han venido abordando el problema en los dltimos afios, de
tal forma que muchas de estas presas estan siendo restauradas y selladas.

En esta salida de campo nos centraremos en la zona conocida como Adaro, dentro del distrito minero de Linares.
Se realizara una revisiéon de la geologia del distrito y los tipos de yacimientos, las técnicas mineras utilizadas y los
procesos de concentracién. Se muestran los trabajos hidrogeoquimicos realizados para la caracterizacién de las aguas
superficiales y subterraneas en el sector de estudio, analizando su evolucién desde que finalizo la actividad minera.
También se describen las técnicas geofisicas utilizadas para la caracterizaciéon de presas mineras y se evalia la eficacia
del sellado realizado en algunas de estas presas restauradas.

Linares, Mining activity, Waste mining materials, Metal pollution, Solis, W ater.

The metallogenic district of Linares-La Carolina (SE Spain, province of Jaén) is characterized by the presence of
phyllonian deposits with sulfide metallizations, basically galena (PbS) in Paleozoic granites (Azcarate et al, 1977;
Lillo 1992a). These mining waste have high contents of metals and semi-metals, which can origin an environmental
risk if they reach the drainage networks This extractive activity yield an important accumulation of mining waste
material that was deposited in the proximity of the exploitation work. On the other hand, in mineral concentration
processes waste was also produced, specifically, the rejection generated in the flotation process was deposited in
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dumps, flotation tailings dams and slag heaps. In these areas is possible to find contents of metal sulfides, which
behave unstable under the oxidizing conditions, which can give negative effects on the environment. In addition, in
cases where there is generation of leachates, these have high contents of sulfates and metallic elements, as has been
described both in this sector (Hidalgo et al., 2006; 2010; Cortada et al, 2019).

In the mining district of Linates, hydrothermal vein deposits are hosted in a Palacozoic basement and fossilized by
a Triassic sedimentary cover. Bedrock is composed of metamorphic rocks (mainly phyllites with alternating
quartzites), intensely deformed during the Hercynian orogeny and affected by a granitic intrusion. This Palaecozoic
basement is severely fractured and characterized by the presence of a dense dyke network associated with the
granitoid massif (Azcarate, 1977; Lillo, 1992). The exploited ore consists of Pb-Ag and Cu-Fe sulfides. Dominant
ore minerals are galena, sphalerite, iron sulfides (pyrrhotite, pyrite, marcasite) and chalcopyrite. Gangue minerals are
ankerite, quartz, calcite, amorphous silica, barite, and minor amounts of kaolinite.

For this activity, the waste deposits of an old flotation plant (Adaro washery, Fig. 1), in the mining district of Linares,
were chosen. There are two tailing ponds, one located along the left bank of the Guadiel River (restored in 2011)
and another (unrestored) on the right bank (Fig. 2). The aim of this filed trip is to visit these dams and showing the
characterization of these waste materials and the effectiveness of the sealing techniques employed.

The mineralogy of the tailings (De la
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Fig.1. Location of the field trip in the area of Linares.

Based on the work carried out by the RNM-374 research group and the results obtained in Cortada et al. (2017), in
a hydrogeochemical study was made in this area in order to detect water pollution. Table 1 show the physicochemical
characteristics of surface and groundwater in the environment surrounding the studied dams. The maximum annual
mean values (AA) are also included, in accordance with the environmental quality standards of the European Union
for priority toxic elements in surface water. In the case of the Guadiel River, there are analytical data obtained from
periodic sampling carried out for more than a decade at point R1 (Fig. 2). The first column of Table 2 shows the
mean values obtained for water sampled before 2011, the time when the restoration of the main Adaro dam took
place. At that time, the river had a calcium bicarbonate-sulfate facies, which reflected the effects of the oxidation of
the sulfides present in the mining wastes. In the same way, the electrical conductivity values (968 uS/cm on average)
indicated an increase in the mineralization of the surface waters near the mining area, with notable sulfate contents
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(130 mg/L on average) and some trace elements. This is the case of iron (mean value of 0.5 mg/L), manganese
(mean value of 0.6 mg/L) and lead (38 pg/L), which, downstream of the dams, exceeded the maximum limits
established by environmental laws. During that period, the concentrations of these elements reached particularly
alarming maximum values around the Adaro flotation tailing dams (1.3 mg/L Fe, 1.9 mg/L Mn and 0.2 mg/L Pb).

These hydrochemical controls at R1 continued at four-month intervals between 2012 and 2014, after the dam
restoration. The average value of the electrical conductivity of the water was 735 pS/cm, which is significantly lower
than the value recorded before carrying out the restoration work, also observing an increase in the pH of the water
to values above 8, typical of alkaline conditions. In addition, the average sulfate content has been reduced by almost
half. A decrease in the mean value of the dissolved concentrations of all the contents of metallic and semi-metallic
elements, except As, can be observed (Table 1). Despite this apparent improvement in the chemical quality of the
Guadiel river waters, it should be noted that the average Se and Pb contents are still above the annual average values
(AA) set by the European Union for surface waters. Furthermore, Fe, Mn and Zn have reached high maximum
values in some samples (0.7 mg/L, 0.6 mg/L and 0.6 mg/L, respectively). These results suggest that, despite sealing
the landfill, during certain times of the year leachate leaks are generated that can be incorporated into the river, both
from the environment surrounding the restored dam and from the unrestored pond on the right bank.
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Fig.2. Location of the studied tailings ponds with the positions of the piezometer, ERI and GPR profiles (P.1, P.2, P.3, P.4 and G4). R-1 and
R-2: surface water sampling points in the Guadiel River (2.a). Tailings pond before restoration affected by a landslide (2.b). Restored tailings pond
(2.c). Electrical resistivity imaging profile 2 (2.d). Ground penetrating radar equipment used in this study: 30-MHz Rough Terrain Antennas
(RTA) and 100 and 250 MHz, screened antennas (2.e) (Cortada et al. 2017).
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To analyze the role that abandoned dams and ponds currently play in the chemical quality of the waters of the
Guadiel River in the Adaro environment, a new sampling campaign was carried out in the spring of 2016 (Table 2)
that included the river in R1 next to the restored dam (Adaro) and a second sampling point downstream of a second
restored pond (R2) (La Carlota). The results obtained were compared with the quality of the groundwater from the
old Adaro mining well (Well B), flooded after the closure of the mine, and with the waters of a piezometer with a
depth of 90 m, located between the restored dam and the riverbed. In the mine water, calcium bicarbonate-sulfate
hydrofacies were found with a conductivity greater than 900 uS/cm, a low content of dissolved oxygen (4 mg/1)
and high concentrations of Fe (0.3 mg/I), Pb (0.05 mg/1), St (0.5 mg/1) and Zn (0.2 mg/1).

Table 1: Physical-chemical characteristics of surface and ground waters. Sample locations shown in Fig. 2. Maximum allowable annnal average
(AA) values for selected elements are included. Contents exceeding the AAs are in bold.

I;‘;‘::f(‘:l‘;‘)ss and Guadiel River - R1 ;‘V‘Zfiel Spring 2016
le;;fl'ore 23{’:2— R1 R2 Piezometer Adaro shaft
Electrical Cond. (uS/cm) 968 735 690 712 645 932
Temperature (°C) 18,1 19 105] 102 19,0 18,6
pH 7.6 83 8,2 8,4 6.5 7.2
O2 (mg/L) 8,7 11,5 89| 105 43 40
Major constituents (mg/L)

Ca%* 96 78 66 71 66 102
Mg?* 32 24 27 21 17 28
Na* 58 42 34 40 34 45
K* 6 53 2 6 3 3

Cl 67 48 53 55 32 45
SO 133 69 65 81 36 126
HCOs5 345 272 287 269 236 337

Trace elements (ug/L)

Al 172 31 46 32 27 29
As (50 ug/1 AA) 8 14 26 13 30 13
Ba 256 169 226 202 204 137
Co 10 0,6 15 0,9 05 0.4
Cr (50 ng/L AA) 2.6 0,7 15 0.5 07 10
Cu (40 pg/L AA) 20 35 7 6 10 15

Fe 475 395 353 275 219 324
Ga 10 37 18 8 11 7

Mn 632 339 390 482 20 21

Ni (20 pg/L AA) 31 32 50 2.8 17 35
Pb (7.2 pg/1 AA) 38 23 20 10 16 47
Rb 4 2 2 2 8 8

Se (1 pug/1 AA) 1,4 1,2 1,5 1,6 1,4 2,6
Sr 428 256 200 | 243 288 460
Zn (300 pg/1 AA) 218 161 201 147 148 198

The increase in sulfate content in this hydrogeological context must be linked to an oxidation process of the metal
sulfides present in the old mining galleries. The existence of an acid drainage, as could be inferred from this process,
is not detected at any point in this area, probably due to the presence of carbonate gangues (ankerite) that balance
the pH (Hidalgo et al., 2006). On the other hand, the water collected in the river piezometer is of the calcium
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bicarbonate type and has the lowest electrical conductivity (645 uS/cm) and pH (6.5) measured in the study area.
Its chemical composition is representative of a subsurface flow, which, in periods of high water, can reach the river
bed in the vicinity of the dam. The metal(oid) concentrations analyzed in this water sample are, in almost all cases,
lower than those detected in the mine water, as expected, with the exception of As and Ba.

For the waters of the Guadiel River, it should be noted that in this last sampling campaign a calcium bicarbonate
facies and a moderate conductivity (690-712 pS/cm in R1 and R2) are maintained, which are very similar to the
average values of the 2012 period. 2012-2014. Despite this, the concentrations of dissolved metals are higher than
those obtained for the piezometer water in most cases, and for Fe, Mn and Ba, they even exceed those of the mine
water analyzed on the same date. A slight increase in the degree of mineralization of the water is recorded between
R1 and R2, associated with an increase in the sulfate content. Additionally, in this section of the river, a significant
increase in manganese content is obsetved, reaching 0.5 mg/l, a particularly high value when compared to the
concentrations measured in groundwater samples (0.02 mg/1, both in the mine water and in the piezometer water).
Therefore, it is reasonable to assume that the origin of the Mn content does not come from underground or
subsurface flows towards the river bed.

This geophysical prospecting technique is based on determining the distribution of a physical parameter in the
subsoil, based on a very high number of measurements made from the ground surface. In this case, the difficulty
(resistivity) offered by a material to the passage of electric current through it is measured (Telford et al., 1990; Store
et al,, 2000). The different geoelectric behavior allows obtaining 2D profiles, turning out to be a very effective non-
destructive tool for the study and characterization of subsurface discontinuities (Sasaki, 1992; Store et al., 2000). In
this investigation, profiles have been executed with spacing between electrodes of 5 m in the restored dam and 3 m
in the non-restored one (Fig. 2 a and d). The electrical tomography equipment used is the RESECS model, Deutsche
Montan Technologie (DMT).

In total, 4 electrical tomography profiles have been made with 64 electrodes (Cortada et al., 2017) located in Figure
2. Two of them have been carried out in the restored pond (P-1 and P-2 in Fig. 2) with a length of 320 m each, and
another two in the unrestored pond (P-3 and P-4 in Fig. 2), of 192 m per profile. The interpretations of the electrical
tomography profiles have been made from the apparent resistivities obtained in the field work, treated by means of
the specific resistivity and induced polarization software RES2DINV (Griffiths and Barker, 1993; Loke and Barker,
1996; Loke and Dahlin, 2002). Figure 3 shows the two profiles made on the restored dam, both with apparent
resistivity values (A and B in Fig. 3) and real resistivities (C and D in Fig. 3).

The profiles have been designed to cover the entire dam, in order to characterize the residue and the contact with
the substrate. Profile 1, SW-NE direction, was made in one of the berms of the dam. From the resistivity values,
two large sets can be differentiated (C in Fig. 3): a superficial one, with low values (less than 150 Q-m) that is
associated with the sludge dam, and another set, with high values. increasing resistivity (which can exceed 2000
Q-m) associated with granite. Within the granite assemblage, in the highest part, the lowest resistivity values appear,
which is associated with the high degree of alteration that this rock presents on the surface. At depth, the resistivity
values increase associated with a progressively healthier granite.

In the longitudinal profile of the structure (D in Fig. 3), as in the previous case, two sets could be considered: the
granite and the mining deposits. A very irregular topographical base is detected, on which the sludge was deposited,
filling two depressions, with changes in power in the fillings that range between 5 and 7 meters in the crest area up
to 35 m in the middle part of the slope. In the fill, a surface level with somewhat higher resistivity values is observed
in a discontinuous way, especially in the berm areas and in the lower part of the slope, which suggests areas in which
the waterproofing has not been as effective. Bearing in mind that the granulometry variations in this dam are not
very significant, ranging between silt and fine sand, the resistivity variations observed in this fill (between 30 and
150 €2-m) are related to changes in humidity and not with lithological changes, as occurs in other dams in the sector
(Martinez et al. 2014; 2016; 2021). On the other hand, the granitic basement is characterized by presenting high
resistivities, with important and abrupt decreases in the values (up to 50 €-m) that are difficult to explain. These
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could be attributed either to alteration zones associated with fractures or even to old mining operations currently
tilled with mud and water. Therefore, in profile 1, a higher level with a lower degree of humidity could be considered,
which could be related to the restoration and waterproofing work carried out. However, this level of medium
resistivity (between 100-150 €2-m) is not continuous, being lost at both ends of the mining dam, in contact with the
granite. From this it can be deduced that the waterproofing process was not completely achieved in the perimeter
area of the pool, in contact with the substrate. For this reason, this perimeter zone continues to be a recharge zone
for leachates.

Figure 4 shows the two profiles (P3 and P4) made in the unrestored dam (A and B, apparent resistivity values, C
and D real resistivities).
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position of each profile is shown in Fig. 2. (Cortada et al., 2017). position of each profile is shown in Fig. 2. (Cortada et al., 2017).

Profile 3, SW-NE direction, was made on the mud pond, parallel to the Guadiel River. In it, from the resistivity
values, three large sets can be differentiated (C in Fig. 4), one superficial, of about 2-3 m of power, with medium-
high values (between 500-1500 €2-m), which is associated with the waste from the sludge dam. The intermediate
set, which outcrops in the vicinity of the Guadiel River, offers low resistivity values (between 50 and 100 €2-m) and
is related to the shales associated with the old floodplains of the river. Finally, in the deepest position, granite
appears, first very altered (with resistivity values less than 500 €2-m and healthy in depth (with values that can exceed
2000 Q-m). Profile 4 is perpendicular to the previous one and passes right through the center of the old structure
(Fig. 2). On this occasion, the presence of the three levels (granite, fluvial shale and mud dam) can also be deduced.
However, a difference is noted compared to the previous profile: in the central part of the sludge dam since the
resistivity values drop considerably to values of 150 Q-m (Fig. 4, D). This geoelectric behavior could be associated
with the model of construction and growth of the pond since the system discharge was through a perimeter gutter
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and the drainage system was centered, with a slightly conical structure morphology. Therefore, the central part of
the structure will retain the highest humidity, which translates into the lowest resistivities.

Other works carried out later, in which Electrical Resistivity and Induced Polarization have been measured, at the
foot of the restored dam next to the Guadiel River (Rey et al, 2020) (Fig. 5 and 6), reveal the presence of possible
leachate that would be taking place at the foot of the structure, as can be seen in figure 6D, where we assimilate the
chargeability values between 5 and 8 mv/V measured superficially to these leachates.

In Fig. 6, it is represented: A) real resistivity in a profile 395 meters long (80 electrodes every 5 meters). B) real
resistivity of a profile 315 meters long (64 non-polarizable electrodes every 5 meters). C) Chargeability obtained in
the Induced Polarization profile (315 meters).
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Fig.5. Position of the Resistivity and Induced Polarization profile made at the foot of the Adaro dam. A) dam before restoring. B and C)
restored dam and profile position. D) Layout of the wiring at the foot of the dam. E) cross-sectional profile of the dam and situation with

respect to the Guadiel river (Rey et al, 2020).
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Fig.6. A) Real resistivity of the 395 m profile. B) Real resistivity of the 315 m profile. C) Chargeability of the Induced Polarization profile
(315 meters) made at the base of the Adaro dam (Rey et al, 2020).

5. Conclusions

The hydrochemical study carried out on the surface and groundwater of the Adaro area allows the identification of
high contents of sulfates, carbonates and metals(oids) dissolved in the water, with a signal of sulfated hydrofacies.
It is significative the high concentrations of Fe, Mn, Pb, Zn and Se. These elements are associated with the oxidation
process of metallic sulfides of the mining dams, so they could be related to local processes of generation of leachates
from these waste deposits. The comparison of the hydrochemical studies carried out in the sector before and after
sealing can also inform us about the effectiveness of the sealing and, therefore, the elimination of contamination
vectors. In this way, although the hydrochemical parameters have improved substantially after encapsulation, high
metal(oid) values continue to be measured, which are associated with leaks from the sludge deposit associated with
local leachate infiltration processes from these residues towards the substrate. all this facilitated by the intense
fracturing of the granite plinth. Geophysical prospecting methods, Electrical Resistivity Imaging (ERI), were used
in the characterization of mining dams. In this way, the ERI technique allows reconstructing the morphology of
these mining structures, it is possible to identify the contact of the residue with the substrate and detect the areas of
greatest humidity. Thus, areas with higher humidity could be related to failures in the insulation of the structure
during the sealing stage. The possible leakage of leachate at the foot of the structure was also made clear by the
results obtained in the Induced Polarization profile carried out.
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Sorption of metals in soils and sediments are influenced by the properties of the adsorptive and adsorbate, the
properties of the adsorbent and the physical and chemical conditions of the environment. The sorption of a metal
cation for clay minerals having a layer charge, such as smectites or vermiculites, can take place on the outer planar
crystal surface, and in the interlayer space as hydrated cations. Among clay minerals smectites have large metal ion
adsorption. Montmorilonites from bentonites adsorb high amount of metals, considerably higher than illite.
Heterogeneous composition of soil clays, and the pedogenic clay mineral transformation processes modify sorption
properties. The adsotption capacity of soil smectites and vermiculites is closer to that of almost pure
montmorillonite, but still lower. During the clay mineral alteration processes, the formation of intermediate phases,
whose properties are between the primary clay mineral and the product affect the sorption properties of soils and
sediments.

La adsorcion de metales en suelos y sedimentos esta influida por las propiedades de los metales, las propiedades de
las fases adsorbentes y las condiciones fisicas y quimicas del medio ambiente. La adsorcién de un cation metalico
en minerales arcillosos con carga de capa, tales como esmectitas o vermiculitas, puede tener lugar en la superficie
exterior plana del cristal y en el espacio entre capas como cationes hidratados. Entre los minerales arcillosos, las
esmectitas tienen una gran capacidad de adsorcién de iones metalicos. Las montmorillonitas de las bentonitas
adsorben una gran cantidad de metales, considerablemente mas que las illitas. La composicion heterogénea de las
arcillas del suelo y los procesos de transformacién de minerales arcillosos pedogénicos modifican las propiedades
de adsorcién. La capacidad de adsorcién de las esmectitas y vermiculitas del suelo es solo ligeramente inferior a la
de la montmorillonita casi pura. Durante los procesos de alteracién del mineral arcilloso, la formacién de fases
intermedias, cuyas propiedades se encuentran entre el mineral atcilloso primario y el producto, afectan a las
propiedades de adsorcién de suelos y sedimentos

Metal; sorption; clays; alteration

Thanks to the enormous number of studies the main features of the distribution and migration of toxic and
bioessential metals in soils and geological formations are sufficiently well known. One of the basic processes is the
adsorption of metals by soils, and the most various soil constituents. It is also well known that clay minerals play an
important role in these sorption processes due to their unique physical and chemical characteristics. Plenty of data
for various adsorbates and adsorbents are available in the literature, providing us the opportunity to predict the
sorption properties and processes for almost any material, under any circumstances. Nevertheless, there is not a
general rule describing the relationship between soil properties and metal sorption. Additionally, our knowledge
about the metal adsorption capacity of individual constituents of soils and sediment is still incomplete. These
components are various: minerals and rock fragments (constituted by minerals), organic matter, and even the
association of these two, the organo-mineral complexes. As the phase composition of soils are heterogenous, the
characterization of their metal sorption is complicated (Strawn, 2021). Moreover, the soil and sediment components
are not stable. They have their typical alteration and transformation pathways according to the physico-chemical
environment. Consequently, the soil properties — such as the metal sorption capacity — change over time. And finally,
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the peculiarities of the Earth planet’s surface, the presence of water and life, never should be disregarded. This
lecture gives a brief insight through some examples into the change of metal sorption with the alteration of clay
minerals in soils and sediments. This review summarizes only a small segment of the mineralogical aspects of metal
sorption in soils. Nevertheless, the author hopes for its usefulness for all researchers (geologists, hydrogeologists,
soil scientists, chemists, environmental scientist, etc.) working on metal contamination issues related to soils and
sediments.

Sorption of metals — and thus, their distribution and fate — in soils and sediments are influenced by several factors.
These factors can be divided in three groups: factors related to 1. the properties of the adsorptive and adsorbate, 2.
the properties of the adsorbent, and 3. the physical and chemical conditions of the environment. An adequate study
of the metal sorption requires the characterization each of them. Since sorption of metals in soils and sediments
always takes place in aqueous medium, the adsorptive metal and the environment can be considered a solution.
Table 1 lists the most important factors for clay minerals (in particular smectites). The factor is considered positive
when its rise involves the increase of the sorption. It can be stated that the role of most of them is complex, or
variable, depending on other factors. The most important influencing factor from the part of the solution is pH.
Chemical species of the adsorbed metal is affected by the pH. In case of ion exchange processes H* behaves as a
competing cation: adsorption generally increases with pH, because the competition decreases. Moreover, the
variable charge of soils is pH dependent, the surface charge becomes more negative with the increasing pH. The
sorption sequence of the cations depends on the charge, ionic radius and hydration ability of the cations. The
differences in the real sequence series are due to the different and very commonly heterogeneous adsorbents.

Table 1. Effect of sorption influencing factors on the metal sorption of clay mineral adsorbent.

Properties of the adsorbent (clay mineral)
Factor Effect on the sorption
permanent charge positive
origin of permanent charge variable, cation depending
variable charge pH dependent, positive with increasing pH
surface area positive
particle size positive
swelling capacity positive
Properties of the solution

pH variable, complex
metal ion concentration positive
chemical form of the metal ion complex
metal ion

® charge positive

*  hydration negative
ionic strenght negative
temperature variable

Other factors

time positive
solid/fluid ratio positive

Among clay minerals smectites have large metal ion adsorption capacity therefore they have high environmental
and geochemical importance. According to the respected structural models, smectites are phyllosilicates having
pyrophyllite like 2:1 basic structure and extremely small crystallite size, some 100 nm lateral dimension and some
nanometres thickness. Due to isomorphic substitution in their lattice, they have a permanent negative charge, the
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layer charge. This negative charge is responsible for the high cation exchange and adsorption capacity of the
smectites. Smectites can integrate water or other polar organic substances into their interlayer space, and thus
expanding it. The swelling capacity is an important feature related to the layer charge. The expanding and sorption
capacity of smectites is utilised in the isolating layer of landfills.

The sorption of a metal cation can take place on various sites of a clay mineral (Figure 1). On the outer planar crystal
surface (A), and in the interlayer space (B) cations are bond by outer-sphere adsorption, which means that these
cations are hydrated. These are the most important sorption sites for clay minerals having a layer charge (permanent
charge), such as smectites or vermiculites. The mechanism of this type of sorption is cation exchange. The layer
charge resulting in 80—120 cmol/kg cation exchange capacity, associated with the huge specific surface area (~800
m?2/g) make smectites and vermiculites excellent adsorbents, as demonstrated by some adsorption capacity data in
Table 2. On the crystallite edges (C) metals are bond by inner-sphere sorption to the reactive (OH) groups of the
octahedral sheet, whose charge is pH dependent (variable charge of the soil). Since clay minerals in soils, particularly
smectites and mixed layer clay minerals are very thin in soils (some TOT layers) the ratio of the variable charge is
only 10-15% of the total layer charge. Moreover, as the point of zero charge (PZC) of montmorillonite is around
pH 6.5 (Tombdcz and Szekeres, 2004), this site contributes to the cation uptake at alkaline pH, and they can adsorb
anions at acidic conditions. Consequently, 2:1 clay minerals have very restricted adsorption affinity for metals in
form of oxyanions (e.g. As, Mo) or for P, the indispensable plant nutrient. Large, generally non-hydrated cations are
fixed in the ditrigonal cavities of the silicate tetrahedral sheet (D). This is the typical site of K* (or even NH4*) in
illite and high charge vermiculite or smectite, giving a significant role to this site and minerals in plant nutrient issues.
Radiocaesium is also preferentially sorbed on this site. Dehydrated cations with smaller than ~0.7 A ionic radius can
migrate upon heating from the interlayer space to the octahedral vacancy (E) of a dioctahedral 2:1 clay mineral and
neutralizes the charge originating from the octahedral sheet. This is the well-known Hofmann-Klemen effect, which
is used with Li in smectite identification, but it is also known for Cu (He at al., 2001; Németh et al. 2005), and Ni
(Németh. 2003).

@® exchangeable cations
® metal cation ™ water

Fig. 1. Possible sorption sites of metal ions in clay minerals (smectites). A: outer planar surface, B: interlayer space, C: edge sites, D:
hexcagonal/ ditrigonal cavity, E: octabedral vacancy.

According to McBride’s concept, precipitation is the continuation of the surface adsorption, especially in
contaminated medium, where the metal concentration is high (McBride, 2000). The precipitation of cerussite and
basic Cu carbonates in calcareous soils is a common way of the immobilization of lead or copper (Sipos et al., 2008;
Sipos et al., 2019).

The determination of the adsorption capacity of a sediment or soil can be achieved by batch sorption experiments,

but sequential extraction methods also provide a good approach. Table 2 summarizes the maximum adsorption
capacity determined from linearized Langmuir isotherms based on batch adsorption experiments (Németh, 2003;
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Németh et al. 2005). It can be stated that montmorilonites from bentonites adsorb high amount of metals,
considerably higher than illite. However, the adsorption capacity of soil smectites and vermiculites is closer to that
of almost pure montmorillonite, but still lower. This is due to the heterogenous composition of soil clays, and the
pedogenic clay mineral alteration, transformation processes, which modify the sorption properties.

Table 2. Cu and Zn sorption capacity of various montmorillonites and other clay minerals.

clay mineral Cu sorption (mg/kg) | Zn sorption
(mg/kg)

montmorillonite SWy-2 (Wyoming, USA) 22240 22880
montmorillonite (Istenmezeje, Hungary) 20970 30720
montmorillonite (Orasu Nou, Romania) 24150 20920
montmorillonite (Valea Chioarului, Romania) 21610 26150

illite (Fizérradvany, Hungary) 3180

soil smectite (Luvisol, Hungary) 13980 14380

soil vermiculite (Luvisol, Hungary) 13340 14380

Clay mineral assemblage of brown forest soils of temperate zone, especially Luvisols, shows variability with depth
within a soil profile. The typical clay mineral formation, transformation and alteration processes in Luvisols
depending on the parent rock are: formation of smectite with heterogenous charge distribution; decrease of the
layer charge and illite to smectite transformation, alteration of low charge smectite to high charge vermiculite,
vermiculitization of chlorite, hydroxy interlayering of vermiculite (Németh and Sipos, 2006).

Adsorption isotherm curves in Figure 2 show that copper adsorption capacity of the accumulation (B) horizons of
a Luvisol profile is 35% higher than the illuviation (E) horizon.
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Fig. 2. Copper adsorption isotherms for the E and B horizons of a Lavisol soil profile (INémeth et al., 2010).

The difference arises from the different mineral composition of the horizons. Swelling chlorite/vermiculite mixed
layer clay mineral and hydrous iron oxides in the accumulation layer enhances the Cu uptake, while hydroxy-
interlayering of vermiculite, and absence of iron oxides decrease the sorption of the eluviated hotizon.

Adsorption isotherms reflect the adsorption capacity of the bulk soil material. The contribution of the different soil
components can be determined by analytical TEM, which is able to measure the chemical composition of individual
particles. The cobalt uptake by soil smectite was found to increase as the total layer charge of the smectite increased.
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The layer charge of smectite has considerable effect on the sorption properties. Generally, increasing layer charge
increases the metal adsorption capacity within the smectite layer charge range. Transformation of chlorite to
vermiculite increases the metal uptake capacity due to the hydration of the interlayer space and thus increased
specific area. Hydroxy interlayering has an opposite effect due to the formation of Al-Fe-hydroxyde pillars in the
interlayer space. The clay mineral loses its expansion capacity, and the surface area is reduced (Németh et al., 2011).
Close association of iron-oxides and clay minerals tend to increase the sorption capacity. Illitization of smectite by
potassium fixation decreases the uptake of lead.

Clay mineral alteration processes have significant effect on the sorption of metals by soils and sediments. Sorption
capacity is a changing property of soils. during the clay mineral alteration processes intermediate phases form, whose
properties are between the primary clay mineral and the product.

The author thanks the Organizers of the Workshop for the honourable invitation.
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The complete pathway to the oceans for metals contained in acid mine drainages (AMD), from their release to river
courses by weathering of sulfide-rich mining wastes, can be elucidated in the Iberian Pyrite Belt (FPI). The Odiel
and Tinto rivers drain this vast expanse of massive sulfides, exploited since historical times, discharging a large
amount of acidity and pollutants into a common estuary, the so-called Estuary of Huelva. The mixing of acidic tiver
water and alkaline seawater in the estuary leads to a series of geochemical reactions that control the residence time
of pollutants along the estuarine transition. This manuscript focuses its attention on that set of geochemical
processes that ultimately determine the amount of pollutants that are subsequently transferred to the Atlantic Ocean.
In the estuary, a progressive increase in pH is observed from the fluvial to the marine domain due to the water
mixing. During the AMD neutralization, flocculation of particulate material occurs: Fe firstly precipitates as
schwertmannite and later Al in the form of basaluminite. Other non-conservative elements that are removed from
the water column by precipitation processes are Cu, rare carth elements (REE) and Y. The precipitation of
schwertmannite produces the retention of As by adsorption at pH below 5.0. However, when schwertmannite
particulate matter reach waters with higher pH values, As desorption occurs, which is released back to solution.
Arsenic adsorption/desorption processes are associated with the zero-charge point for schwertmannite. Other
contaminants such as Zn, Mn, Ni and Co behave conservatively, remaining in solution throughout their estuarine
transit and, hence, significantly threatening the environmental conditions of the coastal areas of the Gulf of Cadiz.

El camino completo hasta el océano que siguen los metales contenidos en drenajes acido de mina (AMD), desde su
liberacién a los cursos fluviales debido a la meteorizacién de residuos mineros ricos en sulfuros, puede ser dilucidado
en la Faja Piritica Ibérica (FPI). Los rios Odiel y Tinto drenan esta vasta extension de sulfuros masivos, explotados
desde tiempos historicos, descargando una gran cantidad de acidez y contaminantes a un estuario comun, el Estuario
de Huelva. La mezcla de agua fluvial acida y agua de mar alcalina en el estuario conduce a una serie de reacciones
geoquimicas que controlan el tiempo de residencia de los contaminantes en la transicién estuarina. El presente
manuscrito focaliza su atencién en ese conjunto de procesos geoquimicos que en definitiva determinan la cantidad
de contaminantes que posteriormente se transfiere al Océano Atlantico. En el estuario, se observa un aumento
progresivo del pH desde el dominio fluvial hasta el dominio marino debido a la mezcla de aguas. Durante la
neutralizacién del AMD, se produce la floculacién de material particulado: primero precipita el Fe como
schwertmannita y posteriormente el Al en forma de basaluminita. Otros elementos no conservativos que son
eliminados de la columna de agua por procesos de precipitaciéon son Cu, elementos de tierras raras (REE) e Y. La
precipitacién de schwertmannita produce la retencidén por adsorciéon del As a pH inferiores a 5.0. Sin embargo,
cuando el material particulado de schwertmannita entra en contacto con aguas de pH superior se produce la
desorcion del As que pasa de nuevo a solucién. Los procesos de adsorcidén/desorcion de arsénico estan asociados
al punto de carga cero de schwertmannita. Otros contaminantes tales como Zn, Mn, Ni y Co se comportan
conservativamente, permaneciendo en solucién durante todo su transito estuarino y, por tanto, amenazando
significativamente las condiciones ambientales de las areas costeras del Golfo de Cadiz.

Acid mine drainage; Estnary of Huelvay Seawater mixing Geochemical processes; Contaminants mobility
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Sulfide minerals have a high potential to react with oxygen and water, and their weathering under atmospheric
conditions involves a series of chained geochemical and microbiological reactions that result in the generation of
extremely acid drainage with high concentrations of sulfate, metals (Fe, Cu, Pb, Zn, etc.) and metalloids (As, Sb,
etc.). Acid leachates originating from oxidation of sulfide minerals located in wastes and facilities from mining
activities (e.g., waste piles, tailings ponds and open-pit mines) are called acid mine drainage (AMD). Human activities,
especially related to abandoned mining facilities, cause important global environmental changes due to the release
of significant concentrations of these metals into rivers that finally flow into the oceans. But before that, estuaries
represent the transition zone between river water and seawater, regulating through a series of geochemical processes
the flux of metals reaching the coastal areas.

The Estuary of Huelva is formed by the confluence of the Tinto and Odiel rivers (SW Spain). Both rivers cross a
region known geologically as the Iberian Pyrite Belt (IPB), which is one of the most important massive sulfide
provinces in the world with original reserves on the order of 1700 Mt (Saez et al., 1999). Intense mining activity in
the IPB dates back to about 5000 years (Leblanc et al., 2000). The main environmental problem in the IPB is the
AMD from the surface oxidation of sulfides located in the abandoned mining districts. These acidic and metal-rich
leachates are drained by the Tinto and Odiel rivers, causing their total degradation (e.g., Olias et al., 2006; Nieto et
al,, 2013). The transfer of acidity and toxic metals to the Estuary of Huelva has been the focus of numerous
investigations (e.g., Elbaz-Poulichet et al., 2001; Borrego et al., 2002; Braungardt et al., 2003; Carro et al., 2011;
Hierro et al., 2014). Pollution levels are so extreme that both rivers and their common estuary are considered one
of the most polluted aquatic systems in the world. This manuscript focuses on the geochemical processes occurring
in the Tinto and Odiel rivers as well as in the Huelva Estuary; however, it is extensible to other mining districts in
the world where AMD-affected fluvial courses reach seawater such as King River (Tasmania, Australia; Augustinus
et al,, 2010), Chonam-ri Creek (Kwangyang, South Korea; Jung et al., 2012), Afon Goch (Anglesey, North Wales;
Dean et al., 2013) or Gromolo Torrent (Liguria, North-West Italy; Consani et al., 2017).

Numerous investigations have focused on the behavior of metals in AMD-affected streams. The AMD contains
mostly high concentrations of sulfates and iron (from sulfide oxidation, mainly pyrite) and aluminum (from
dissolution of host rock), in addition to other elements, some of them being potentially toxic pollutants. In AMD-
affected streams, both hydrochemistry and mineralogy are controlled by the SO4-Fe(III) and SO4-Al systems in pH
ranges between 2.5-4.0 and 4.5-6.0, respectively (Bigham et al., 1996; Nordstrom & Alpers, 1999). Hydrolysis of Fe
and Al during pH increase in AMD results in the precipitation of schwertmannite [FesOs(OH)s(SO4)-nH>O] and
basaluminite [Aly(SO4)(OH)10°4-5H20], respectively. Both mineral phases are oxyhydroxysulfates of pootly-
crystalline nature.

In mining environments, acid drainage often arises from underground shafts under oxygen-free reducing conditions,
where all iron in solution is Fe(II) and the water is almost colorless (Fig. 1a). Under atmospheric conditions, the
presence of oxygen and, mainly, the activity of extremophilic microorganisms catalyze the oxidation of Fe(ll) to
Fe(III). High concentrations of ferric iron and sulfate lead to the spontaneous precipitation of schwertmannite. Iron
oxidation and precipitation of schwertmannite turn the water reddish in color (Fig. 1a). In the river network, Fe(I1I)
is the main iron species and schwertmannite is commonly oversaturated in solution. In addition, the increase of pH
induced by mixing with pristine waters along the drainage basin or by alkaline addition in passive treatment systems
favors the enhanced precipitation of schwertmannite, a process that buffers the pH between 2.5 and 4.0. With the
progressive increase in pH, once all the aqueous Fe(Ill) precipitates, basaluminite precipitation begins and the pH
becomes buffered between 4.5 and 6.0. Both phases have high capacity to retain some trace elements in AMD;
whereas schwertmannite has strong affinity for As and Cr, basaluminite has for Cu, Si, rare earth elements (REE)
and Y. Therefore, their precipitation attenuates pollution naturally along river courses (Fig. 1b; Sarmiento et al.,
2009) and artificially in passive treatment systems (Fig. 1c; Macias et al., 2012).
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Fig. 1. (a) Oxidation of Fe(ll) to Fe(Ill) and spontaneous precipitation of schwertmannite
in an oxygen-free AMD sample. (b) Precipitation of schwertmannite and basaluminite by
mixing of AMD and unpolluted Odiel river. (c) Reactive filling of a treatment system for
AMD and detail of the precipitation horizons of both mineral phases.

In the AMD-affected fluvial systems of the IPB, Al precipitation as basaluminite is a minor process because Fe
concentrations are so high that the system is controlled primarily by schwertmannite precipitation or even jarosite
if acidic conditions ate extreme. In fact, schwertmannite minerals cover the bed of most AMD-affected fluvial
courses. The affinity of schwertmannite to retain preferentially oxyanions such as As and Cr and its ability to buffer
pH lead to that other metal cations typically behave conservatively in streams at pH below 4.0; ie., their
concentrations mainly decrease by dilution instead of mineral precipitation (Braungardt et al., 2003). On the other
hand, schwertmannite structure is metastable and recrystallizes spontaneously to more crystalline phases with time
(Acero et al., 2006). In the IPB, iron precipitates capping riverbeds affected by AMD upon slight consolidation and
ageing create terrace levels along the channels. The current terraces frequently define a laminated sequence where
this recrystallization is observed gradually, from fresh schwertmannite at surface to goethite at depth (Fig. 2a). In
addition, there are fossil analogues of current terraces that are isolated from the stream courses due to the river
migration over time. In the older terraces, goethite, originating from precursor schwertmannite, has partially
recrystallized to hematite by diagenetic processes (Fig. 2b; Pérez-Lopez et al., 2011). The mineral transformation
could be accompanied by the release of part of the contaminants, mainly arsenic, previously retained in the solid.
Therefore, the search for stability in this pootly crystalline oxyhydroxysulfate could determine the flux of
contaminants over time, and what is now considered a sink could become a source of contamination in the medium
or long term.
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Fig. 2. Synchrotron u-XRD analysis on samples from (a) current terrace and (b) fossil terrace of the
Tinto-Odiel fluvial system affected by AMD.
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Fluvial contribution of metals to the Estuary of Huelva is currently well known for different periods and under
different climatic conditions. For example, Olfas et al. (2000) calculated the discharge for the period 1995 to 2003
and estimated that both rivers contribute to the estuary more than 50% of the Zn and 10% of the Cu of the total
of these metals transferred globally from the continents to the oceans (Table 1). Thus, IPB is a local anomaly but
with global repercussions from an environmental point of view.

Table 1. Average values of the pollutant load transported by the Tinto and Odiel rivers (Olias et al., 2006), and their
comparison with the global flow transported by rivers to the oceans (GESAMP, 1987).

Rio Tinto Rio Odiel Tinto-Odiel Global gross flux Fraction (%)

ton/yr ton/yr ton/yr ton/yr
As 12 23 36 10,000 0.4
Cd 4 7 11 340 3.3
Cu 469 1252 1721 10,000 17.2
Fe 5075 2847 7922 1,400,000 0.6
Mn 163 1452 1615 280,000 0.6
Pb 15 12 27 2000 1.3
Zn 863 2612 3475 5800 59.9
Co 9 62 71 1700 4.2
Ni 2 34 36 11,000 0.3

In rivers affected by AMD, geochemical processes have been widely described in the scientific literature and,
therefore, this section can be considered as background for this text. The following section aims to highlight an
integrated study between river discharges and the geochemical processes that take place during mixing with seawater
in the Estuary of Huelva. These processes will reveal the net flux of pollutants that really reaches the Atlantic Ocean.
This information is novel in the scientific literature, and for that reason, these results will be explained in more
detail.

The geochemical processes controlling the mobility of contaminants in estuarine systems can be very complex,
including removal from solution into newly-formed solid phases or release to solution by dissolution, desorption or
even mineral transformation processes (Mortis et al., 1986; Bewers & Yeats, 1989; Baeyens et al., 1998; Zhou et al.,
2003). Freshwater inflows and oceanic saltwater mixing is addressed in typical estuaries as salt-induced mixing,.
However, other geochemical processes occur in estuaries receiving AMD-affected streams, as there is a gradient of
pH from values between 2.5-3.5 at the mouth to values close to 8.0 in the marine domain. Such a wide variation in
pH in a very short space can cause metals, which are mostly conservatives in fluvial courses, to undergo strong
geochemical processes related to acid neutralization that can affect their mobility in marine environments. Such
processes will be unpacked below from laboratory to a real field scale.

Evaluation of the hydrochemical and mineralogical processes taking place during interaction of AMD with water of
the Estuary of Huelva can be simplified at the laboratory scale by mixing experiments. The dropwise addition of
seawater over AMD from the main course of Tinto and Odiel rivers just at the mouth to the estuary causes a
progressive increase in pH, revealing the acid neutralization during estuarine mixing (Fig. 3a,b). The pH increases
slowly even with large amounts of seawater. Approx. 8.8 mL and 11 mL of seawater were necessary to raise the pH
to 7 for each 1 mL of AMD from Tinto and Odiel, respectively.
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Fig. 3. Evolution of pH and percentages of Fe, As, Al and Cu during the addition of seawater
to AMD from (a,c,e) Tinto and (b,d,f) Odiel rivers. Orange and grey areas represent different
buffers for Fe(lll) and Al respectively. Percentages refer fo the relationship between the
experimental concentrations and the values calcnlated from the theoretical mixing of the end-members.

As the pH increases, two buffer zones are observed which are closely related to the formation of two newly-formed
mineral phases whose precipitation involves the release of protons. The first buffer, at pH between 3.0 and 4.0,
corresponds with the precipitation of Fe(IlI) as schwertmannite; while the second buffer, at pH between 4.5 and
5.5, corresponds with the precipitation of Al as basaluminite (Fig. 4).
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Fig. 4. (a) XRD spectra revealing schwertmannite precipitation in Fe(lIl)-buffer and basaluminite in
Al-buffer. (b)) SEM image and EDS analysis of schwertmannite. Note the poorly-crystalline nature of
both schwertmannite and basaluminite, as suggested by their typical XRD spectra. For comparison purposes,
XRD spectra for pure schwertmannite and basaluminite can be found in Sanchez-Esparia et al. (20117).

These findings show for the first time the progressive sequential precipitation of schwertmannite and basaluminite
during the mixing of an AMD with seawater, as also observed in fluvial systems. Schwertmannite precipitation, at
pH between 3.0 and 4.0, removes Fe(Ill) from solution. Concomitant with the removal of Fe(IIl) is the depletion
of As (Fig. 3c,d). On the other hand, basaluminite precipitation, at pH between 4.5 and 5.5, removes Al from
solution, in addition to Cu (Fig. 3e,f), REE and Y. Hence, both mineral phases also exert a control on the same
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elements as in fluvial courses. However, in the estuary there is a wide pH range so that Al precipitation as
basaluminite is expected to be of greater importance than in AMD-affected rivers. Moreover, the affinity of
schwertmannite for As is only observable at low pH values during the estuarine mixing since an increase in As
concentration is observed at higher pH (Fig. 3c,d). This As increase could be associated with possible changes in
the superficial properties of schwertmannite in the marine environment, as will be discussed in the next subsection.
Other contaminants such as S, Zn, Cd, Ni and Co reveal a conservative behavior throughout the experiments, i.e.,
their experimental concentrations can be deduced from the theoretical mixing of the end-members (Fig. 5).
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Fig. 5. Comparison between experimental concentrations and values calenlated from the theoretical mixing of end-
members for AMD from Tinto and Odiel rivers. Red line marks the conservative bebavior, i.e., those elements plotting
on the conservative line do not precipitate during acid nentralization.

According to the previous experiments, high amounts of schwertmannite should flocculate in the Estuary of Huelva
during the neutralization of the Tinto and Odiel rivers by seawater mixing. In addition, elevated concentrations of
suspended particulate matter consisting mainly of schwertmannite must be transported by both rivers to the estuary,
especially during flood events associated with strong rainfalls. The stability of schwertmannite under estuarine
conditions, as well as its role on contaminant mobility, can also be simplified in the laboratory. The continuous
schwertmannite-seawater interaction at different contact times (from 0 to 336 h) causes a decrease in pH from
seawater values (pH = 7.7) to values of around 2.7, 3.7 and 4.6 for the solid:liquid ratios of 1:40, 1:200 and 1:400,
respectively (Fig. 0). The higher the amount of schwertmannite, the lower pH values are reached. This response
confirms the high potential of schwertmannite to buffer pH.
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Fig. 6. Time evolution of pH in the
Schwertmannite-seawater interaction experiments.
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During the interaction time of schwertmannite with seawater, other contaminants are increasingly released into
solution until reaching a steady-state. In addition, the concentrations reached at the steady-state are higher at
increasing amounts of starting schwertmannite. Figure 7 shows, as an example, the behavior of Fe, Zn and Mn,
although it can be extended to other metals studied such as Al, Cu, REE or Y.
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Fig. 7. Time evolution of Fe, Zn and Mn: (a,c,¢) concentrations in solution and (b,d,f) percentages exclusively
released by desorption in the schwertmannite-seawater interaction experiments. In the case of Fe, the percentage
would indicate the amount of schwertmannite dissolved in the experiments.

Considering the following assumptions as starting points: (1) the initial sample consists only of schwertmannite, (2)
the release of Fe is due exclusively to schwertmannite dissolution during the interaction with seawater and (3) the
rest of the metals are also hosted in the schwertmannite by the same structural mechanism, it is possible to calculate
the amount of metals released to solution by desorption using the following equation:

[M ]schw

mx([Fesolution] - [Feseawater])

[M]desorbed = ([M]solution - [M]seawater) -

The metal concentrations released by desorption ([M]desorbed) Would correspond to the concentrations in solution
(IM]solution) minus those in the initial seawater ([M]seawater) and minus the concentrations theoretically released by
mineral dissolution. The latter concentrations can be calculated from the ratio of metal/Fe in the starting solid
(IM]schw/ [Fe]sehw) by the concentration of Fe in solution released only by mineral dissolution, i.e., by deducting the
Fe in solution ([Fe]sodon) minus the Fe in the initial seawater ([Fe]scawater). The concentrations released by desorption
with respect to the total concentrations that the solid could release by complete dissolution, expressed as a
percentage, can be also seen in Figure 7.

As shown in Figure 7, the metals define a positive desorption isotherm with higher percentages released at higher
amounts of initial schwertmannite. The contact of schwertmannite with seawater causes the release by desorption
of up to 40% of Zn and 100% of Mn with respect to the total existing in the solid; in addition to other elements
such as 30% of Al, 20% of Cu and 100% of La. This behavior demonstrates the potential of this mineral to easily
release the previously retained elements. The amount of schwertmannite dissolved in the experiments ranges from
0.5% for the 1:40 ratio to 1.5% for the 1:400 ratio. However, the behavior of As is different from that of the other
elements previously indicated. Although the total concentrations of As in solution increase with time (Fig. 8a), the
percentage released by desorption does not define a positive isotherm as with the other elements. At pH values of
2.7 (1:40 ratio), the percentage of desorbed As defines negative values as an “inverse desorption isotherm” (Fig. 8b).
This inverse isotherm reflects the ability of schwertmannite at extremely acidic pH to re-adsorb the As that is
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released to solution during the dissolution of the mineral itself. At pH values of 3.7 (ratio 1:200), the As
concentrations released by desorption are still slightly negative; however at pH values of 4.6 (ratio 1:400), some As
release by desorption is already observed (Fig. 8c). This behavior could indicate that the zero-charge point for
schwertmannite in seawater is found at pH values close to 4.6.
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Fig. 8. Time evolution of As: (a) concentration in solution, (b) percentage exclusively released by desorption for
the ratio 1:40 and (c) percentage exclusively released by desorption for the ratios 1:200 and 1:400 in the
schwertmannite-seawater interaction experinents.

The surface of schwertmannite is found positively charged at acid pH values; while the main aqueous As species for
the entire pH range is a negatively-charged oxyanion (H2AsOy) according to thermodynamic models. Both aspects
would explain the high affinity of As for schwertmannite through adsorption in acid environments. The remaining
elements present as positively-charged metal cations would undergo electrostatic repulsion with the mineral surface
and thus be released easily into solution. At pH values above the zero-charge point (ca. 4.6 in seawater), the
schwertmannite surface becomes negatively charged and desorption of As is also expected (Fig. 9). This desorption
process would also explain the increase in the As concentration observed at high pH values in the mixing
experiments of the previous section (Fig. 3c,d). Moreover, schwertmannite controls in the same way as for arsenic
the mobility of other elements such as Cr, V, Mo or Sb occurring as oxyanions as the main species in solution.
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DESORPTION

OTHER
OXIANIONS
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Zero-charge point

Fig. 9. I/lustration of adsorption-desorption processes associated with the Zero-charge
point in schwertmannite.

A field study was required to provide a complete picture of the geochemical processes controlling metal mobility
during mixing of AMD solutions and particulate matter with seawater observed in the laboratory. Thus, water
samples during several sampling campaigns were collected by boat through the Estuary of Huelva, from the fluvial
to the marine environment (Fig. 10). Samplings in the estuarine zone allowed us to locate the areas of neutralization
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of the acid discharges and flocculation of precipitates. Water samplings were carried out using a Van Dorn bottle at
10 m depth to avoid possible contamination by the ship, except for surface waters where the sampling depth was
around 5 m. To understand the behavior of metals during mixing, both total and dissolved contaminants were
analyzed though the analysis of both filtered and unfiltered samples, the difference being those associated with
particulate matter. Note that a non-conservative element tends to precipitate, and its concentration would pass from
dissolved to particulate fraction; while a conservative element does not precipitate, so the concentrations in the
particulate fraction would be negligible.

Fig. 10. Location of sampling points in the Estnary of Huelva: O points refer to Odiel
river estuary, TR points to Tinto river estuary, and C points to the common
estuarine channel, which is directed until the Atlantic Ocean.

In the Estuary of Huelva, an increase in pH from acidic fluvial values to alkaline values typical of the sea was
observed. In the mixing zone (orange band; Fig. 11), the increase in pH is accompanied by a decrease in dissolved
Fe concentrations. Arsenic concentrations first tend to decrease along with the decrease in Fe concentration.
However, at pH values above 5.0-6.0 (vertical green dashed line), As concentrations again increase in solution while
Fe continues to decrease. The concentration of Fe in solution decreases by mineral precipitation since Fe passes
from being 100% in the dissolved fraction to 100% in the particulate fraction. Arsenic first precipitates together
with Fe; however, at pH values close to neutrality the percentage of As associated with the dissolved fraction begins
to increase until reaching 100% (Fig. 11).
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axis) of Fe and As along the estuaries of (a) Tinto and (b) Odiel rivers in a sampling conducted in May 2018.
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Elements such as Al, REE, Y and, to a lesser extent, Cu seem to have also a non-conservative behavior in the
estuary. The decrease in their total concentrations (dashed lines; Fig. 12) is due not only to dilution by seawater but
also to mineral precipitation. This non-conservative behavior due to mineral precipitation is deduced since the
percentages associated with the dissolved fraction with respect to the total (gray columns; Fig. 12) decrease during
water mixing because these elements precipitate passing to the particulate matter fraction.
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Fig. 12. Evolution of total concentrations (principal Y-axis) and dissolved percentages (secondary Y-axis) of Al
Cu, REE and Y along the estuaries of Tinto and Odiel rivers in three samplings conducted in March, May
and November 2018 upon different hydrological conditions.

Iron chiefly precipitates during water mixing as schwertmannite; whereas Al precipitates as basaluminite (Fig. 13).
However, the increase in dissolved As concentrations seems to be related to the release of As retained originally in
schwertmannite precipitates at acidic conditions when pH values above their zero-charge point are reached in the
estuary. These results support and further confirm previous laboratory results.

Fig. 13. SEM images and EDS analyses of (a) schwertmannite and (b) basaluminite precipitates found
in particulate material from the Estuary of Huelva.

Other elements such as Zn, Cd, Co and Ni seem to have a quasi-conservative behavior in the estuary. The decrease
in their total concentrations may be exclusively due to a dilution effect by seawater. No precipitation occurs during
estuarine mixing as most of the total concentration of these elements is dominated by the dissolved fraction
throughout the estuary (Fig. 14), also confirming the processes deduced in the laboratory.
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Fig. 14. Evolution of total concentrations (principal Y-axis) and dissolved percentages (secondary Y-axis) of Zn,
Cd, Co and Ni along the estuaries of Tinto and Odiel rivers in three samplings conducted in March, May and
November 2018 upon different hydrological conditions.

4. Transference of potentially toxic elements to oceans

The seawater of the Gulf of Cadiz shelf is particularly enriched in dissolved metals, mainly Zn, Cd, As and Cu,
compared to other coastal waters. These enrichments were first observed and analyzed during the 1980s by an
oceanographic expedition organized by the Woods Hole Oceanographic Institution of Massachusetts (Spivack et
al., 1983; Boyle et al., 1985; Sherrell & Boyle, 1988). In fact, the pollution plume circulates and dominates the
chemical composition of the Atlantic entrance to the Mediterranean Sea through the Strait of Gibraltar (Van Geen
et al., 1988). Initially, after analyzing the main rivers draining this part of the region (e.g., Guadalquivir and Guadiana
rivers), these authors ruled out the fluvial input and explained this enrichment by a process of upwelling from deep
ocean areas and sequestration of metals in the Gulf of Cadiz (Van Geen et al., 1991). Some years later, Elbaz-
Poulichet & Leblanc (1996) were the first authors to focus the source of the metals in two secondary fluvial courses
in relation to the rest: the Tinto and Odiel rivers, which was confirmed a year later by the same authors who detected
the anomaly in the ocean (Van Geen et al,, 1997).
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Fig. 15. Conceptual model of metal partitioning, indicating the processes that affect particulate matter from its flocculation to
its sedimentation in the Estuary of Huelva during the mixing between AMD and seawater.
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Currently, there is no scientific dispute regarding the fact that the metals circulating through the Gulf of Cadiz are
discharged by the Tinto and Odiel rivers. This manuscript is dedicated to the geochemical processes that take place
in the Estuary of Huelva, since it is the transition zone between the acidic fluvial discharges and the Atlantic Ocean.
These processes would reveal the behavior of metals that are discharged into the Estuary of Huelva through the
Tinto and Odiel rivers (Table 1). Special attention should be paid to conservative elements such as Cd, Zn, Co or
Ni since the total amount discharged by both rivers would practically reach oceanic waters. Other elements such as
As would have an OFF-ON behavior; that is, the schwertmannite that flocculates in the estuary adsorbs As (OFF)
below a pH value close to 5.0, however, the As would be desorbed (ON), passing again to solution, when these
precipitates reach the estuarine zones with pH values above 5.0. All these geochemical processes have been
represented as conclusions in the conceptual model shown in Figure 15.
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Wetlands are conducive to precipitating and maintaining biogenic metal sulfide mineralization. The transformation
of oxidized industrial contaminants into authigenic sulfides is widespread in contaminated wetlands, occurring even
close (a few cm) to the surface and at only occasionally waterlogged sites. The characteristic feature of the authigenic
sulfides is their strong spacial association with organic tissues. They commonly form micro-sized globular
aggregates, more massive botryoidal or bulbous crusts on plant fragments, infillings in plant voids and cells, and
pseudomorphs after microbial cells. Hidden in plant tissues or encapsulated in microbial biofilms, sulfides have
increased resistance to oxidation and mechanical displacement. Most authigenic sulfides are nanocrystalline.
Impurities, substitutions, solid solutions, and multi-sulfide submicrometre aggregates are common in addition to
single-metal sulfide minerals. The trace elements sequestration into stable hardly-soluble secondary phases limits
their mobility and toxicity, giving a chance for a safer environment if the wetlands are adequately managed.
Additionally, contaminated wetlands can be used to understand the geochemical and biological evolution of the
Earth and to reconstruct ancient ore deposits' genesis and mechanisms of formation.

Los humedales son ambientes propicios para la precipitacion y el mantenimiento de las mineralizaciones de sulfuros
metalicos biogénicos. La transformacion de contaminantes industriales oxidados en sulfuros autigénicos es muy
comun en los humedales contaminados, produciéndose, incluso, cerca (unos pocos centimetros) de la superficie y
solo ocasionalmente en lugares inundados. El rasgo caracteristico de los sulfuros autigénicos es su fuerte asociacién
espacial con tejidos organicos. Por lo general, forman agregados globulares de tamafio micromético, costras
botrioidales o bulbosas mas masivas en fragmentos de plantas, rellenos en huecos y células de plantas, y
pseudomorfos de células microbianas. Ocultos en tejidos vegetales o encapsulados en biopeliculas microbianas, los
sulfuros tienen una mayor resistencia a la oxidacién y al desplazamiento mecanico. La mayoria de los sulfuros
autigénicos son nanocristalinos. Ademds de los sulfuros de un solo metal, son comunes las impurezas, las
sustituciones, las soluciones sélidas y los agregados submicrémetros de sulfuros multiples. El secuestro de elementos
traza en fases secundarias estables y poco solubles limita su movilidad y toxicidad, lo que brinda la posibilidad de
conseguir un medio ambiente mas seguro si los humedales se manejan adecuadamente. Ademas, los humedales
contaminados se pueden utilizar para comprender la evolucién geoquimica y biolégica de la Tierra y para reconstruir
la génesis y los mecanismos de formacién de los antiguos depésitos de minerales..

Key-words: metal sulfides; wetland; Recent Earth's surface processes, trace elements immobilization, sulfate reduction

Sulfides are a large group of minerals from which several can precipitate under low pressure and temperature
conditions of the Earth's surface (e.g., Baas Becking and Moore, 1961). Iron sulfides (pyrite, mackinawite, greigite)
dominate due to the overwhelming abundance of Fe relative to other chalcophile metals in both marine and
terrestrial sediments (Rickard et al., 2017). Larger accumulations of the less common sulfides in modern natural
environments are rare (e.g., Lett and Fletcher, 1980; Yoon et al., 2012; Awid-Pascual et al., 2015). Conversely, they
seem quite common in industry-affected regions. Biogenic sulfides were found in freshwater canal and river
sediments, wetlands, soils, and flooded mines (Sobolewski, 1996; Gammons and Frandsen, 2001; Large et al., 2001;
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Sonke et al., 2002; Moreau et al., 2004; Smieja-Kr6l et al.,, 2015; Ciszewski et al., 2017; Mantha et al., 2019;
Myagkaya et al., 2020; Quevedo et al., 2020). Human activities create unique geochemical conditions favorable for
metal sulfide precipitation by modifying trace elements cycling on local and global scales. Mine drainage, for
example, is often responsible for high sulfate concentrations in wetlands, ie., a condition otherwise not
encountered in freshwater wetlands.

Wetlands, which cover about 5 to 8% of the land surface, are especially well suited for contaminants
immobilization and are often called "the kidneys of the landscape" because they function as the downstream
receivers of water and wastes from both natural and human sources. They can be loosely defined as constantly or
petiodically waterlogged ecosystems that accumulate organic plant material that decomposes slowly and support
various plants and animals adapted to saturated conditions (Mitsch and Gosselink, 2007). Several metal
sequestration processes are envisaged in both natural and artificially constructed wetlands, occurring
simultaneously or separated spatially and temporally (Figure 1). In addition to sulfide precipitation, these include
particle sedimentation, plant uptake, sorption onto organic matter (mainly Cu, Ni, U, Pb), oxidation and
hydrolysis (Fe, Al, Mn), carbonate precipitation (Fe, Cu, Ni), reduction to non-mobile forms (Cu, U, Ct, Se), and
sorption onto metal hydroxides (As, Pb, Co, Ni, Zn, Cu, U), making wetlands extremally complex geochemical
systems (Sobolewski, 1996; Sheoran and Sheoran, 2000).

The article summarizes the current state of knowledge on the biogenic sulfide formation in wetlands and its role
in metal sequestration. Methods of sulfide identification, the textural and structural organization of the mineral
phases, and precipitation conditions are presented. Finally, the implications of sulfide formation in the water-
saturated contaminated sites are indicated.
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Fig. 1. Processes controlling metals bebavior in contaminated wetlands.

2. Methods used for sulfide identification

Metal sulfide investigation in wetlands is challenging. The wetland sediment is a crumbling inhomogeneous mixture
of organic and inorganic matter. Furthermore, it is water-saturated, redox-sensitive, and prone to alteration due to
sample excavation and handling. Consequently, studies directly confirming the i situ precipitation of sulfide minerals
are rare.

In the majority, the removal of metals by precipitation with sulfide is elaborated by monitoring changes in the
aqueous chemistry of wetlands, e.g., the metal removal rates during sulfate reduction/sulfide generation (Machemer
and Wildeman, 1992; Christensen et al., 1996; Webb et al., 1998; Batty et al., 2006). Also, seasonal changes in water
sulfur isotopic composition (8%S) are indicative of active sulfide formation (Wu et al., 2011). Bacterial reactions
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favor the lighter isotope (325) so that fractionation is produced in going from a sulfate reactant to sulfide products
(Konhauser, 2007).

Indirect methods used to estimate the fraction of metals incorporated into sulfide phases include acid-volatile sulfide
(AVS) and chromium-reducible sulfides (CRS) extraction/distillation methods of Canfield et al. (1986) for
monosulfide and disulfide minerals, respectively (Debusk et al., 1996; Moreau et al., 2013). Sequential extraction
techniques involve using specific reagents to selectively dissolve phases in sediment with which metals may be
associated. The technique is used to provide a quantitative measure of sulfides in wetlands (e.g., Sobolewski, 1999).
All the methods are "operationally defined" and not always 100% selective. Most sequential extraction procedures
(e.g., the Tessier scheme) significantly underestimate the content of metals associated with sulfide phases or do not
distinguish organically bound metals from sulfides in organic-rich wetland sediments (Peltier et al., 2005).

Both optical and electron-beam microscopy provide direct evidence of sulfide occurrence in organic sediments. The
size, shape, aggregation, relation to organic tissues, and semi-quantitative determination of chemical composition
are best accomplished by analyzing whole mineralized plant remains using scanning electron microscopy (SEM).
Several chemical fixation and dehydration techniques are used to preserve the organic part of the sample (plant cells,
fungal hyphae, microbial cells, and exudates) and learn more about organic-mineral interactions (e.g., Fratesi et al.,
2004). Quantitative chemical composition and trace substitutions are determined using mounts or thin sections and
electron microprobe (EMPA). However, the small size and intermixture with organic components commonly result
in low analytical totals (Moreau et al., 2013). Specific characterization at the nanometric level can be done using
transmission electron microscopy (TEM). Selected area electron diffraction (SAED) is a crystallographic technique
performed using TEM, which allows for identifying crystal structures, polycrystalline materials, and the
measurement of crystal parameters, i.e., d-spacing even in very small crystallites. High-angle annular dark-field
(HAADF) is a powerful method in the scanning transmission electron microscope (STEM) system providing Z-
contrast images. HAADF allows recognizing subtle changes in chemical composition at nanometric distances,
nanometer-sized inclusions, and detecting nanoporosity. A combination of focused ion beam (FIB) technology with
TEM enables the extraction of desired mineral aggregate from the organic matter substance and conducting in-
depth nanoscale observation (Wirth, 2009; Mantha et al., 2019; Smieja-Krdl et al., 2022a).

Synchrotron-based spectroscopy and diffraction analyses are perspective tools to quantify and determine the
elemental speciation of metals and metalloids in wetlands (Yoon et al., 2012). They extend the range of structural
and chemical investigation possible, allowing studies at low concentrations and with a redox-sensitive material.

Only a few sulfide minerals have been uniquely identified. Zinc sulfide is the best-elaborated and probably most
common nonferrous sulfide formed in wetlands. It was found in peatlands contaminated through atmospheric
deposition (Sonke et al., 2002; Smieja-Krdl et al., 2010; Smieja-Krdl et al., 2015), even at low bulk Zn contents in
the organic sediment (~200 ppm). Zn sulfides were documented in natural wetlands receiving acid mine drainage
(Moreau et al., 2013; Myagkaya et al., 2020) and anaerobic treatment wetland purifying storm waters in an industrially
affected region (Butte, Montana; Gammons and Frandsen, 2001). Sphalerite (cubic ZnS) was confirmed using TEM
in Pb-Zn smelter-contaminated peatland in Upper Silesia (Smieja-Krél et al., 2022b). Wurtzite (hexagonal ZnS) was
identified using synchrotron-based XRD to dominate over sphalerite in naturally metal-enriched peatland in western
New York (Yoon et al., 2012).

Galena (PbS) forms in wetlands affected by Zn-Pb industry, although the phase is much less common than
sphalerite despite comparable bulk Zn and Pb concentrations in the sediment (Smieja-Krdl et al., 2022a). Galena is
casily identified by chemical composition and characteristic cuboidal shape using SEM. Its atomic structure was
confirmed by STEM and TEM-SAED techniques (Smieja-Krdl et al., 2022b).

HgS was described by Myagkaya et al. (2020) to co-occur with ZnS. Polhemusite (Zn,Hg)S was suggested but not
identified unambiguously.

The knowledge about Cu sulfide mineralogy in redox-sensitive ecosystems is derived mainly from laboratory
experiments (Weber et al., 2009; Hofacker et al., 2013; Hoffmann et al., 2020). Chalcopyrite (CuFeS») rims on pyrite
framboids and idiomorphic covellite (CuS) grains, identified by reflected light microscopy and SEM, are known
from an early work of Lett and Fletcher (1980) to precipitate in naturally copper-rich peatland in British Columbia.
Sonke et al. (2002) identified chalcopyrite contours on plant cells by EMPA in the subsurface (0-8 cm) of
contaminated peatland in Maatheide Natural Reserve.
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4. Sulfide characteristics

The characteristic feature of the authigenic sulfides is their strong spacial association with organic tissues (Figure
2a and 2b): plant remains, bacterial cells, microbial biofilms, and fungal hyphae. They commonly form micro-
sized globular aggregates, more massive botryoidal or bulbous crusts on plant fragments, infillings in plant voids
and cells, and pseudomorphs after microbial cells or biogenic Ca oxalate crystals (e.g., Smieja-Krdl et al., 2014;
Awid-Pascular et al., 2015; Myagkaya et al., 2020). Most authigenic sulfides are nanocrystalline. ZnS nanoparticles
are within the range <3 to 80 nm (Yoon et al., 2012; Myagkaya et al., 2020; Smieja-Kr6l et al., 2022a; Smieja-Krol
et al., 2022b). With time (counted in tens of years), the crystallinity of ZnS tends to increase. An aging mechanism
was described as leading to the formation of submicrometre highly-defected platy crystals through an oriented
attachment mechanism for sphalerite (Smieja-Krol et al., 2022b). Galena forms slightly larger, defect-free crystals,
between 10 nm to hundreds of nm, often with well-developed faces (Figure 2¢). Large (up to 2.5 pm) spheroidal
aggregates of nanometer-sized PbS particles were found inside fungal hypha and encrusting fungal spores
(Smieja-Krdl et al., 2015). Individual PbS nanocrystals also reside inside ZnS aggregates (Smieja-Krdl et al., 2022a;
Smieja-Krdl et al., 2022b).

10Q um

Fig. 2. Biogenic metal sulfides. (@) SEM BSE image of ZnS mineralized tissues of Equisetaceae; (b) spheroidal aggregates of ZnS' attached to plant
tissue by microbial biofilm (SEM SE); (¢) TEM HAADEF image of two galena nanocrystals.

The electron-beam techniques (SEM, TEM/STEM, EMPA) reveal impurities, substitutions, solid solutions, and
multi-sulfide submicrometre aggregates to occur in wetland sediments in addition to single-metal sulfide minerals.
Traces (up to a few wt%) of As, Se, Cu, Cd, Fe, and Ni were documented in authigenic ZnS (Sonke et al., 2002;
Moreau et al., 2013; Myagkaya et al., 2020). Cu was shown to incorporate preferably in galena when only ZnS and
PbS are present in organic sediment (Smieja-Krol et al., 2015; Smieja-Krdl et al., 2022b). Due to the nanometer size
of individual crystallites, distinguishing between a solid solution and a multi-metal sulfide aggregate is challenging
even while using high-resolution TEM. Aggregates of ~10nm particles unresolvable in terms of a solid solution of
sphalerite-metacinnabarite or a mixture of pure ZnS and HgS nanoparticles are a good example (Myagkaya et al.
2020). Aggregates of nanoparticles (<5 nm) forming a true Zn-Cd sulfide solid solution in a cubic polytype
(sphalerite-hawleyite) over a whole Zn/Cd range were documented using TEM-SAED and STEM-HAADF
techniques. An intricate core-shell structure was revealed in which high-Zn outer layers encapsulate Cd-rich sulfide
core. PbS inclusions (3-15 nm) occurred between the Cd-rich and Cd poor sulfide within nano sites of increased
porosity (Smieja-Krol et al., 2022a).

5. Controls of sulfide precipitation in wetlands

The critical requirement for sulfide precipitation at metal polluted sites is the availability of sulfide ions. In the low-
temperature range (<~80°C), sulfides arte generated through sulfate reduction in a fully biologically mediated
process. Due to high activation energy, the abiotic reaction is kinetically inhibited at low temperatures (Cross et al.,
2004). Two main biological paths are recognized. The sulfide ions (or hydrogen sulfide) are produced during
anaerobic respiration of some types of bacteria and archaea (so-called sulfate-reducing microorganisms; SRM) in
excess of biodegradable organic matter serving as an electron donor. The process is known as dissimilatory sulfate
reduction. Living organisms also reduce sulfur for incorporation into the principal organic sulfur compounds (e.g.,
amino acids, coenzymes, vitamins) within cells in a process known as assimilatory sulfate reduction. Assimilatory
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sulfate reduction is an energy-requiring process and is assumed to be of lesser importance in terms of sulfide mineral
formation (Konhauser, 2007).

Anaerobic condition is a commonly stated pre-requisitive for maintaining SRM activity and sulfide mineral
formation and persistence (Konhauser, 2007). Some studies even suggest that any oxygen ingress into the anaerobic
zone is detrimental to metal sulfide precipitation (e.g., Dvorak et al., 1992; Johnson and Hallberg, 2005). However,
wetlands are open systems and stay only mildly reducing, allowing for constant gas exchange with the atmosphere,
ie., ingress of oxygen (e.g., through plant roots), much enhanced during low water table, and liberation of reduced
species (HzS, methane). Sulfide ions and dissolved oxygen co-occur in wetlands porewater (e.g., Smieja-Krdl et al.,
2015). Still, the transformation of oxidized industrial contaminants into authigenic sulfides was detected close (a few
cm) to the wetland surface and in wetlands only occasionally waterlogged (Sonke et al., 2002; Smieja-Krdl et al.,
2022a). This can be explained by a diffusion-limited solute exchange in the complex network of wetland pores and
the coexistence of diverse groups of microorganisms, which create steep redox gradients between aerated and
oxygen-depleted microsites. A close association of the sulfide minerals with decaying vascular plant roots and litter
is observed in wetland sediments (Sonke et al., 2002; Smieja-Krdl et al., 2015; Smieja-Krdl et al., 2022a).

The organic mattet's high affinity to some metals and precipitation of other minerals, mainly Fe hydroxides, controls
the chemical composition and mineral assemblage of the sulfides. Especially Cu and Pb ions are agreed to be
effectively bound by organic matter, in both solid and dissolved form, limiting the availability of free Pb and Cu
ions to react with the sulfide. In contrast, Zn and Cd adsorb rather weakly on organic matter, silicate clays, and
oxides at the usual wetland pH, favoring the precipitation of Zn and Cd over Pb and Cu sulfides. Additionally, Fe
tends to precipitate as Fe hydroxides (goethite, ferrihydrite) in wetlands with fluctuating water table levels or is
stabilized in the ferric form (Fe*) by complexation with organic matter (Syrovetnik et al., 2007; Bhattacharyya et
al,, 2018). The preferred preservation of iron in the ferric state in wetlands suppresses the Fe(II) ions activity and
allows for the precipitation of the less common sulfides.

Trace elements are effectively sequestered into sulfide phases in contaminated wetlands limiting their mobility and
toxicity. The wetlands' primary role is to sustain SRM activity by delivering biodegradable organic matter and
limiting oxygen penetration. Precipitation inside plant tissues or encapsulation in microbial biofilms increases
sulfides resistance to oxidation and mechanical displacement during flooding or short-term water table lowering.
Based on thermodynamic data, metal sulfides are extremely insoluble phases, which means they can precipitate at
very low ions concentrations in solution (theoretically <1 ug/l), lowering the dissolved metal and sulfide ion
concentrations in water well below the environmentally permissible thresholds. On the other hand, the heavily
contaminated wetlands constitute a danger of changing from net sinks to net sources of trace elements and
sulfate, causing water-quality degradation (Figure 1; Sobolewski 1999; Eimers et al., 2003; Adkinson et al., 2008).
The release of the contaminants into water is possible in unfavorable conditions of a prolonged drought,
cessation of mine water discharges, or a change of land use. Hardly soluble, sulfides are prone to oxidative
dissolution (Barrett and McBride, 2007). Consequently, a safer environment is the ultimate benefit of the in-depth
research into the mechanisms that govern sulfide formation and preservation in wetlands, allowing for long-term
rational management of the contaminated sites and more efficient designs for artificially constructed wetlands.
From a broader perspective, sites extremely polluted by human activities undergo extensive transformation by
Earth's surface processes, becoming similar to metal accumulations known from geological records. Vast
amounts of metals that transform over time into stable secondary sulfide phases in some wetlands can be
considered human-induced ore deposits, adding to the list of significant anthropogenic impacts on Earth's
geology, leading recently to the recognition and formalization of the Anthropocene. A concept of human-
made deposits has already been introduced by Saryg-ool et al. (2017). Finally, contaminated wetlands can be
used to understand the geochemical and biological evolution of the Earth and to reconstruct ancient ote deposits'
genesis and mechanisms of formation.
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	Pérez-López
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