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-Mamd, ;Por qué usan ese Rio
como un medio marciano?

-Es el Rio Tinto, que por culpa de los
minerales es rojo y estd dcido, y
hace que sea tinico en el mundo y
parezca marciano.

-Y, ;por qué estd rojo?

-Porque la pirita se disuelve y

el hierro lo vuelve ast.

-Qué chulo... Mamd, cuando yo sea
mayor, ;voy a poder ir a verlo?

-Claro Pablo, tu estudia mucho,
verds que algun dia podrds ir.

Cabezon de la Sal, Septiembre 1991






Mira, Platero, cémo han puesto el rio entre las minas, el mal
corazon y el padrastreo. Apenas si su agua roja recoge aqui y all3,
esta tarde, entre el fango violeta y amarillo, el sol poniente; y por
su cauce casi sélo pueden ir barcas de juguete. ;Qué pobreza!

Antes, los barcos grandes de los vinateros, laldes,
bergantines, faluchos —EI Lobo, La Joven Eloisa, el San Cayetano,
que era de mi padre y que mandaba el pobre Quintero, La
Estrella, de mi tio, que mandaba Picon—ponian sobre el cielo de
San Juan la confusion alegre de sus mdstiles—isus palos
mayores, asombro de los nifios!—; o iban a Mdlaga, a Cddiz, a
Gibraltar, hundidos de tanta carga de vino.. Entre ellos, las
lanchas complicaban el oleaje con sus ojos, sus santos y sus
nombres pintados de verde, de azul, de blanco, de amarillo, de
carmin... Y los pescadores subian al pueblo sardinas, ostiones,
anguilas, lenguados, cangrejos.. El cobre de Riotinto lo ha
envenenado todo. Y menos mal, Platero, que con el asco de los
ricos, comen los pobres la pesca miserable de hoy... Pero el
falucho, el bergantin, el latid, todos se perdieron.

jQué miseria! ;Ya el Cristo no ve el aguaje alto en las mareas!
S6lo queda, leve hilo de sangre de un muerto, mendigo
harapiento y seco, la exangiie corriente del rio, color de hierro
igual que este ocaso rojo sobre el que La Estrella, desarmada,
negra y podrida, al cielo la quilla mellada, recorta como una
espina de pescado su quemada mole, en donde juegan, cual en mi

pobre corazon las ansias, los nifios de los carabineros.

El rio, Platero y yo. XCV. Juan Ramédn Jiménez












ABSTRACT

Both mining and industrial activities are the main pollution sources for the
environment. However, many of these processes have a natural origin, as in the case of the
acid rock drainage (ARD). The ARD results from the exposure of metal sulfide minerals to
atmospheric conditions. When interacting with meteoric water, oxidative dissolution of
sulfides releases protons, metals and sulfates to solution and provokes the acidification of the
environment. Acid mine drainage (AMD) is a leaching process derived from the mining activity
increasing this effect provoked by ARD. The main metallic sulfide mineral associated with
AMD environments is pyrite [FeS,], yet it is commonly associated with other sulfides as
arsenopyrite [FeAsS], chalcopyrite [CuFeS,], galena [PbS], or sphalerite [ZnS]. Many of the
metal(loid)s (from now on metals) hosted by sulfides are thought to be toxins for the
environment, making its control something important. One of the main metallogenic
provinces of massive sulfide deposits in the world is located at the SW of the Iberian
Peninsula, in the Iberian Pyrite Belt (IPB), where the mining activity dates back to Pre-Roman
times.

Even so, the huge discharge of contaminants to the water causes the formation of a
series of low-crystallinity mineral phases that are able to retain metal traces. Schwertmannite
[Fe808(0H)(8_2x)(504)x-nH20;1 < x < 1.75] is the nano-crystalline Fe oxy-hydrosulfate
that spontaneously precipitates, creating sedimentary terraces in waters affected by AMD and
buffering the pH between 2 and 4. Its poor crystallinity leads to two characteristics (1) it can
capture a high quantity of trace metals from solution and (2) as it is a metastable phase, it is
easily and rapidly transformed into goethite [FeOOH] and jarosite [KFe;(S0,),(0H)¢], and at
long-term into hematite [Fe,05]. The behavior of the trace metals previously retained by
schwertmannite during its transformation is a focus for discussion in the scientific
community; it is here where the present thesis is framed.

Several samples at different maturation stages were collected and chemically and
mineralogically characterized by micro-Raman spectroscopy, reflected optic microscope, X-
ray diffraction (XRD), scanning electron microscopy (SEM), electronic probe micro-analyzer
(EPMA) and total acid digestion. In AMD environments, newly-formed terraces were observed
to be composed by schwertmannite in the early stage, which was formed on the riverbed,
trapping As from the solution. It was also noticed that as going deeper in a terrace profile
goethite and, eventually, jarosite appear, being finally goethite the predominant phase at
deeper levels. After diagenetic maturation, fossil terraces were composed by highly crystalline
goethite and hematite. It is shown in this study that p-Raman is a useful tool for the
mineralogical characterization of Fe(Ill) phases, for oxides, hydroxides, and oxy-
hydroxysulfates. However, it was not possible to detect the As incorporation to the structure,
due to the low As concentration in the natural precipitates.

In a second study, representative samples of the extreme diagenetic stages were used;
a sample of a present-day terrace and an old terrace. The samples were mineralogically
characterized by p-Raman. Moreover, acid digestions of the samples were done, as well as



microprobe analysis and, most importantly, X-ray fluorescence maps with synchrotron
radiation (u-XRF) focalized on those ranges of major trace metals; As, Cu, Zn. The high number
of data obtained was analyzed using statistic techniques such as principal component analysis
(PCA). A progressive loss of metal affinity of the trace metals was detected with PCA in favor
of the main element, Fe, as the phases were more crystalline (Fe R2 schwertmannite > goethite
> crystalline goethite >> hematite).

Finally, experiments with synthetic samples were performed in order to simulate the
diagenetic transformation processes of schwertmannite. Schwertmannite was precipitated at
different temperatures (40, 60 and 85 2C), during different exposure times and with different
initial As(V) concentrations, [As]o. The supernatant water was analyzed and the precipitates
characterized by high-energy X-ray diffraction (HEXD) with synchrotron radiation. During the
synthesis process, schwertmannite was the only phase of the initial precipitates, except for
those cases with [As]o > 0.5 mM, where a amorphous Fe- and As-rich phase was formed. As a
result, a delay in the schwertmannite precipitation and its transformation was observed in
those experiments with a higher As added concentration. During the experiment a release of
As was detected at long-term aging. Also, the introduction of As to the structure can generate
local defects that have been elucidated with Pair distribution function (PDF) analysis. It
mainly affects to Fe-octahedra, disappearing in part from the structure.

This thesis aims to clear up the behavior of trace elements during the diagenesis of
AMD precipitates. These studies should be taken into consideration for the design of new AMD
water treatment plants, as what was meant to be a solution for the pollution in water courses
might be a potential source of problems in the future.



RESUMEN

Tanto las actividades mineras como industriales son los principales focos de
contaminacién del medio natural. Sin embargo, muchos de estos procesos tienen un origen
natural, como es el caso del conocido como drenaje acido de roca (ARD, acid rock drainage). El
ARD es resultado directo del afloramiento de sulfuros metalicos a condiciones ambientales.
Cuando interactian con agua meteorica, la disolucién oxidativa de los sulfuros libera
protones, metales y soluciones a la solucién y provoca la acidificaciéon del medio. El drenaje
acido de mina (AMD, acid mine drainage) es un proceso de lixiviacién derivado de la actividad
minera, acrecentando el efecto producido por el ARD. El principal sulfuro metalico asociado a
estos medios AMD es la pirita [FeS,], pero comiinmente est4 asociado con otros sulfuros como
la arsenopirita [FeAsS], calcopirita [CuFeS,] o galena [PbS], o esfalerita [ZnS]. Muchos de
estos metal(oid)es (a partir de ahora metales) contenidos en los sulfuros son considerados
toxinas para el medio natural, por lo que su control es importante. Una de las principales
provincias metalogénicas de sulfuros masivos en el mundo se encuentra en el SW de la
Peninsula Ibérica, la Faja Piritica Ibérica (IPB, Iberian Pyrite Belt), donde la actividad minera
se remonta a tiempos prerromanos.

No obstante, la gran descarga de contaminantes al agua hace que se formen una serie
de fases minerales poco cristalinas que son capaces de retener metales traza. Schwertmannita
[Fe808(0H)(8_2x)(504)x ‘nH,0;1 < x < 1.75] es un oxi-hidroxisulfato de Fe nanocristalino
que precipita de espontidneamente formando terrazas sedimentarias en el lecho de corrientes
de agua afectadas por AMD tamponando el pH entre 2 y 4. Su pobre cristalinidad le confiere 2
caracteristicas (1) que capte una gran cantidad de metales traza en solucién, y (2) al ser una
fase metaestable, se transforma facil y rdpidamente en goethita [FeOOH] y jarosita
[KFe;(S0,),(0OH)¢] y, a largo plazo, a hematite [Fe,05]. El comportamiento de los metales
traza previamente retenidos por la schwertmannita durante su transformacién es un foco de
discusion en la comunidad cientifica, y es ahi donde se enmarca la presente tesis.

Varias muestras de diferentes estadios de maduracién fueron recogidas y
caracterizadas quimica y mineralégicamente por espectroscopia micro-Raman, por
microscopia Optica reflejada, difraccién de rayos-X (XRD, x-ray diffraction), microscopia
electrénica de barrido (SEM, scanning electron microscopy), microsonda electrénica (EPMA,
electronic probe micro-analyzer) y digestion acida total. En ambientes de AMD, se observaorn
que en las terrazas modernas la fase principal era la schwertmannita, la cual se forma en el
lecho del rio, sorbiendo el As en solucién. En un perfil de terraza se observa que a medida que
profundizamos la goethita y, eventualmente, la jarosita aparecen, siendo finalmente la
goethita la fase predominate en los niveles mas profundos. Después de una maduracion
diagenética, las terrazas fosiles estan formadas por goethita muy cristalina y hematite. En este
estudio se muestra la p-Raman como una herramienta 1til para la caracterizacién
mineraldgica de fases de Fe(lll), tanto 6xidos, como hidréxidos y oxi-hidroxisulfatos. Sin
embargo, no se puedo detectar la incorporacién del As en la estructura, debido a la pobre
concentracion de As en los precipitados naturales.



En el segundo estudio se utilizaron sendas muestras representativas de los estadios
extremos de la diagénesis; una muestra de una terraza actual y otra antigua. Las muestras
fueron caracterizadas mineralégicamente por p-Raman. Ademads, se hicieron digestiones
acidas de las muestras, andlisis de microsonda y, principalmente, mapas de p-fluorescencia de
rayos-X con radiacién sincrotrén (p-XRF) focalizado en los rangos de los metales traza mas
abundantes; As, Cu y Zn. El gran nimero de datos obtenidos se analizé utilizando técnicas
estadisticas como el andlisis de componentes principales (PCA, principal components analysis).
Con este tratamiento de datos se detecté una pérdida progresiva de la afinidad de los metales
traza por el elemento principal, el Fe, a medida que las fases eran mas cristalinas (Fe R2
schwertmannita > goethita > goethita cristalina > hematite).

Por ultimo, se realizaron experimentos con muestras sintéticas para poder simular los
procesos diagenéticos de transformacién de la schwertmannita. Para ello, se ha precipitado
schwertmannita a diferentes temperaturas (40, 60 y 85°C), durante diferentes tiempos de
exposiciéon y con diferentes concentraciones de As(V), [As]o. El agua sobrenadante fue
analizada y los precipitados caracterizados por difraccién de rayos-x de alta energia (HEXD,
high energy x-ray diffraction). Durante el proceso de sintesis, schwertmannita ha sido la inica
fase de formacidn, salvo en casos en los que [As]o < 0.5 mM, en los que se ha formado una fase
pseudoamorfa rica en Fe y As. Como resultado, se observé un retardo en la precipitacion de la
schwertmannita y de su transformacioén en los experimentos con mayor concentracién de As
afiadida. Durante los experimentos se detecté una liberacidn del As en envejecimiento a largo
plazo. Ademas, la introduccién del As en la estructura parece generar defectos locales, los
cuales han sido analizados con funcién de distribucién de pares (PDF, pair distribution
function). Principalmente afecta algunos octaedros de Fe, desapareciendo en parte de la
estructura.

En esta tesis se ha tratado de esclarecer el comportamiento de los metales traza
durante la diagénesis de los precipitados de AMD. Estos estudios deben de ser tenidos en
cuenta en el disefio de nuevas plantas de tratamiento de aguas de AMD, ya que lo que en un
principio parece ser una solucién a la contaminacién de los cursos de agua puede ser un
potencial foco de problemas en el futuro.









THESIS OUTLINE

The present Doctoral Thesis has been divided into 5 chapters; an initial introduction,
three main chapters based on three original scientific works and a final chapter for concluding
remarks. The three main chapters have been distributed in order to provide different insights,
which at some points might be redundant since some samples have been used several times as
well as some techniques have been repeatedly employed in different samples. The information
contained can be summarized as follows:

Chapter I: Introduction

Issues, motivations, challenges and techniques used to perform the study are
described in this chapter. This section includes a state of art about generation and treatment
of the acid mine drainage associated with sulfide-rich mining environments, as well as the
processes of precipitation and transformation of secondary Fe(Ill) phases, natural
attenuation of pollution, the behavior of the trace elements, a geological description of the
field area - the Iberian Pyrite Belt, a brief explanation of the methodology conducted, and a
final section with the aims and objectives of the thesis.

Chapter II: Raman identification of Fe precipitates and evaluation of As fate during
phase transformation in Tinto and Odiel River Basins (Chemical Geology; Parviainen et
al,, 2015)

The Fe-precipitates formed in the acid mine drainages are accumulated on the
riverbeds of the affected watercourses. Schwertmannite, as a metastable phase, transforms in
short-term periods to goethite, but both phases can coexist, so the characterization of both
might be difficult. Moreover, in a longer period (centuries) goethite is transformed to
hematite, coexisting with goethite. Raman p-spectrometry has been proved to be a good
technique to perform point-analyses of this kind of iron precipitates. In this chapter, natural
terrace samples have been characterized chemically and mineralogically. This will help to
perform a better detection of the minerals in heterogeneous Fe-precipitates samples such as
these. A better characterization of the minerals and its composition, will help to determine the
relation with the phases.

Chapter III: Trace element-mineral associations in modern and ancient iron terraces in
acid drainage environments (Catena; Cruz-Hernandez et al., 2016)

One of the main hot spots in environmental research is the behavior of the trace
elements originally removed by metastable phases over long-term periods. In this part of the
thesis, two natural terrace samples have been analyzed by micro-compositional mapping with
synchrotron-based X-ray fluorescence to detect the relation between the trace elements and
the minerals forming the terraces. It has been possible to determine the affinity of the trace
elements to each forming phase with a thorough statistical treatment of the data. The increase



of crystallinity of the precipitates is linked with the loss of affinity of the trace elements with
the main component, Fe, which indicates the possible remobilization of the toxins.

Chapter IV: The role of As(V) during the early diagenesis of Fe-precipitates

Since it is not possible to reproduce the mineralogical transformation of Fe(lII)
phases throughout an entire diagenetic process, this has been simulated in the laboratory by
accelerating the kinetics by heating synthetic solutions. In this study, schwertmannite has
been synthesized with As(V) in solution, in order to examine the role of As in the formation
and transformation of this phase. As a result, As seems to stabilize the Fe-phases, delaying
their precipitation and transformation into more crystalline phases. This recrystalization of
goethite entails the release of part of the As retained, meaning that the precipitates are
temporal sinks of As. In addition, some local defects have been pinpointed, as provoked by the
introduction of As into the structure of the schwertmannite.

Chapter V: General Conclusions

The information obtained by the successive studies performed has been summarized
in this chapter, including some future recommendations.
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FIGURE CAPTIONS

Figure 1.1: Filed pictures of a) AMD affected riverbed, in Tharsis (Huelva, SW
Spain), and b) an portion of an ancient Fe-terrace in Riotinto (SW, Spain).

TEM images of synthetic c) schwertmannite, d) goethite, and e) hematite.

Figure 1.2: Structures of a) schwertmannite (Fernandez-Martinez et al,
2010), b) goethite (Alvarez et al,, 2008) and c) hematite (Gualtieri and
Venturelli, 1999). In the figures, Fe-octahedra are represented in blue,

and oxygen with orange spheres.

Figure 1.3: pe — pH diagram of Fe-S-K-O-H systems at 25°C and 1 bar of
pressure. pe = Eh(meV)/59.2. Solid phases dominium: Jt = K-jarosite,
Sch = schwertmannite, Gt = goethite, Fh = ferrihydrite, Py = pyrite. Grey
fields correspond to expansions stability areas of jarosite,

schwertmannite and ferrihydrite (modified from Bigham et al., 1996).

Figure 1.4: Iberian Pyrite Belt area geological map and location of the main

massive sulfidic orebodies.

Figure 1.5: Synchrotron facility schema. On the top is shown a general view
of a synchrotron building, and in the bottom part detailed figures of a
beamline and the storage bring. Modified from European Synchrotron

Radiation Facility (ESRF) website (www.esrf.eu).



Figure 1.6: a) Fluorescence effect schema. Orange spheres represent the
electrons, and red and green are protons and neutrons. Radiations are

represented with wavelines, b) 4 — XRF spectrum.

Figure 1.7: a) schema of the structure of a theoretical molecule with atomic

distances. b) Fourier transformation of a diffraction of the “a” molecule.

Figure 1.8: Schema of energy level transition of the photons involved in

Raman spectroscopy.

Figure 2.1: Index map showing the Tinto and Odiel River catchments and the
sampling sites. The recent terrace samples are marked with red stars
and ancient samples with green pentagon. The map was modified from

Sarmiento et al. (2009).

Figure 2.2: Field, microscope, and back-scattered images of newly-formed Fe
terraces. The analysis points of Raman spectra shown in the Fig. 3 (A-E)
are indicated in the thin section (d), and the overall mineralogical
composition identified by Raman spectroscopy is indicated next to the
scanned thin sections (a, d, g, j). Minor phases are marked with dashed
line. Additionally, the mineralogical description in the optical microscopy
and backscattered images is based on Raman identification (sw=

schwertmannite; ja = jarosite; go = goethite).

Figure 2.3: Raman spectra of A) schwertmannite, B) jarosite, C) goethite, D) a

mixture of schwertmannite and jarosite, and E) a mixture of

18

19

20

40

47



schwertmannite and goethite in sample LN-2. The corresponding

mineral distribution in the thin section is shown in Fig. 2d.

Figure 2.4: XRD patters of a) and b) LN-1 (top and bottom layer,
respectively), ¢) and d) TSR (top and bottom layer, respectively), e) AM-
2A, and f) NV-1. Diffractograms were shifted for clarity purposes.

Figure 2.5: Field, microscope, and back-scattered images of ancient Fe
terraces (go = goethite; hm = hematite). The analysis points of Raman

spectra shown in the Fig. 6 (A-B) are indicated in the thin section (a).

Figure 2.6: Raman spectra of A) goethite and B) hematite in sample AM-2A
(See Figs. 5a and b).

Figure 3.1: Detailed map of the study area showing: (a) sampling locations,
(b) an image of the Alto de la Mesa ancient terrace outcrop, and (c)

images of the newly-formed La Naya terrace.

Figure 3.2: Representative micro-Raman spectra of (a) schwertmannite and
(b) a mixture of schwertmannite and goethite in the newly-formed
terrace sample, and (c) goethite and (d) hematite in the ancient terrace

sample.

Figure 3.3: Optical and EPMA images of the newly-formed terrace sample
with the micro cross-sections analyzed by synchrotron-p-XRF: (a)

calibration spectrum fitted with PyMCA software and (b,c) elemental
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distribution maps. Two detailed EPMA images are shown for each micro-
section. For interpretation of colors, the reader is referred to the web

version of this paper.

Figure 3.4: Optical and EPMA images of the micro cross-section analyzed in
the ancient terrace sample by synchrotron-p-XRF: (a) calibration
spectrum fitted with PyMCA software and (b) elemental distribution
maps. For interpretation of colors, the reader is referred to the web

version of this paper.

Figure 3.5: Variation of the relative fluorescence intensity of As, Cu, and Zn
along the ancient terrace. Hematite and goethite levels are differentiated

(light grey = hematite; dark grey = goethite).

Figure 3.6: Projections of the element intensities obtained by p-XRF mapping
on a plot of the two first principal components from the PCA results for
the: (a) upper part of the newly-formed terrace with schwertmannite
(sch), (b) deeper part of the newly-formed terrace with a mixture of
schwertmannite and goethite (gt), (c) goethite levels of the ancient

terrace, and (d) hematite (hem) levels of the ancient terrace.

Figure 4.1: TEM pictures and HEXD patterns of the (a) schwertmannite, (b)
pseudpamorphpus FeOHAs, (c) goethite.

Figure 4.2: [Fe] and [SO4] concentration of supernatant water at (a) 40°C (b)

60°C and (c) 85°C. Full chemical information is included as Appendix 4.
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Figure 4.3: [As] concentration of supernatant water at (a) 40°C (b) 60°C and
(c) 85°C.

Figure 4.4: Calculated precipitation rates and its variation depending on

[AS] 0.

Figure 4.5: Goethite content of solid samples (wt.%) compared to [As]o
experiments at (a) 60°C aged during 10 days, (b) 85°C aged during 300
days.

Figure 4.6: (a) PDF analysis and (b) d-PDF of As in samples aged during 10
days at 60°C and loaded with different [As]o.
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TABLE CAPTIONS

Table 2.1: Physicochemical parameters of the water samples including pH,
redox potential (Eh, mV), electric conductivity (EC, mS/cm?2), oxygen
saturation (02, % and ppm), and temperature (T, 2C) and the water
chemistry of selected elements of interest and SO+ (mg/L). (bdl = below

detection limit).

Table 2.2: Mineralogy of ground newly-formed and ancient terrace samples
according to the results of XRD and Raman spectroscopy. The samples
LN-1, LN-2, LN-3, TSR, PER, LY-2B, and AM-2D were divided into
subsamples where number one corresponds to the top layer and
thereafter consecutive layering. Minerals are marked in relative order of
abundance and in parenthesis when appeared in considerably lesser
amount (sw= schwertmannite; ja = jarosite; go = goethite; hm =

hematite; q = quartz).

Table 2.3: Average bulk concentrations of As, Cu, Co, Pb, and Zn according to
pseudo-total digestions and maximum As concentrations of each mineral
phase measured by EMPA. (* = average concentration of all analysis

points in the respective sample; N.A. = not analyzed).

Table 3.1: Bulk concentrations in the terrace samples according to the
pseudo-total digestions. Subsamples of the newly-formed terrace were
taken from depth increments from the top (0-1 cm). LN = modern

terrace sample and AM = ancient terrace sample.



Table 3.2: Electron microprobe analyses (n=100) of goethite (gt) and
hematite (hm) levels in the ancient terrace. Depth intervals match those

shown in Figure 5.
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Chapter I

INTRODUCTION

Acid drainage (AD) is one of the biggest environmental problems related to coal and sulfide
deposits worldwide. This phenomenon is initiated by the interaction of sulfide minerals,
mainly pyrite [FeS;], with meteoric water under oxidizing conditions (Nordstrom, 1982;
Moses et al., 1987). The oxidative dissolution of sulfide minerals can lead to widespread
acidification of watercourses. When this process occurs at natural outcroppings of sulfide
orebodies it is referred to as acid rock drainage (ARD). Although ARD itself can drastically
degrade local watercourses, the exposure of sulfide minerals by mining activities can
accelerate and escalate contamination associated with AD. As a result of ore extraction and
processing, non-economic sulfides are accumulated in open-air piles as gangue. This activity
accelerates oxidative weathering and leads to generation of acid mine drainage (AMD), which
is generally produced at a greater rate than ARD (Olias et al., 2004). Intensive mining in many
parts of the world has left behind a vast quantity of sulfide mine wastes, which has accelerated
sulfide oxidation and, therefore, the contamination of watercourses.

Acidification of watercourses is not the only environmental problem associated with AD.
Linked to those sulfides, there are a wide range of heavy metals and other toxic elements,
which are released together with Fe and SO, during their oxidation. Meanwhile heavy metals
are always in solution in watercourses in small concentrations, the increase of these elements
in solution becomes a source of toxicity for the autochthonous organisms. Furthermore, high
concentration of toxic elements in solution causes the death of some of the species and the
accumulation along the food chain, inasmuch as heavy metals are not biodegradable

(Woodwell et al,, 1971).
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1.1 Acid drainage generation

Sulfide tailings and outcrops are the main source of AD. The sulfide exposure to the
open-air by mining activities enhances the reactivity of these minerals and hence the
generation of AMD. Pyrite is the most common sulfide associated to metallic deposits. The
oxidative weathering of sulfide minerals has been studied extensively (e.g. Lowson, 1982;
Evangelou, 1995; Evangelou and Zhang, 1995; Nordstrom and Southam, 1997; Nordstrom and
Alpers, 1999; Rimstidt and Vaughan, 2003). The weathering process involves a series of
chemical, biological, and electrochemical reactions with the consequent dissolution of ferrous
cations and oxidation onto ferric. These reactions release SO, and associated trace elements,

and generate protons that acidify the water (Singer and Stumm, 1970):

FeSys) +20; + H,0 > Fe?* + 250, + 2H* Eq. (1.1)
Fe?* +2 0, + H* & Fe* +2H,0 Eq. (1.2)
Fe®* 4 3H,0 < Fe(OH)3 + 3H* Eq. (1.3)

200 nm ]

Fig. 1.1: Filed pictures of a) an AMD affected riverbed in Tharsis (Huelva, SW Spain), and b) an ancient Fe-terrace
in Riotinto (Huelva, SW Spain). Transmission Electronic Microscope (TEM) images of synthetic c) schwertmannite,
d) goethite, and e) hematite.
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Pyrite is firstly dissolved in presence of O in solution (Eq. 1.1), releasing protons, Fe?
and 504‘2 to the water. Thus, the acidification of the water leads to a rise in the concentration
of dissolved solids. When there is enough aqueous 0 in solution, Fe?* is oxidized to Fe3* (Eq.
1.2) giving the water a reddish color. The permanence of Fe3* in solution is pH-dependent; at
pH level higher than 3.5, Fe3+ precipitates often as a Fe-oxy-hydroxide called ferrihydrite
[Fe3*0; - 0.5H,0]. During its precipitation, more protons are released, acidifying the water
(Eg. 1.3). However, in acid-sulfate waters including AMD, Fe-oxy-hydroxysulfates such as
schwertmannite [FegOg(OH ) (g-25)(S04)y - nH,0; 1 < x < 1.75] or jarosite
[KFe3(S0,),(0H)¢] may form instead of ferrihydrite depending on pH conditions (Bigham et
al., 1996).

Thanks to a relatively high specific surface area and the big tunnels forming its
structure, schwertmannite is an effective scavenger of potential pollutants including As, Zn,
Pb, Mn, and Se (Webster et al., 1998; Fukushi et al, 2003, 2004; Fernandez-Martinez et al,,
2010). These toxic elements are commonly associated to metallic sulfides. Similar to pyrite,
these sulfides are oxidized and dissolved, releasing these metals to the water, becoming a
source of pollutants. Following pyrite, most common sulfides are arsenopyrite [FeAsS, (Eq.

1.4)], chalcopyrite [CuFeS,, (Eq. 1.5)], sphalerite [ZnS, (Eq. 1.6)], and galena [PbS, (Eq. 1.7)]:

4FeAsS(g, + 110, + 6H,0 o 4Fe?* + 4H3As03qq) + SO, Eq. (1.4)
CuFeS, + 40, —» Cu®* + Fe?* + 250, Eq. (1.5)
ZnS( + 20, —» Zn** + 50, Eq. (1.6)
PbS() + 20, - Pb** + SO, Eq. (1.7)

Nonetheless, the natural oxidation rates of these minerals in aseptic conditions do not
correspond with what is observed in the field. Despite the water acidification and the large
amount of metals in solution derived from the dissolution of the sulfides, there are some, so-
called “extremophiles”, organisms capable of living under these conditions. Some bacterium,
such as Thiobacillus ferroxidans or Leptospirillum ferroxidans, have adapted to AD
environments. Moreover, some of them oxidize sulfides (Boon and Heijnen, 1998), while
others use ferrous ion oxidizing it to Fe3* (Leduc et al., 2002). This bacteriological activity can

accelerate the oxidation process from 104 to 106 times (Singer and Stumm, 1970).
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1.2 Schwertmannite; precipitation and transformation

Schwertmannite is a poorly crystalline oxyhydroxysulfate that often precipitates and
covers the riverbed of the watercourses affected by AMD (Fig. 1.1a). This oxyhydroxysulfate is
accumulated forming bands of loose-dust Fe precipitates ending as a stromatolite-like
structure. These stromatolites display a morphological pattern similar to calcareous
travertines, generating terraces, where new precipitates overlap older ones. Schwertmannite
forms aggregates of nanoparticles (up to 2 um) “hedge-hog” like consisting of radially oriented
acicular nanocrystals (Fig. 1.1c). Due to its poor crystallinity, schwertmannite is not an stable
phase and it evolves into goethite (Eq. 1.8) and, eventually, jarosite in some weeks (Fig. 1.1d)

(Acero et al., 2006; Bigham et al., 1996; Gagliano et al., 2004):

FegO0g(0OH)s55(504)1.25(s) + 2.5H,0 —
8Fe00H s, + 2.5H* + 1.2550, Eq. (1.8)

Fig. 1.2: Structures of a) schwertmannite (Fernandez-Martinez et al.,, 2010), b) goethite (Alvarez et al,
2008) and c) hematite (Gualtieri and Venturelli, 1999). In the figures, Fe-octahedra are represented in
blue, and oxygen with orange spheres.

Schwertmannite is formed by Fe-octahedra settled in a network of square tunnels
(Fig. 1.2a; Fernandez-Martinez et al., 2010). The sulfate tetrahedral position remains unclear;
sulfate seems to occur in both inner and outer-sphere positions depending on pH and
hydration conditions (Wang et al., 2015). During the transformation from schwertmannite
into goethite, SO, is released along with two Fe-octahedra in the unit cell (Regenspurg and
Peiffer, 2005; Paikaray and Peiffer, 2012), converting the square tunnels in schwertmannite to
rectangular tunnels in goethite (Fernandez-Martinez et al, 2010) (Fig. 1.2a, b). In addition,
protons are released causing acidification (Eq. 1.8). Some researches, such as Schroth and

Parnell (2005), suggested a dissolution of schwertmannite and a precipitation of goethite
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instead of SO2~ loss during recrystallization. The formation, transformation and structure of
schwertmannite have been dominant research topics lately due to their relevance in the Earth

and environmental sciences.

Dissolved
species

=12 1 " 1 . 1 N
2 4 6 8
pH
Fig. 1.3: ps — pH diagram of Fe-S-K-0-H systems at 25°C and 1 bar. pe = Eh(meV)/59.2. Solid phase fields: Jt = K-
Jjarosite, Sch = schwertmannite, Gt = goethite, Fh = ferrihydrite, Py = pyrite. Grey fields correspond to expansions stability
areas of jarosite, schwertmannite and ferrihydrite (modified from Bigham et al,, 1996).

Some ancient stromatolite-like structures of goethite-hematite bands are often found
in the vicinity of AD systems (Fig. 1.1b). Although direct transformation of schwertmannite
into hematite [Fe,05] (Figs. 1.1e and 1.2c) has been observed under hydrothermal conditions
at 200°C (Barham, 1997), in these bands of ancient deposits hematite replacement of goethite
has been reported by means of textural observations (Bowell, 1994; Cudeenec and Lecref,

2005; Mamindy-Pajany et al., 2011; Pérez-Lépez et al,, 2011). Goethite might transformation
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into hematite by means of dehydration, which has previously been hypothesized (Eq. 1.9;
Langmuir, 1971; Davidson et al., 2008);

2Fe00H 5 — Fey 055 + H,0 Eq. (1.9)

Gualtieri and Venturelli (1999) defined “protohematite” as an intermediate phase

after goethite decomposition that would transform progressively to hematite.




Chapter I

1.3 Natural attenuation processes

As previously mentioned, AMD has a particularly harmful impact on natural
environments due to the release of toxic pollutants to watercourses (Eq. 1.1, 1.4, 1.5, 1.6, 1.7)
turning these settings virtually uninhabitable (Alpers et al., 1994; Bowell and Bruce, 1995;
Canovas et al., 2007). Secondary Fe precipitates that form in these AMD-affected watercourses
are often effective scavengers of toxic elements (Chapman et al., 1983; Berger et al,, 2000;
Fukushi et al., 2003a). Schwertmannite precipitation spontaneously occurs by oversaturation
once the ideal conditions of pH and Eh have been reached (2.5 < pH > 4.5 and 500 eV < Eh;
Fig. 1.3). Poor crystallinity and large surface area result in schwertmannite having a strong
capacity to remove trace elements from solution by sorption or co-precipitation (Acero et al.,
2006; Courtin-Nomade et al., 2003; Schwertmann et al., 1995).

In AMD environments, affected watercourses are usually mixed with pristine waters
along its path, increasing the pH favoring the formation of Fe oxy-hydroxides (eq. 1.3). The pH
increases and decreases due to the buffer provoked by the release of protons (eq. 1.3) till the
total precipitation of Fe (III) from solution (eq. 1.8). However, in AMD media derived from
sulfide orebodies SO concentration is also high, but the limiting factor is Fe (III). Once the Fe
(III) has been depleted by precipitation SO4 interacts with other major cations, such as Al.
Basaluminite [Al,(S0,)(OH),,-4~5H,0] is a poorly crystalline Al-hydroxysulphate
(Hollingworth and Bannister, 1950; Nordstrom, 1982b). It also has a good capacity for
retaining trace metals (Nordstrom and Alpers, 1999b; Bigham and Nordstrom, 2000),
although in continuous treatment assays the basaluminite capacity is masked by
schwertmannite during the precipitation sequence (Carrero et al, 2015). However, the
concentration of Al is much lower than those of Fe, and the long-term record of Al-phases in
natural AD systems is practically nil.

In any case, there is a certain lack of knowledge with the final fate of the retained
traces during the recrystallization of the precursor phases to more crystalline ones. It seems
logical that with a higher crystallinity of the precipitates the void content for metals should
decrease, but some researches suggest an adsorption on the surface of these transformed

phases (Gimenez et al,, 2007; Mamindy-Pajany et al., 2011).
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1.4 AMD treatment systems

AMD treatment systems are classified into active and passive technologies, depending
on the energy source required (Younger, 2000; Jarvis and Younger, 2001). Active treatment
plants need to be connected to energy power and the addition of chemical reagents, while
passive systems use natural energy sources, such as water flow and gravity, as well as
biochemical reactions. As active plants require power generation installations, unprofitable
for orphan mines, passive treatments are often regarded as the best option. The lack of earlier
environmental legislation has expedited the massive forsaking of old mining facilities,
including tailings and pits. These abandoned mines are the primary contamination source in
many mining districts. The fact that legal responsibilities cannot be claimed since those
mining companies do not exist nowadays makes passive treatment systems the best
remediation method from an economic and environmental perspective.

Traditionally, the passive treatment systems have been based on flowing
contaminated water through different tanks with different pH neutralizing agents to
immobilize metals as oxyhydroxysulfates and/or with organic matter enhancing sulfate-
reducing conditions to immobilize contaminants as sulfides. (Hedin et al., 1994; Jage et al,,
2001). Still, studies carried out in AMD environments with very high metals concentrations
using different alkaline tanks showed problems of passivation and clogging of the reactive
substrate (Roting et al., 2003). Dispersed alkaline substrate (DAS) uses a mixture of fine-
grained reagents (e.g., limestone, MgO powder) with coarse wood shavings to reduce the
clogging and increase the reactive area, optimizing the reagents (Rotting et al., 2008). Lately,
DAS systems have been enhanced increasing the oxidation of the water with a system of small

waterfalls and pools as pretreatment (Macias et al., 2012a, b).

10
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1.5 Trace elements mobility state of art

Research into trace element mobility during the transformation of host phases -
particularly studies focused on nanoparticles and mine wastes - has recently received a great
attention. As stated before, schwertmannite, which is a key phase formed in SO4-Fe-rich acid
drainage, is an effective scavenger of trace elements because of its poor crystallinity and
relatively high surface area (e.g.: Banfield et al,, 2000; Bigham et al., 1996; Paikaray et al,,
2012, 2011; Stipp et al,, 2002; Waychunas et al,, 2005, 1992; Zhu et al., 2012). However, there
remains controversy regarding the behavior of trace elements during the schwertmannite
transformation into more stable phases.

During the schwertmannite recrystallization to goethite, the inter-atomic space
decreases due to a reduction of Fe-Fe distances (Combes et al, 1990; Manceau and Drits,
1993); hence, trace elements should be released from the structural positions, being re-
mobilized to the water media. Nevertheless, several studies support the idea that the
retention capacity of goethite is in the same order of magnitude as its precursor
schwertmannite (Acero et al, 2006). Moreover, the debate is also focused on the
transformation to hematite. Several studies claim that hematite has lower retention capacity
than goethite (Bowell, 1994; Manceau, 1995; Pérez-Ldpez et al,, 2011) while, on the contrary,
other studies affirm that goethite retains less traces into its structure and surface (Gimenez et
al,, 2007; Mamindy-Pajany et al., 2011). Other works suggest the existence of an intergrowth
of several phases during the transformation; e.g. Bolanz et al. (2013) reject the As
incorporation into hematite structure and they state that an epitaxial intergrowth of hematite
with angelite [Fe,(As0,)04] is plausible. Thus, As would be mainly retained by angelite and
only a small part would stay on the surface of hematite.

Knowing the behavior of trace elements during the phase transformation is crucial to
understand the natural attenuation of contamination in AD-affected waters. As a sink of some
toxic elements, the long-term stability of the Fe-oxyhydroxydes should be also considered. In
fact, some studies have calculated the transformation rates for schwertmannite and
ferrihydrite (Burton et al., 2008; Ford, 2002; Jénsson et al., 2005; Paikaray and Peiffer, 2012;
Regenspurg and Peiffer, 2005). Specifically, Burton et al. (2008) asserts that the presence of
oxyanions such as S0, stabilize the structure of the poorly crystalline Fe(III) oxy-hydroxides
retarding their transformation comparing with those calculated for ferrihydrite. Davidson et

al. (2008) and Ford (2002) went beyond and tried to evaluate the transformation of goethite

11
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to hematite without detecting a delay on the maturation. Thus, they hypothesized that, since
oxyanions are not incorporated as a part of the mineral structure in inner-sphere positions,
the presence of these elements do not affect the stability of more crystalline phases.

During the acid drainage treatment, the effective management of the resulting solid
wastes has received limited attention. In some cases, it is planned to deposit the solid wastes
in landfills, being burned previously in order to remove the wood shavings and reduce their
volume. Most wastes are Fe and Al oxy-hydroxydes, so the remobilization of the pollutants
could happen, inasmuch as burning them enhances the potential recrystallization of the

precipitates.

12
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1.6 The Iberian Pyrite Belt

The Iberian Pyrite Belt (IPB) is one of the most prolific metallogenic provinces of
massive metallic sulfides orebodies. It hosts some of the most extensive massive sulfide
bodies worldwide. Reserves have been estimated in excess of 1700 Mt, which represents 22%
of the world class volcanic massive sulfides deposits (Saez et al., 1999; Tornos, 2006). It is
located in the SW of the Iberian Peninsula (Fig. 1.4), encompassing approximately 230 km E-
W and 40 km N-S, from Seville, in Spain, to southern part of Lisbon (Portugal). Due to the great
concentration of metallic sulfides, the IPB has been intensively exploited by mining activity
during the last 4,500 years (Nocete et al., 2014). So far, the IPB hosts more than 100 active and
inactive mines, being one of the most active massive sulfide mining areas worldwide.

Stratigraphically, IPB is subdivided in 3 main lithostratigraphic units. From the
footwall to the hanging wall there are: the Devonian Phyllite-Quartzite group (PQ Group); the
early Carboniferous Volcano-Sedimentary Complex (VSC); and the late Carboniferous post-
volcanic succession phyllite-grawackes (Culm group) (Schermerhorn, 1971). Massive sulfide
orebodies are associated to VSC, which consists of an intercalation of volcanic rocks with
detrital sedimentary sequences of shales and sandstones derived of volcanic episodes ranging
in age from late Famennian to early Visean (Barrie et al., 2002; Nesbitt et al., 1999; Nieto et al,,
2000). The massive sulfides occur as lenses associated mostly with felsic-volcanoclastic
and/or black shale sequences (Saez et al.,, 1996). The massive sulfide deposits in the IPB are
composed mostly of pyrite, with subordinated arsenopyrite, sphalerite, galena, chalcopyrite,
tetrahedrite-tennantite [(Cu, Fe);,Sb1,S:3 — Cuy,A45,5,5], pyrrhotite [Fe,_,S;x =0 — 0.2]
and many other minor phases such as Bi- and Pb-sulfosalts, cassiterite [Sn0,], magnetite
[Fe?*Fe3*0,], stannite [Cu,FeSnS,], electrum [Au, Ag], and cobaltite [CoAsS] (Garcia de
Miguel, 1990; Marcoux et al., 1996).

The extensional tectonic period that took place during late Devonian-early
Carboniferous collapsing and fracturing the basin, caused the later volcanism episodes,
favoring the deposition of sulfides (Moreno et al, 1996). The deposition of sulfides was
interbedded with black-shales and volcanoclastic rocks from two felsic volcanic episodes
(Barriga, 1990). The gradual ascension of magma created a the necessary hydrothermal
system for the transportation and deposition of metals intercropped with the shales (Saez et
al,, 1999). Culm group covers the VSC. It is a thick turbiditic sequence derived from the rising

of the basin as a response to the tectonic pulses (Moreno, 1993).
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The IPB was deformed during the Variscan orogeny in three different stages. The first
stage, middle Westaphalian in age (Silva et al., 1990), caused an intense folding of the basin,
with the consequent new compressive episode that formed a N-S directed foliation. Then,
during the late-Variscan fracturing phase, the E-W fault system was formed (Fig. 1.4) finally
followed by NW-SE extensional episode. Once the Variscan deformation ended, the marine
transgression on the Tertiary covered the IPB with sediments of the Guadalquivir and Sado
basins (Strauss and Madel, 1974). It was buried by a Neogene infill of carbonate and detrital
sequences, disconformably with the Paleozoic basement.

The natural exposure of sulfide orebodies involves the development of iron oxide
caps on top known as gossan. A gossan is a poplar mining term coined to refer to a deposit
mainly formed by iron oxides and hydroxides derived from the weathering of sulfide
orebodies above the phreatic level (Garcia Palomero et al.,, 1986; Scott et al., 2001; Velasco et
al, 2013). Gossans are differentiated by their formation, since their origin could be either
sedimentary (erosive action produced by watercourses) or hydrothermal, as an alteration of
porphyries (massive gossan or stockwork).

In the IPB case, the weathering process began in the upper Oligocene-lower Miocene
(Essalhi et al., 2011; Velasco et al., 2013). The exhumation and surface exposition of some
massive sulfide deposits caused the generation of gossan caps. Some examples of gossans in
the IPB are seen at Tharsis, Riotinto, San Miguel and Sdo Domingos (Arribas, 1998; Garcia
Palomero et al., 1986).

Beside goethite and hematite, the IPB gossan are composed by quarts and newly-
formed oxyhydroxides, oxides, sulfates, oxy-sulfates, sulfo-arsenates, arsenates, halides, native
metals and phyllosilicates after leaching its protores, under acidic and oxidizing conditions
(Velasco et al.,, 2013; Yesares et al,, 2017). In addition, gossans in the Iberian Pyrite Belt have
been target of Au and Ag exploration and mining since 3000 BC (Nocete et al.,, 2014) and most
supergene Au deposits in the belt, including Riotinto, La Lapilla, and Filo Sur-Tharsis, were
mined for precious metals during the past century (Arribas, 1998; Garcia Palomero et al,
1986; Roca et al,, 1999; Sanchez et al.,, 1996; Viiials et al., 1995; Williams, 1950).

The erosion and remobilization of these gossan caps in the IPB, led to the formation of
alluvial deposit of “transported gossans”, ironstone sedimentary breccias, or iron-rich
hardpans. The displacements use to be around a few dozen meters, and can extend 1 km (e.g.

Alto de la Mesa, Riotinto) (Velasco et al., 2013; Williams, 1950).

15



Introduction

Moreover, Essalhi et al. (2011) found structural similarities between transported
gossans and modern iron terraces in AMD affected areas of the IPB. Nieto et al. (2003) has
hypothesized that these transported gossans are actually ancient iron oxy-hydroxysulfate
terraces which have been transformed over the last 6 million years from the Miocene to
Pliocene. The morphology of these gossans is described as a fluvial point-bar with alternation
of coarse and fine sediments with a preferential pebble orientation (Essalhi et al., 2011).

Thus, terraces were formed from the oxidation and erosion of the sulfide orebodies,
which are the host rocks, and the subsequent precipitation and transformation of the
precipitates (explained in sections 1.1 and 1.2 of this introduction). Their mineralogical
composition depends on the maturity of the precipitates, being the oldest the richest in in

hematite, and the newest richer in sulfates and sulfides.
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1.7 Methodology

Conventional methodologies are not amenable to the study of poorly crystalline
phases including schwertmannite. The nano-order that forms this and other phases such as
ferrihydrite is not perceptible to conventional techniques such as X-ray diffraction (XRD).
However, synchrotron-based techniques have successfully been used to examine chemical and
structural aspects of poorly crystalline and nano-crystalline materials (Gilbert et al.,, 2004;
Maillot et al., 2013; Waychunas et al., 1995).

An additional issue related to the association of these phases in field samples as
natural terraces is the heterogeneous distribution at nano and micrometric scale, which limits
the use of bulk analysis methods. In terms of gradual transformation, a point technique is
required in order to identify the phase transition. Point techniques, such as electronic
microscopy, might help to determine the composition of the samples with a considerable
detail. Synchrotron techniques are suitable for examining these changes; however, access to
general users requires a process of submission, review and acceptation of proposals of
interest. Instead, Raman pu-spectroscopy can be also used to identify these phases, since each
phase has characteristic band spectra. Commonly, Raman microscopes are coupled with
optical microscopy and can be used to identify areas for more detailed synchrotron analyses.
Following, it is briefly explained the theoretical foundation of these techniques, which have

been used during this research:

Storage Ring

Magnet

Focusing
magnets

Opticsvcabin
Experimental cabin :

e ! w “o
. Control cabin ; °y

Fig. 1.5: Synchrotron facility schema. A general view of a synchrotron building is shown on the top,
and in the bottom part, detailed figures of a beamline and the storage ring. Modified from European
Synchrotron Radiation Facility (ESRF) website (www.esrf.eu).
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1.7.1 Synchrotron radiation

A Synchrotron is basically a source of photons with a wide distribution of wavelength
radiations. The electrons are pre-accelerated at the booster beginning at the gun (Linac, a
linear accelerator). Photons are produced by accelerating electrons around a storage ring;
electrons get charged while moving, emitting energy at different wavelengths depending on
their velocity. Synchrotron accelerates the electrons by magnetic fields generated by magnets
positioned concentrically. X-rays are emitted through beamline channels (Fig. 1.5), which are
tangentially disposed to the circular pathway (storage beam) of the electrons and come into
the beamlines as a beam of X-rays. This beam is focused by a series of mirrors and crystals

directed through the sample to the detector(s) (ESRF, n.d.).
1.7.1.1 Hard x-ray microprobe for focused u x-ray fluorescence (u-XRF)

a) ejected
electron

b)
10° T T T T T
T —Data —V Cu
g Scatter ==Ni =—Zn
vacancy 10 —Fe — Cu—ns

Se
]

Counts

4 5 6 7 8 9 10 11 12

Energy (keV)

Fig. 1.6: a) Fluorescence effect schema. Orange spheres represent the electrons, and red and green are protons and
neutrons. Radiations are represented with wavelines, b) u — XRF spectrum (4-12 keV).

Fluorescence is a non-destructive technique, although beam can damage some redox-
sensitive elements and metastable phases. The sample in question is exposed to y and X-ray
radiation. The electrons in the lowest orbitals are excited and some are ejected, leaving behind
an energetic vacancy (Fig. 1.6a). Electrons from more energetic orbitals will then transfer to
lower energetic levels, in order to promote lower levels filling the vacancies left by the ejected

electrons. The transition provokes the emission of a fluorescence photon, being characteristic

18




Chapter I

of each element its spectrum of energy released (Fig. 1.6b). There are infinite variants of
transition, yet there are 3 main transitions, corresponding to the lowest levels K L. M:
¢ TransitionL - K:Ka
* Transition M - K:Kf
* Transition M — L: La (and so on)
The photon emitted by each transition is endowed with a characteristic energy,
equivalent to the difference between the energy of both involved orbitals.
Synchrotron radiation incorporates microprobe analysis, ultra-high spatial resolution
(spot < 1 um), on the fly imaging at detection limits of ppb, and a big range of energy (from 2.4
to 28 keV). Multiple elements could be analyzed at the same time. Maps are compound of a
continuous scanning approach of pixels containing a complete spectrum of the composition of

the analyzed area.

)
r(A)
Fig. 1.7: a) schema of the structure of a theoretical molecule with atomic distances. b) Fourier

transformation of a diffraction of the “a” molecule.

1.7.1.2 High energy X-ray diffraction and pair distribution function

Pair distribution function (PDF) an analysis obtained from high energy X-ray
diffraction (HEXD) patterns. Powder samples are disposed on kapton capillaries and exposed
to an X-ray beam with a A < 0.24 (E > 62 keV). The beam impacts on the sample, diffracts in
it and impresses a pattern in the detector. Higher-energy reduces the X-ray wavelength,
increasing the diffraction range on the reciprocal space (Q) (Eqg. 1.10):

Q = 4msin(0)/2 Eq. (1.10)

Such a small wavelength favors the analysis of poorly structured materials due to it

improves the PDF resolution. The interaction of the X-rays with the sample structure is

defined as a summation of sins functions of distance in the reciprocal space for each atomic
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pair in the structure [sin (Qr;;)]. This function is called “total scattering function” [S(Q)] or
“observed scattering intensity” (Iy) and represents the peaks created by all the elements
(Debye, 1915);

sin (QT‘U)
Qrij

S(Q) = 1+~3 bib; Eq. (1.11)

o)

Where the scattering amplitude of this sins function is related to the atomic weight of
the elements involucrate in each pare (b; and b;). The real-space analysis by Fourier

transformation of S(Q) results in g(r), so-called PDF:

g =1+ ;fQ’"n" Q [S(Q) — 1] sin(Qr) dr Eq. (1.12)

2m2rp Y Qmi
It is a function of the probability of finding a pair of atoms separated by r distance. As
a result, the spectrum obtained will give a pattern with all the pair-distances between the

atoms (r) (Fig. 1.7).

1.7.2 Raman u-spectroscopy

When photons interact with matter, even when a sample is illuminated, the light can
be reflected, absorbed or scattered. Raman spectroscopy deals with the scattered light
(Raman and Krishnan, 1928). It is based on the inelastic scattering of the monochromatic light
in or close to the visible range when electrons are excited to a virtual stage (Fig. 1.8). The light,
usually a laser, interacts with phonons stimulating the vibration of the light photons, upward
and downward (Gardiner et al,, 1990). When photons are excited to a virtual state decaying to
a new real vibronic state, they might have a different energy state than initially (as an inelastic
scatter). The shifts are reported as bands dimensioned as inverse of wavelength (cm™?)

related to the energy.

Virtual states

L 4 v Vibrational levels
Raman sctattering  Rayleigh scattering

Fig. 1.8: Schema of energy level transition of the photons involved in Raman spectroscopy.
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Raman microspectroscopy allows the identification of species in very small volumes,
as it has an inverted optical microscope and a bichromatic beam splitter. Thus, the scattered
light is collected by the same objective and divided into two ways. In one way, the beam is
filtered in order to remove the range wavelengths out of the Raman band is focused on. Each
photon is collected and counted by a photodiode. In the other, the light is collected and filtered
by a notch filter to remove Rayleigh scattering (elastic scattering). Both signals are combined

by the spectrograph and projected on a charge-coupled device (CCD) (Fig. 1.8).
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1.8 Aims and objectives

The present Doctoral Thesis has as purpose broadening the knowledge related to the

ultimate outcome of the trace elements, initially removed by schwertmannite in AD systems,

during its transformation by means of comparing natural samples and laboratory

experiments. To this aim, several objectives have been set to be fulfilled throughout this

research:

22

1. To tune up an analytical instrument available in conventional laboratories, i.e.
Raman micro-spectroscopy, to identify the mineralogy of the involved phases and
their transformation on natural newly-formed and ancient Fe terraces. Novelty: note
that the mineralogical characterization might be unclear by conventional techniques
such as X-Ray diffraction due to the low crystallinity of the involved phases; however,
u-Raman has been successfully applied to several studies of characterization of Fe(III)

phases but never in natural AD terraces.

2. To reveal the long-term behavior of the trace elements initially captured by
schwertmannite during the mineralogical transformation in natural terraces.
Novelty: note that most of studies focus on As and results are controversial; however,
correlation between chemical analysis obtained by high-spatial resolution
synchrotron-XRF mapping and mineralogy will allow shedding light not only on As

but also other important trace elements.

3. To evaluate the potential (enhancing or retarding) effect of some trace
elements on the schwertmannite precipitation and mineral transformation rates in
batch experiments with synthetic AD systems. Novelty: Crystallinity increase of
nanocrystalline Fe-oxyhidroxides seems to be retarded with the increase of initial As
concentration in solution, but this has not proved previously with schwertmannite.
Besides, the possible remobilization of the elements with the crystallinity increase of
the phases was modeled. To this aim, batch experiments were performed synthetizing
samples which were characterized mineralogically and chemically, being exposed at
different temperatures (different oxidation acceleration rates), during different

periods (maturation lapses), and different [As]o concentrations.
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4. To obtain information on the structural changes inducted by the presence of
As (V) during schwertmannite transformation into more crystalline phases. Novelty:
These poorly crystalline phases contain big gaps into their structure capable of
hosting big cations, the structure is affected by the input of “guest” elements. In
addition, the maturation of the phases involves chemical and structural changes. The
interaction with other elements during the transformation is also noteworthy in
order to determine the final fate of the trace elements. The use of PDF techniques has

been implemented.

5. To compare the data obtained in laboratory with those recorded in natural
systems. Novelty: The applicability of this study lies in the management of AMD
wastes products. Some of these trace elements are considered harmful for the
environment, therefore, treatment systems must be designed considering future

aspects such as their final outcome.
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RAMAN IDENTIFICATION OF FE PRECIPITATES AND EVALUATION OF AS FATE DURING PHASE
TRANSFORMATION IN TINTO AND ODIEL RIVER BASINS

Newly-formed Fe terrace samples and corresponding water samples of Tinto and Odiel River,
as well as, ancient terrace samples representing conditions of ancient Tinto River, were
collected and studied by optical microscopy, Raman spectroscopy, X-ray diffraction, scanning
electron microscopy, microprobe analysis, pseudo-total digestions, and by chemical analytics.
The newly-formed terraces showed that currently schwertmannite is precipitating on the
riverbed acting as a sink for arsenic. In a matter of months, this metastable phase transforms
into goethite and, eventually, jarosite which are found in the deeper sediments below one
centimeter. Due to long-term transformation, well-crystallized goethite and diagenetic
hematite were the major phases in the ancient terraces. The microanalyses suggested that
goethite retained slightly higher concentrations of As than hematite suggesting As is mobilized
in the transformation process. Additionally, this study shows that Raman spectroscopy is an
efficient tool in the mineralogical characterization of Fe(Ill) oxides, hydroxides, and
oxyhydroxysulfates at micro to millimeter scale in these types of samples. However, Raman
spectra did not provide insights on the incorporation of As within the crystal lattice of

schwertmannite, probably due to its low concentration.
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2.1 Introduction

The outcropping massive sulfides of the Iberian Pyrite Belt (IPB) and the subsequent
formation of gossans (thick cap of iron oxides formed as a result of chemical weathering) have
influenced the microbiochemistry of the Tinto and Odiel River basins, SW Spain (Nieto et al,,
2013; Nieto et al.,, 2007). Sulfide oxidation led to natural Acid Rock Drainage (ARD) over
millions of years, and intensive mining since 4500 years ago (Nocete et al., 2014) provoked
Acid Mine Drainage (AMD) enhancing the extreme acidic conditions of the river systems. Over
prolonged time span a unique microbiochemical environment was created, and iron
oxyhydroxides and oxyhydroxysulfates precipitated forming terrace-like iron formations i.e.
the precipitates settled as thick, stepped iron accumulations on the riverbed. The ancient Fe
terraces are located tens of meters above the current river and they may be as old as several
million years (Ferndndez-Remolar et al., 2005; Essalhi et al, 2011).Tinto River has been
pointed out as a terrestrial analog to iron formations on Early Earth and Meridiani Planum on
Mars (Fernandez-Remolar et al,, 2005).

In AMD-after mining environments, metastable schwertmannite
[FesOs(OH)s55(504)125] has proven to be good at scavenging arsenic (AsV) from solution
(Acero et al, 2006; Asta et al., 2010). However, over time the schwertmannite tends to
transform spontaneously into more crystalline phases such as goethite [@-FeOOH] in a matter

of months (Acero et al,, 2006). Bigham et al. (1996) describes this reaction:
Feg0g(OH)55(504)125(s) + 2.5H,0 - 8Fe00H ) + 1.25502(;[1) + 2.5H(+aq) Eq (2.1)

The eventual precipitation of jarosite [KFe3(504)2(OH)¢] is also reported (Acero et al,,
2006). On a longer time scale of centuries, goethite is transformed into hematite [Fe203]
through diagenetic processes (Pérez-Lépez et al, 2011) according to the following reaction

described by Langmuir, (1971):
2Fe00H 5 — Fe;05(5) + Hy 04y Eq (2.2)

Identifying these phases and quantifying the potentially toxic elements that they may
carry by adsorption or co-precipitation is important in assessing contaminated soils and
sediments. Moreover, the search for stability in this type of poorly crystalline iron
oxyhydroxysulfate could determine the fate of arsenic with time, and what is now considered

a sink could become a long-term source of contamination.
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Raman micro-spectroscopy has many applications including biotechnology,
mineralogy, environmental monitoring, material science, pharmaceutical etc. (Das and
Agrawal, 2011). In recent studies it has also proven as an efficient method for characterizing
Fe(11I) oxides, hydroxides, and oxyhydroxysulfates (Burton et al., 2009; Courtin-Nomade et al.,
2003; Das and Hendry, 2011; Frost et al., 2005; Mazzetti and Thistlethwaite, 2002; Miiller et
al,, 2010). This study focused on the iron-rich alluvial terraces of different ages in the Tinto
and Odiel Rivers. The mineralogical and geochemical composition was studied by optical
microscopy, Raman p-spectroscopy, scanning electron microscope equipped with energy
dispersive X-ray spectroscopy (SEM-EDX), electron microprobe analysis (EMPA), bulk powder
X-ray diffraction (XRD), and by a pseudo-total digestion. Raman spectroscopy was used to
study the mineralogical composition in millimeter scale in undisturbed samples, and the
effectiveness of this technique for identifying mineral phases was verified by comparing the

Raman spectra and XRD diffractograms of the ground bulk samples.
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2.2 Materials and Methods

2.2.1 Site description
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Fig. 2.1: Index map showing the Tinto and Odiel River catchments and the sampling sites. The recent terrace samples are
marked with red stars and ancient samples with green pentagon. The map was modified from (Sarmiento et al., 2009).

Tinto and Odiel River Basins cross through the IPB, which is one of the largest

massive sulfide deposits worldwide with estimated total reserves of over 1700 Mt (Leistel et

al, 1998; Saez et al.,, 1999). The IPB extends from south of Lisbon in Portugal to north of

Seville in Spain. The ore deposits, consisting mainly of metal sulfides (e.g. pyrite [FeSz],
pyrrhotite [Fe(;xS], chalcopyrite [CuFeS;], sphalerite [ZnS], galena [PbS], arsenopyrite
[FeAsS], tetrahedrite - tennantite [(Cu,Fe);2Sb4S14 - Cui2As4S13)] and hosted by shales and
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volcanic rocks, were formed from the Late Devonian to the Early Carboniferous (Tornos,
2006). Parts of the ore deposits have been exposed to atmospheric conditions over a
prolonged period since Oligocene, i.e. over 24 Ma (Essalhi et al,, 2011) causing the oxidation of
sulfides, natural ARD, and deposition of iron-rich sediments in the riverbeds. These authors
suggest that the formation of the iron terraces probably was a continuous process. The older
terraces represent natural conditions before mining era, whereas due to extensive mining in
the area since 2500 B.C. (Nocete et al,, 2014) the water quality further decreased and the same
terraces but associated with AMD processes occurred since then. Over a hundred mines have
operated in the area during the last centuries (Tornos, 2006), which discharge their highly-
polluted acidic leachates into the river systems. Nearly all of the mining districts are currently
abandoned representing an almost inexhaustible source of AMD, characterized by low pH
(0.88-3.2) and high elemental concentrations (Asta et al.,, 2010; Egal et al., 2008; Hubbard et
al,, 2009; J. M. Nieto et al.,, 2013). As a consequence, iron terraces precipitate reflecting the

mining impact.

2.2.2 Sampling, sample preparation, and analysis

On the one hand, water and undisturbed samples of newly-formed iron terraces were
collected in some AMD-affected streams of three abandoned mine districts. The terrace
samples were collected at La Naya (LN) district within the Tinto river basin in October 2012
and February 2013, whereas water samples were only collected during the latter sampling
campaign. The sample LN-1 was collected at an underground gallery pithead (tunnel 16), and
samples LN-2 and LN-3 were taken from a nearby ditch receiving water from pyrite-rich
tailings. The sample LN-3 represents a recent terrace located only few meters from the
current flow path of the ditch that was formed probably a few years ago. Moreover, solid and
water samples were collected at Tinto Santa Rosa (TSR) and Perrunal (PER) districts within
the Odiel river basin in February 2013 (Fig. 1). On the other hand, solid samples were taken in
October 2012 from ancient terraces of the Tinto River at formations outcropping at La Naya
(LY), Nerva (NV), and Alto de la Mesa (AM). The ancient terraces of LY and NV are located 10
to 15 m above the current riverbed, whereas AM has the highest location at 60 m being the
oldest formation. The Alto de la Mesa terraces are defined as an alluvial deposit with
alternating sequences of coarse and fine sediment layers as a consequence of different flow
regimens. The sample AM-1 corresponds to distal and AM-2D to proximal location in the

ancient Tinto River, and the other samples represent intermediate locations.
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The water samples were filtered with 0.45 pm nylon filters and acidified with HNO3 to
pH 1 in the field. In the laboratory they were kept at 4°C until analysis. The pH, redox potential
(Eh), and electric conductivity (EC) were measured in the field using a portable
Multiparametric Cison Mm 40+ equipment, and both dissolved oxygen (DO) and temperature
were measured in the field using Hanna Instruments HI 9142. Water samples were analyzed
for trace and major elements using by inductively coupled plasma mass spectrometry (ICP-
MS, X-series II Thermo instrument) and inductively coupled plasma optical emission
spectrometry (ICP-OES, Thermo Jarrel-Ash instrument), respectively, at Institute of
Environmental Assessment and Water Research (CSIC Barcelona). The detection limits were
on the order of 1 ppb for traces and between 1 and 0.2 ppm for major elements.

The newly-formed sediments were dried at room temperature at the laboratory.
Polished thin sections of approx. 50 pm were prepared of all solid samples using epoxy resin
and polyester resin. They were examined by reflected-light optical microscope, SEM-EDX and
EMPA qualitative chemical characterization, and Raman p-spectroscopy for mineralogical
identification of the iron phases. Additionally, the newly-formed terraces and samples LY-2B
and AM-2D were divided into subsamples according to the observed layering where number
one corresponds to the top layer and the lowest sample corresponds to the average depth of 3
to 5 cm depending on the sample thickness. Aliquots of all of the solid samples were ground
using an agate mortar. The ground samples were investigated using bulk XRD, Raman
spectroscopy, and chemical digestion.

The acceleration voltage of the Leo 1430VP SEM equipped with EDX (Oxford
instruments, INCA 350) was set to 20 keV and the beam current to 80 nA at the Centro de
Servicios Cientificos (CIC) at the University of Granada. The JEOL JXA 8200 EMPA was set to
15 keV and beam current of 10 nA was used at the University of Huelva. The exposure time of
the microprobe was prolonged to 100 s in order to better gauge the trace elements that
appear in concentrations close to their detection limits. Additionally, to better quantify the
trace concentrations in the terrace samples, aliquots of 0.2 g of ground samples were digested
with aqua regia which is considered as a pseudo-total digestion. The chemistry of these
samples was analyzed by ICP-MS and ICP-OES at Institute of Environmental Assessment and
Water Research (CSIC Barcelona). Raman spectra were collected with a LabRAMHR
spectrometer (Jobin-Yvon, Horiba, Japan) with backscattering geometry at Instituto Andaluz
de Ciencias de la Tierra (IACT). The excitation beam (a diode laser emitting at 784 nm) was

focused with a confocal Olympus microscope. Raman signals were collected in a Peltier-cooled
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CCD detector (1064 x 256 pixels). The spectral range was from 150 to 1350 cm at a
resolution of 3 cm 1. Raman shift calibration was performed using the 521 cm! line of silicon
standard. To avoid sample degradation and transformation of mineral phases, a filter (D0.3 or
D0.6) was used for the thin sections. The acquisition time was set to 300 s with 2 to 4
accumulations, and x50 objective was used. The thin sections were analyzed making a cross
section from the surface to bottom of each sample in order to observe the mineral
transformation in detail. On the other hand, the Raman spectra of the ground samples were
obtained as signal average of two spectra, during 150 s each. Due to the high probability of
degradation of the ground samples, the laser was focused through a x10 objective and a D1
filter was used to reduce its power on the sample surface. The spectra were linearly baseline
corrected for clarity. The bulk powder XRD was performed by using PANanalytical X'Pert PRO
with Cu Ka radiation at IACT. Diffractometer settings were: 45 kV, 40 mA, and a scan range of
4-60° 26 and 4-70° 26 for newly-formed and ancient samples, respectively, with 0.0084° 26

step size and 100-s counting time per step.
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2.3 Results and Discussion

2.3.1 Newly-formed Fe terraces

The physicochemical characteristic and chemistry of the water samples collected in
the respective sampling sites of the newly-formed terraces are presented in Table 1 exhibiting
low pH and heavy contamination (e.g. Al, As, Ca, Co, Cu, Fe, Mg, Mn, Ni, Pb,Zn, as well as SO4)
derived from AMD at all of the studied mining districts. The water chemistry is reflected in the
following mineralogical and geochemical description of the terrace samples. Table 2 resumes
the mineralogical observations made for the ground bulk samples using Raman and XRD,
highlighting the consistent results. The detailed microscopic observations combined with
Raman studies on the thin sections allowed the identification of the mineral phases at a micro
to millimeter scale and the characterization of their textural relationships (Figs. 2 and 3). The
sample LN-1 was taken from a less consolidated terrace than LN-2 and LN-3. This sample
consisted principally of schwertmannite and goethite. Figure 2a shows the branch-like, porous
texture of this terrace. The Raman spectroscopy revealed that the schwertmannite
precipitated on the top of the terrace and gradually transformed into goethite, which was
more abundant in the deeper sections of the sample. The same trend was also observed in the
XRD patterns from different depths (Figs. 4a and 4b corresponding to top and bottom layers,
respectively), and both Raman and XRD results for ground samples suggested the presence of
traces of jarosite. The sample LN-2 had a crusty surface and a layered texture consisting of
spherical aggregates exhibiting three major phases with schwertmannite, jarosite, and
goethite. The more compact surface layer was made of pure schwertmannite, and thereafter,
schwertmannite had altered and appeared with jarosite and goethite. Jarosite typically
appeared as yellowish green patches or bordering pore spaces (Fig. 2f). In LN-2,
schwertmannite was completely transformed and disappeared at the depth of 2 cm after
which jarosite and goethite were present as mixtures and/or independent monomineralic
layers. Jarosite was found most abundantly in the LN-2 out of all of the solid samples. This is
explained by the high sulfate concentration and the low pH in the respective water sample
(Table 1) (Bigham et al, 1996). Small amounts (<2 %) of detrital particles (& <1 mm)
consisting primarily of quartz, sulfides, hematite, and goethite were present in between the
chemical sediments as a consequence of heavy rain events dragging fragments from upstream.

The compact matrix of the few years old terrace sample, LN-3, consisted of goethite and
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jarosite, and the abundant detrital material composed of elongated grains of shale (J 3-10
mm), fragments of botryoidal goethite and hematite (& <1 mm), and scarce sulfide grains
prone to in-situ oxidation. The LN-3 did not present mineralogical layering. The samples TSR
and PER, in turn, exhibited a crusty surface and a layered structure with alternating compact
and more porous branch-like layers (Figure 2g-1). In both samples, schwertmannite was found
as a monomineralic layer of 0.5 to 1 cm in thickness on the top (Fig. 4c). Below these layers
schwertmannite appeared together with goethite in TSR (Fig. 4d) and with goethite and
jarosite in PER as a consequence of the phase transformation over time, though

schwertmannite almost faded away and was barely detected in the XRD pattern.

Sample LN-1 LN-2 TSR PER
pH 2.53 2.93 3.12 2.84
Eh 423 382 382 419
EC 10.9 7.47 3.24 4.77
02 67/ 6.08 94 /9.42 85 / 8.05 70 /8.03
T 17 14 15 14
As 0.210 0.171 1.42 2.94
Co 5.23 1.65 0.773 1.12
Cu 92.3 7.99 12.0 21.8
Ni 0.710 0.309 0.510 0.708
Pb 0.172 0.064 bdl 0.087
Zn 248 44.2 53.1 43.9
Al 476 241 75.8 411
Ca 184 448 152 263
Fe 2281 4568 586 2714
Mg 958 934 115 371
Mn 105 107 30.8 69.6
S04 12141 14471 2494 8572

Table 2.1: Physicochemical parameters of the water samples including pH, redox potential
(Eh, mV), electric conductivity (EC, mS/cm?), oxygen saturation (0z % and ppm), and
temperature (T, °C) and the water chemistry of selected elements of interest and SO«
(mg/L). (bdl = below detection limit).
Figure 3 shows the Raman spectra of schwertmannite, jarosite, and goethite defined
in LN-2. The well-defined bands of schwertmannite (Fig. 3A) coincide with previously
reported spectra by Mazzetti and Thistlethwaite (2002) and (Burton et al., 2009). The Raman

spectrum for jarosite (Fig. 3B) is in agreement with the data reported by (Courtin-Nomade et

al,, 2003) Courtin-Nomade et al. (2003), (Frost et al., 2005) Frost et al. (2005) and (Filippi et
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al,, 2007) Filippi et al. (2007). The bands appearing in the spectrum of goethite (Fig. 3C) match
with the ones described by (Froment, F., Tournié, A., Colomban, 2008)Froment et al. (2008)
and (Miiller et al., 2010) Miiller et al. (2010). Additionally, areas with mineral transition were
detected with schwertmannite mixed with jarosite and goethite (Fig. 3D,E). The Raman
spectra of schwertmannite, jarosite, and goethite from LN-1, LN-3, TSR, and PER were nearly

identical to ones in LN-2, hence are not presented here.

Sample XRD Raman Sample XRD Raman Sample XRD Raman
LN-1-1  sw,ja sw TSR-2 sw, q sw LY-2B-3 go go
LN-1-2  sw, go (ja) sw,go (ja) TSR-3 sw,q(go) sw(go) LY-2C go go
LN-1-3  go,sw go (sw) TSR-4 sw (go) sw, go LY-2D go, hm go, hm
LN-1-4  go,sw g0, SW TSR-5 g0, sw, q g0, SW NV-1 hm, go hm, go
LN-1-5 go,sw g0, SW TSR-6 go go NV-1A hm hm
LN-1-6  go,sw, ja g0, SW PER-1 Sw SwW NV-1B hm, go hm, go
LN-2-1  go,ja, sw go,ja(sw) PER-2 sw, go, ja sw, go AM-1 hm, go hm, go
LN-2-2  go,ja go,ja(sw) PER-3 g0, ja, sw g0, SW AM-2A hm, go hm, go
LN-2-3 go,ja g0, ja PER-4 g0, ja, sw g0, SW AM-2B hm, go, q hm (go)
LN-2-4  go,ja, sw go PER-5 g0, ja, sw g0, SW AM-2C hm, go, q hm
LN-3-1 go,ja g0, ja PER-6 go go AM-2D-1 go, hm, q go, hm
LN-3-2  go,ja g0, ja LY-2A go go AM-2D-2 go, hm, q go, hm
TSR-C1 sw sw, go LY-2B-1 go go AM-2D-3 go, hm, q go, hm
TSR-1 sw, q sw, go LY-2B-2 go go AM-2D-4 go, hm, q go, hm

Table 2.2: Mineralogy of ground newly-formed and ancient terrace samples according to the results of XRD and Raman
spectroscopy. The samples LN-1, LN-2, LN-3, TSR, PER, LY-2B, and AM-2D were divided into subsamples where number
one corresponds to the top layer and thereafter consecutive layering. Minerals are marked in relative order of abundance
and in parenthesis when appeared in considerably lesser amount (sw= schwertmannite; ja = jarosite; go = goethite; hm =
hematite; q = quartz).

The SEM, EMPA analyses, and the pseudo-total digestion showed that the newly-
formed terraces contain traces of As, Co, Cu, Pb, and Zn (Table 3). In the solid samples LN-1,
LN-2, and PER the average concentrations of As by EMPA were generally well below 1000
mg/kg. However, the newly-formed sediments of TSR exhibited exceptionally high values of
As with up to 34550 mg/kg in the schwertmannite layer (average 14290 mg/mg). Similar
values for As in the Tinto Santa Rosa mine were reported by (Asta et al, 2010) Asta et al.
(2010). Here, As concentrations were higher in the schwertmannite layer than in the deeper
layer with goethite and/or mixture of goethite with schwertmannite. In the other samples, the

distribution of As in the detected mineral phases was not so clear. The point microanalysis by

EMPA showed generally higher trace concentrations in all of the samples except for PER,
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Figure 2.2: Field, microscope, and back-scattered images of newly-formed Fe terraces. The analysis points of Raman
spectra shown in the Fig. 3 (A-E) are indicated in the thin section (d), and the overall mineralogical composition
identified by Raman spectroscopy is indicated next to the scanned thin sections (a, d, g, j). Minor phases are marked
with dashed line. Additionally, the mineralogical description in the optical microscopy and backscattered images is
based on Raman identification (sw= schwertmannite; ja = jarosite; go = goethite).
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whereas the results of the pseudo-total digestions represented the homogenized bulk sample

which explains the differences in the results of each analysis method.

2.3.2 Ancient Fe terraces

All of the ancient terrace samples exhibited similar mineralogical composition with
varying contents of goethite and hematite (Figs. 5 and 6). The oldest terraces of Alto de la
Mesa, dated to 6 Ma (Essalhi et al., 2011) contained more hematite accompanied with goethite
(AM-1, AM-2A, AM-2B, AM-2C), except for one sample (AM-2D) which contained goethite as
major phase. In the AM-2C, hematite was the single phase observed during the Raman studies.
However, the presence of minor amounts of goethite was suggested by XRD pattern. The
sample AM-1 corresponds to a coarser and conglomeratic terrace, the samples AM-2A and
AM-2B are homogeneous with medium grained matrix, and AM-2C and AM-2D exhibit fine-
grained matrix with abundant detrital grains (& 1-25 mm) of shale and quartz. In the
conglomeratic samples with fine-grained matrix at Nerva, hematite appeared as single phase
(NV-1A) or coexisted with goethite (NV-1, NV-1B), whereas in the fine-grained, homogeneous
samples from La Naya (LY-2A to 2D) goethite was the major phase. These minerals presented
granular or botryoidal texture, appeared filling pore spaces or covering the detrital grains,
mainly composed of shale and quartz, and they also appeared replacing minerals in the shale
rock fragments (Fig. 5a-f). The grain size of the detrital material ranging from < 1mm to 25
mm depended on the location in the riverbed, and the grain size of the matrix composed of Fe
phases varied from fine to medium. (Pérez-Lopez et al, 2011) Pérez-Lopez et al. (2011)
observed that the crystallinity and grain size of goethite influence on the diagenetic
transformation of goethite into hematite, and these authors observed the grain size-induced
mineralogical variation according to layering within one sample of ancient terrace. The
transformation process into hematite is promoted when goethite presents low crystallinity
and small grain size, whereas precursor goethite with larger grain size tends to recrystallize
without phase transformation (Langmuir, 1971). The samples AM-2C and NV-1A corroborate
this observation.

The XRD pattern and Raman spectra collected for sample AM-2A are presented in
Figures 4e and 6, respectively. Additionally, the XRD pattern for NV-1 is shown in Figure 4f.
Both 4e and f exhibit goethite, hematite, and quartz. The Raman spectra for goethite were very
similar to the ones from the recent terrace samples with nearly identical Raman shifts (Fig.

6A). Yet, goethite in AM-2A exhibited sharper Raman peaks, most probably, due to the higher
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crystallinity of the ancient samples implying the recrystallization of goethite in diagenetic
process. The well-defined bands of hematite (Fig. 6B) were in accordance with the data

published by (Miiller et al., 2010) Miiller et al. (2010).
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Figure 2.3: Raman spectra of A) schwertmannite, B) jarosite, C) goethite, D) a mixture of schwertmannite and jarosite,
and E) a mixture of schwertmannite and goethite in sample LN-2. The corresponding mineral distribution in the thin
section is shown in Fig. 2d.
The observations by SEM, EMPA and pseudo-total digestions exhibited traces of As,
Co, Cu, Pb, and Zn in the ancient sediment samples indicating that traces of these elements
remain in the ancient terraces after phase transformations (Table 3). The point analysis by

EMPA showed only slightly higher average concentrations of As in goethite than in hematite in

AM-2A, NV-1 and LY-2C (Table 3).

2.3.3 Arsenic mobility in the transformation process

Previous studies on natural and synthetic schwertmannite, jarosite, goethite, and
hematite have demonstrated that these phases are good sorbents of As(V) at the pH range of

the studied rivers affected by AMD (Acero et al., 2006; Asta et al,, 2009; Fukushi et al.,, 2004;
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Gimenez et al,, 2007; Mamindy-Pajany et al., 2011). However, schwertmannite has proven the
most efficient sorbent, and (Asta et al., 2010) Asta et al. (2009) suggest the net release of
As(V) during the schwertmannite transformation because the sorption capacities of goethite
and jarosite are considerably lower than the ones reported for schwertmannite (Fukushi et al.,
2004, 2003). However, the laboratory experiments by (Acero et al., 2006) Acero et al. (2006)
suggested that the As concentration in the solution slightly increased during the
transformation process along the experiment, but after almost one year more than 99% of As
remained in solid phase. This would explain why a clear trend in As concentrations was not
observed between the phases in the newly-formed terrace samples. Pérez-Lopez et al. (2011)
concluded also that the current terraces do not involve spatial variations in arsenic total

concentrations.
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Figure 2.4: XRD patters of a) and b) LN-1 (top and bottom layer, respectively), c) and d) TSR (top and bottom layer,
respectively), e) AM-24, and f) NV-1. Diffractograms were shifted for clarity purposes.
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Sample [Bulk As] [Bulk Co] [Bulk Cu] [Bulk Pb] [Bulk Zn] [Max. As] Mineral
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg Phase
LN-1 197 13.6 587 154 687 910 SW
1570 go
30 ja
540 average*
LN-2 888 3.61 156 198 3.73 1520 SW
1240 go
950 average*
TSR 515 5.96 1046 705 290 34550 SW
9810 go
14290 average*
PER 1430 0.83 130 23 43.3 330 SW
560 go
370 average*
AM-2A 632 0.49 190 707 0.95 2530 go
2080 hm
2330 average*
NV-1 2338 0.88 1147 298 2.37 6030 go
3910 hm
5370 average*
LY-2C N.A. N.A. N.A. N.A. N.A. 300 go
100 Hm
270 average*

Table 2.3: Average bulk concentrations of As, Cu, Co, Pb, and Zn according to pseudo-total digestions and maximum As

concentrations of each mineral phase measured by EMPA. (* = average concentration of all analysis points in the
respective sample; N.A. = not analyzed).

Even though not completely clear from the literature, the recrystallization of goethite
or its diagenetic transformation into hematite in the long run is expected to reduce the
retained As concentrations as the more crystallized phases can include less As in their
structure and adsorb less on their surface upon crystal growth. Langmuir (1971) found that
hematite coexisting with goethite presented lager particle size, which would imply smaller
specific surface area and, therefore, reduced adsorption capacity of As. On the contrary,
previous studies on both synthetic and natural samples have reported on higher As(V)
sorption capacity in hematite than in goethite over a large pH range (especially at acid pH)
(Gimenez et al,, 2007; Mamindy-Pajany et al,, 2011). Accordingly, transformation of goethite
to hematite would not decrease the affinity of the sorbed phase for As(V). However,
considering the influence of the particle size the lower As concentrations observed by EMPA

in hematite in comparison to goethite in the ancient samples can be explained.
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Figure 2.5: Field, microscope, and back-scattered images of ancient Fe terraces (go = goethite; hm =
hematite). The analysis points of Raman spectra shown in the Fig. 6 (A-B) are indicated in the thin section (a).
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Nonetheless, the EMPA and pseudo-total digestions of the ancient terraces of Tinto
River exhibited relatively elevated concentrations of As, and in some cases they presented
even higher values than in the newly-formed terraces currently under the influence of AMD.
As it is impossible to speculate the water chemistry of Tinto River at the time of formation of
the ancient terraces and the amount of As adsorbed in the initial schwertmannite precursor to
goethite, we cannot estimate the net loss/gain of adsorbed As during the long-term mineral
transformation. In addition to the As concentrations carried through the phase
transformations, the goethite and hematite may have incorporated As by surface adsorption
after the transformation process. Even though, it is clear from the previous laboratory studies
that As is liberated during the phase transformations, this study demonstrates that the ancient
terraces still retain a good portion of the As. This is an implication that, in the close proximity
to sulfide oxidation profiles, ARD severely lowered the water quality long before
anthropogenic influence of mining activity on the Tinto River area.

The liberation of As should be taken into account when designing models describing
the long-term fate, transport, and bioavailability of As in environmental systems. However,
more laboratory studies are required specifically to study and quantify the As loss during the
long-term transformation process from initial schwertmannite to hematite. Additionally, more
detailed studies on the structure of As are required to better describe how As is retained in
the mineral phases: incorporated in the mineral structure or surface adsorption. For instance,
this will help the discussion of the retention of As whether it is carried along the phase
transformation or is it surface adsorbed afterwards onto the end-phase hematite, which
generally shows good adsorption capacity (Gimenez et al, 2007; Mamindy-Pajany et al,

2011).

2.3.4 Raman identification in As-bearing Fe phases

The identification of Fe oxyhydroxides and oxyhydroxysulfates, with hydrous and
poorly crystalline or pseudo-amorphous character, is challenging at best by conventional
techniques such as XRD, SEM-EDX, and EMPA. When present in multimineral assemblages, the
weak diffraction peaks of schwertmannite are often masked by the peaks of the other more
crystalline phases. Additionally, the bulk powder XRD analysis cannot distinguish between in
situ precipitated phases and detrital material dragged by the river flow. Furthermore, the

unequivocal identification of these phases by microanalysis is effortful.
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Raman spectroscopy proved as an efficient technique in the identification of the Fe
phases at micro to millimeter scale allowing deduce the transformation tendencies and the
mineralogical relationships of the different Fe phases in the layered structure of the newly-
formed Fe terraces and also in the ancient sediments. The Raman allowed identifying
monomineralic phases and also mixtures of minerals that was not possible to detect by XRD or
microanalysis, also reported by (Murad, 1997) Murad (1997). The variation in crystallinity
was also identified using Raman spectroscopy with sharper bands corresponding to the well-
crystalline goethite in ancient terrace samples in comparison to goethite in the newly-formed
samples (Figs. 3C and 6A). The full width of half maximum of the Raman shift at 300 cm is
smaller in the Fig. 6A (5.10) than in 3C (5.95). Furthermore, (Courtin-Nomade et al., 2009)
Courtin-Nomade et al. (2009) found the same trend between poorly or microcrystalline and
well-crystallized goethite. The well-defined XRD diffractograms of goethite with less
background noise in the ancient terrace samples in comparison to newly-formed goethite also

corroborate the better crystallinity of goethite in the ancient samples (Figs. 4b and f).
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Figure 2.6: Raman spectra of A) goethite and B) hematite in sample AM-2A (See Figs. 5a and b).
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However, the Raman identification of these phases requires finding the optimum
conditions for analysis to avoid fluorescence and sample degradation, which occur frequently
in hydrous mineral phases rich in Fe. Various attempts were made until obtaining good
spectra, and the optimum conditions varied depending on the sample type (i.e. polished thin
section vs. ground sample). The ground samples were more sensitive to the laser beam than
polished thin sections.

Previous studies have shown that adsorption of As(V) on Fe phases can be detected
by Raman as a spectral change in the As(V)-O stretching band (Burton et al., 2009; Miiller et
al, 2010). Burton et al. (2009) reported that Raman spectra could distinguish pure
schwertmannite from the phases with adsorbed As. The Raman spectrum for As(V)-adsorbed
schwertmannite shows a distinct As(V)-0 stretching band at approx. 850 cmL. These authors
attributed the As(V) adsorption to a significant SO42- release, which was also detected by the
diminishing intensity of S-O band at 981 cm, and they interpreted it as As(V) sorption via
incorporation into the mineral structure. This band corresponds to v1 (S04%) (Mazetti and
Thistletwaite, 2002).

On the contrary, pure goethite has nearly identical spectral data in comparison to the
respective As(V)-loaded samples (Courtin-Nomade et al., 2003; Miiller et al., 2010). According
to Miiller et al. (2010), the As(V)-loaded hematite exhibited merely a slight difference at about
866 cm!, which may be a result of the small amount of adsorbed As and consequently low
resolution of the As related bands in the spectra.

In the newly-formed samples of Tinto and Odiel River Basins, As concentrations
ranged from 330 to 34550 mg/kg in schwertmannite and from 30 to 1200 mg/kg in jarosite.
However, the As(V)-0 stretching band could not be detected possibly due to low resolution of
the peak because of the low As concentration in comparison to the amount of adsorbed As
(from 221 to 328 mmol As mol Fe) in the experiments reported by Burton et al. (2009).
Furthermore, the diminishing intensity of the S-O band due to SO4% loss was not evident. The
goethite and hematite spectra collected from the ancient sediment samples (with average
2600 mg/kg of As) did not show any changes either. Nevertheless, the Raman is
recommended in the study of Fe(IlI) oxides, oxyhydroxides and oxyhydroxysulfates because it

is easy and quick to run and because of the simplicity of the sample preparation.
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TRACE ELEMENT-MINERAL ASSOCIATIONS IN MODERN AND ANCIENT IRON TERRACES IN ACID DRAINAGE
ENVIRONMENT

Iron-rich sediments commonly cover riverbeds that have been affected by acid drainage
associated with sulfide-mineral oxidation. Freshly-formed precipitates correspond to poorly-
crystalline oxyhydroxysulfates that recrystallizes over time. This study examined the
distribution and mineral association of trace elements (e.g., As, Cu, Zn) in modern and ancient
(~6 Ma) Fe terraces in the Tinto river basin, Spain. The mineral composition of the terraces
was determined by Raman p-spectroscopy. Chemical digestions, electron probe
microanalyses, and synchrotron-based p-X-ray fluorescence mapping were used to examine
As, Cu, and Zn distribution and corresponding mineral associations. Fresh precipitates at
modern terrace surfaces were dominated by schwertmannite, which contained high As, Cu,
Mn, and Zn concentrations. However, schwertmannite transforms into goethite at short-time
in the deeper part of the current terraces and into hematite at century-time scale. This mineral
transformation involves a statistically significant loss of Fe phases affinity by previously-
removed trace elements that progressively increases with the phase crystallinity. Hence,
schwertmannite acts as temporary sink for contaminants, which are again released at long-
term during the maturation. These findings should be considered for management and

treatment of possible water resources affected by acid mine drainage.
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3.1 Introduction

The natural weathering of outcropping sulfide ore bodies under meteoric conditions
often produces acid rock drainage (ARD). Oxidative dissolution of sulfide minerals can lead to
widespread acidification and contamination of water resources. Acid mine drainage (AMD) is
generated where sulfide-mineral oxidation is accelerated, such as in mining operations that
include excavations, earth works, and waste deposits. The consequences of AMD are generally
more severe than ARD because mining activities increase exposed surface area of sulfide-
bearing rocks (Amos et al,, 2015; Lindsay et al., 2015; Olias et al., 2004; Webster et al., 1998).
Dissolution of pyrite [FeSz] and other sulfides in the presence of oxygen and water releases
Fe(Il) and SO4, and generates protons causing acidification of waters. Potentially hazardous
trace elements (e.g., As, Cu, Zn) associated to sulfides are also liberated during oxidative
dissolution. Subsequent oxidation of Fe(II) can promote spontaneous precipitation of Fe(III)
oxyhydroxides and oxyhydroxysulfates from acid-sulfate waters. These waters host
extremophile bacterial species such as Thiobacillus ferrooxidans and Leptospirillum
ferrooxidans that catalyze Fe(Il) oxidation and accelerate subsequent precipitation reactions
(Boon and Heijnen, 1998; Leduc et al., 2002).

Schwertmannite [Feis016(0OH)12(S04)z] is thought to initially be the most
thermodynamically stable phase in AMD impacted waters (Bigham et al., 1996). This poorly-
crystalline oxyhydroxysulfate phase has a high capacity to sequester As and other potentially
hazardous trace elements (Fernandez-Martinez et al, 2010; Fukushi et al, 2003, 2004).
However, schwertmannite is metastable and tends to transform into more crystalline phases
such as goethite [FeO(OH)] and jarosite [KFe3(S04):(OH)s] within weeks (Acero et al., 2006;
Davidson et al., 2008). Goethite can subsequently transform into hematite [Fe;03] over the
long term through diagenetic processes (Davidson et al., 2008; Langmuir, 1971).

Formation of Fe terraces within AMD impacted rivers begins with accumulation and
consolidation of schwertmannite on riverbeds (Caceres et al, 2013). Transformation of
schwertmannite into goethite, jarosite, and hematite has previously been observed in Fe
terraces within AMD-impacted rivers (Asta et al.,, 2010; Parviainen et al., 2015; Pérez-Lopez et
al,, 2011). Several laboratory studies have also examined the behavior of As and other trace
elements during these transformations; however, the potential for trace element removal or
release during these transformations remains unclear. Whereas some studies claim that As

sorption capacity increases with crystallinity, particularly at low pH (Gimenez et al.,, 2007;
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Mamindy-Pajany et al., 2011a), others indicate that As is preferentially retained in less
crystalline phases (Bowell, 1994). In addition, relatively few studies have examined trace
element behavior during mineral transformations in Fe terraces in field settings (Acero et al,,
2006; Pérez-Lopez et al, 2011). Moreover, the research reported shows new insights in
different trace elements behavior and uses more precise techniques. Such conflicting results
or simple lack of information is also the case for other trace elements. Thus, the main objective
of this study was to examine the distribution of trace elements in Fe terraces to assess their
potential long-term fate during schwertmannite transformation under natural conditions.
Samples from two distinct terraces in the Tinto River basin in SW Spain were collected: one
from a newly-formed modern terrace in an AMD-impacted river and one from an ancient Fe
terrace away from the modern river channel. These ancient terraces were formed under
similar conditions as the currently-formed terraces and were isolated due to the river

migration over time (Amils et al.,, 2007; Fernandez-Remolar, 2003).
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3.2 Materials and Methods

3.2.1 Site description

The Iberian Pyrite Belt (IPB) is one of the largest massive sulfide provinces in the
world, with original massive sulfide reserves estimated at more than 1,700 Mt (Saez et al,,
1999). The IPB spans approximately 20,000 km?2 and hosts more than 100 mines, the majority
of which are currently inactive. Mining activity on the IPB began approximately 4,500 years
ago (Nocete et al, 2014). Consequently, vast amounts of tailings and waste rock, and
numerous open pits and underground workings, have exposed sulfide minerals to oxidative
weathering and produced intense AMD. The legacy of the mining operations has severely
degraded water quality in local catchments, which ultimately discharge from the Tinto and
Odiel Rivers into the Atlantic Ocean. Consequently, these rivers account for a significant
percentage of the total toxic element input to oceans worldwide (].-M. Nieto et al., 2013; Olias
et al,, 2016). Ore deposits are mainly comprised of Fe-rich sulfides such as pyrite [FeSz],
pyrrhotite [Fe(:x)S], chalcopyrite [CuFeS;], and arsenopyrite [ FeAsS], plus other metalliferous
minerals including sphalerite [ZnS] and galena [PbS]. The most intensive mining in the area
left several abandoned open pits, including Cerro Colorado, Pefia del Hierro, and Corta Atalaya

(Fig. 1a).
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Fig. 3.1: Detailed map of the study area showing: (a) sampling locations, (b) an image of the Alto de la Mesa ancient
terrace outcrop, and (c) images of the newly-formed La Naya terrace.
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3.2.2 Sample collection and preparation

The river basins in the study area feature actively-forming modern terraces in AMD-
affected rivers and ancient terraces that formed under similar conditions as the modern
terraces but were isolated due to river migration over time (Amils et al, 2007; Fernandez-
Remolar, 2003). The age of the terraces denotes the maturation degree of the Fe phases. Thus,
representative samples of the different stages of maturation were collected at El Alto de la
Mesa (ancient terrace) and La Naya (modern terrace). The El Alto de la Mesa sample was
collected from an ancient terrace consisting of an accumulation of Fe-oxides approximately 60
m above the modern riverbed (Fig. 1a,b). Stratigraphically, this terrace is defined as a fluvial
point-bar sequence of around 6 Ma (Messinian age) (Essalhi et al.,, 2011). The modern terrace
sample was collected from a freshly-formed terrace in a tributary of the Tinto River in the
inactive Zarandas-La Naya mining area (Fig. 1a,c). The sample thickness was approximately
10 cm, which represented the most recent sedimentation sequence.

In the laboratory, the fresh terrace sample was dried at room temperature in the
presence of a desiccant to avoid any mineralogical transformations. Subsamples of interest
from both terraces were selected, ground using an agate mortar and pestle, and subjected to
conventional geochemical and mineralogical analysis. In addition, undisturbed samples from
both terraces were prepared as polished thin sections; these were embedded in polyester
epoxy, mounted on quartz glass slides using polyester resin, and polished to a final thickness
of approximately 50 um. All polishing was performed without water to avoid dissolution of

water-soluble phases.

3.2.3 Geochemical and mineralogical analyses

The modern terraces are earthy and porous in nature, which limits the use of point
techniques for quantitative chemical microanalysis (Caceres et al., 2013). Thus, subsamples
for detailed geochemical analyses were taken corresponding to color changes with depth. In
contrast, bulk chemical analyses of the ancient terrace were conducted because separation
was not possible. Subsamples of the modern terrace along with bulk ancient terrace samples
(2 replicates per sample) were digested in aqua regia prepared using a 1:3 molar ratio of
HNO3 to HCl and heated at 90 °C to pseudo-dry the solution. These samples were then re-
dissolved in 50 mL of a 10% HNO3 solution and analyzed for major and trace elements by
inductively coupled plasma-optical emission spectrometry (ICP-OES, Thermo Jarrel-Ash) and

inductively coupled plasma-mass spectrometry (ICP-MS, X-series Il Thermo), respectively.
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An optical microscope (Nikon Eclipse LV100POL) operating in reflected light mode
was used to examine mineralogical and textural characteristics of the samples in thin sections.
Raman p-spectroscopy can be used to identify Fe phases of varied crystallinity (e.g. Das and
Hendry, 2011). Thus, Raman spectra were collected at the Instituto Andaluz de Ciencias de la
Tierra (Granada, Spain) according to methods described in detail by (Parviainen et al., 2015).
Briefly, the Raman microscope (LabRAM HR, Jobin-Yvon Horiba, Japan) was operated in
backscattering geometry with a 784 nm excitation beam focused using a confocal microscope
(Olympus). Two to four replicate Raman spectra were collected using a Peltier-cooled charge
coupled device (CCD) detector and 300s acquisition time. Mineral transformations and
sample degradation were minimized by using D0.3 and DO0.6 filters. A resolution of 3 cm'! and
spectral range of 150 to 1,350 cm! were used.

Thin sections were also graphite coated and examined using an electron probe
microanalyzer (EPMA) at the University of Huelva (Huelva, Spain). Unlike the modern terrace,
the ancient sample is a hard mass of consolidated Fe phases that permits the use of point
techniques for quantitative chemical microanalysis. Thus, imaging of both terraces and
quantitative geochemical analysis of the ancient terrace sample were carried out with a four-
spectrometer EPMA (JXA-8200 Superprobe, JEOL Ltd., Japan) using a 5 pm beam and 15 KeV
acceleration voltage. Metallic oxides, sulfides, and silicates were used as standards. Numerous
analyses (n = 100) were performed on areas identified by optical microscopy and Raman p-

spectroscopy.

3.2.4 Micro-X-ray fluorescence mapping

Synchrotron-based p-X-ray fluorescence (pu-XRF) mapping of sample thin sections was
performed to examine the distribution of the main AMD-related elements (e.g., As, Cu, Zn) and
to identify the association of these elements with the Fe mineral phases. Target areas were
selected based on the mineralogical examination, and graphite coatings were removed prior
to analysis. The p-XRF maps were obtained on the GeoSoilEnviroCARS beamline 13-ID-E at the
Advanced Photon Source (Chicago, USA). The storage ring was operated in continuous top-up
mode at a current of approximately 102 mA during mapping. The cryo-cooled monochrometer
setup used two Si(111) crystals to select an incident X-ray energy of 30 keV. The micro-
focused X-ray beam had a spot size of 2 x 2 pm and the samples were rastered using a 2-um
step size and a 50-ms dwell time. A four-element silicon drift detector (Vortex®-ME4, Hitatchi

High Technologies America, Inc.) was used to obtain fluorescence spectra; three layers of Al

69



Trace element distribution during mineralogical maturation

foil were placed over the detector to filter a portion of the Fe signal and avoid detector
saturation. Processing and analysis of pu-XRF data were done using Larch (Newville, 2001) and
PyMCA (Solé et al,, 2007) software packages. Moreover, principal component analysis (PCA)
was performed with XLSTAT-Pro v7.5.2 to reduce the p-XRF data in the different
mineralogical zones of each terrace. Pearson correlation was used as an index of similarity
and p-values were fixed at 0.05. The two first principal components (PC1 and PC2) were

considered the most informative and simplest way to display the PCA results.
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Fig. 3.2: Representative micro-Raman spectra of (a) schwertmannite and (b) a mixture of schwertmannite and goethite
in the newly-formed terrace sample, and (c) goethite and (d) hematite in the ancient terrace sample.

70




Chapter 111

3.3 Results

3.3.1 Modern terraces

The upper part of the newly-formed modern terrace was exclusively dominated by

schwertmannite from surface to a depth of 0.5 to 1 cm. The relative proportion of goethite

then progressively increased with depth. Raman spectra obtained from the upper part of this

sample exhibit characteristic schwertmannite bands at 298, 320, 350, 418, 544, 580, 713, and

980 cm! (Fig. 2a; Burton et al., 2009; Mazzetti and Thistlethwaite, 2002; Parviainen et al,,

2015). Characteristic bands for goethite at 247, 378, and 470 cm'! appear with increasing

depth, while other bands at 298 and 544 cm! overlap with those of schwertmannite (Fig. 2b;

Miiller et al., 2010; Parviainen et al., 2015).
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Fig. 3.3: Optical and EPMA images of the newly-formed terrace sample with the micro cross-sections analyzed
by synchrotron-u-XRF: (a) calibration spectrum fitted with PyMCA software and (b,c) elemental distribution
maps. Two detailed EPMA images are shown for each micro-section. For interpretation of colors, the reader is
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referred to the web version of this paper.

A typical X-ray fluorescence spectrum is also shown in Figure 3a. Although
schwertmannite and goethite cannot be clearly and individually recognized in the EPMA
images, some textural differences along the samples are evident. Schwertmannite in the
surface part occurs as porous spherical microaggregates (Fig. 3b), whereas the
schwertmannite and goethite mixture observed in deeper layers appear less porous and
exhibit a botryoidal texture typical of goethite (Fig. 3c). Jarosite is present as a minor phase in

deeper layers of the newly-formed terrace.

LN depth (cm)
Sample 0-1 1-2 2-4 4-7 7-11 AM
Major elements (%)
Al203 0.30 0.28 0.17 0.15 0.19 0.41
Ca0 0.120 0.096 0.066 0.058 0.061 0.017
Fe203 43.9 45.0 49.1 58.1 56.8 78.3
K.0 0.29 0.52 0.57 1.63 2.10 bdl
MgO 0.47 0.44 0.22 0.16 0.22 0.004
MnO 0.036 0.035 0.019 0.015 0.019 0.001
Naz0 0.013 0.019 0.014 0.026 0.18 0.19
SO3 129 12.3 11.5 11.5 10.2 0.56
Trace elements (mg kg1)

As 258 213 197 222 224 632
Co 431 3.26 2.75 4.10 3.32 0.49
Cu 7940 5270 4130 6560 6540 191
Ni 4.73 111 6.50 1.85 7.27 0.40
Pb 53.1 114 92.1 282 412 708
Se 3.09 1.79 3.78 2.73 3.08 4.69
Ti 2.37 5.02 7.60 8.12 14.7 66.6
\' 16.6 7.16 16.7 17.8 15.5 201
Zn 1121 1031 598 537 631 2.37

bdl* = below detection limit
Table 3.1: Bulk concentrations in the terrace samples according to the pseudo-total digestions.
Subsamples of the newly-formed terrace were taken from depth increments from the top (0-1 cm). LN =
modern terrace sample and AM = ancient terrace sample.
Mineralogical observations appear congruent with the chemical composition changes

with depth based on the pseudo-total digestion results (Table 1). The progressive

transformation of schwertmannite into goethite is reflected by a decrease in S (from 13 to 10
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wt.% as SO3) and an increase in Fe (from 44 to 57 wt.% as Fe;03) concentrations in the solid.
An increase in the K content with depth (from 0.3 to 2 wt.% as K;0) can be attributed to the
minor occurrence of jarosite. Concentrations of metals typical of AMD (e.g., As, Cu, Zn) are
slightly elevated in the upmost part but do not show a specific trend with depth (Table 1).
These findings are also in agreement with two pu-XRF maps performed on the newly-formed
modern terrace, one for the upper schwertmannite section (Fig. 3b) and the other for the
deeper schwertmannite and goethite section (Fig. 3c). The maps confirm that fluorescence
intensities for As, Cu, and Zn are slightly higher in the first few micrometers of the uppermost
micro-section that features fresher schwertmannite. However, spatial distribution of these
elements in the remainder of the terrace sample is generally homogeneous across the micro-
sections analyzed. Therefore, chemical composition does not appear to be substantially

controlled by the mineralogical variation in these samples.

3.3.2 Ancient terraces

Calibration XRF spectrum
(]

— Data

min.

Fig. 3.4: Variation of the relative fluorescence intensity of As, Cu, and Zn along the ancient terrace.
Hematite and goethite levels are differentiated (light grey = hematite; dark grey = goethite).

The ancient terrace sample exhibits well-defined bands of individual hematite and

goethite, but hematite is the main phase comprising the sample matrix. Raman micro-spectra
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of the goethite bands exhibit peaks at 159, 204, 245, 300, 390, 470, 550, and 690 cm! (Fig. 2c).
These peaks are much better defined than those for the ancient terrace sample, which is
indicative of higher crystallinity of the goethite in the older terrace. Hematite peaks appear at
230, 250 (minor), 297, 401, 489, and 610 cm! (Fig. 2d; Das and Hendry, 2011; Miiller et al,,
2010; Parviainen et al.,, 2015). An X-ray fluorescence spectrum of a modern terrace sample is
provided in Figure 4a. EPMA images reveal the presence of botryoidal and colloform textures
where hematite appears to have largely replaced goethite as the dominant phase (Fig. 4b).
Some detrital quartz grains are also evident.

The bulk chemical composition of the ancient terrace sample is dominated by Fe (78
wt.% as Fe;03), as expected; S is a minor component (0.6 wt% as SOsz; Table 1). The
remainder is composed of Al, Na, As, Pb, and Cu, while Zn is almost undetectable (Table 1).
Unlike the modern terrace, p-XRF mapping reveals that elemental distribution within the
ancient terrace sample is strongly linked to mineralogy. As, Cu, and Zn generally exhibit higher
fluorescence intensities in areas featuring goethite bands than in those featuring hematite
bands (Fig. 4b). Fluorescence intensity profiles for As, Cu, and Zn across the ancient terrace
sample further illustrate the greater affinity of these elements for goethite vs. hematite (Fig.

5).
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Fig. 3.5: Variation of the relative fluorescence intensity of As, Cu, and Zn along the ancient terrace. Hematite and
goethite levels are differentiated (light grey = hematite; dark grey = goethite).
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In addition, EPMA analysis results throughout this micro-section are generally
consistent with the trace element information from the p-XRF map. Iron concentrations are
slightly higher in areas featuring hematite (83 + 0.75 wt.%; mean # standard deviation) than
those featuring goethite (73 + 0.84 wt.%). However, S and trace elements concentrations are
higher in the goethite bands (e.g, 1.2 £ 0.11 wt.% for S as SO3; 3394 + 1006 mg/kg for As;
1305 + 414 mg/kg for Cu; 746 + 237 mg/kg for Zn on average) than in the hematite bands
(e.g., 0.58 £ 0.08 wt.% for S as SO3; 2084 * 393 mg/kg for As; values below or close to the
detection limit for Cu and Zn) (Table 2). Although no fluorescence data for Pb are available,
EPMA analyses show that Pb is the only trace element with consistently higher concentrations
in hematite (2254 + 315 mg/kg) than in goethite (1704 + 569 mg/kg; Table 2). Notably, the As
distribution is discordant with that of Cu and Zn within the goethite bands, i.e., higher As and
lower Cu and Zn intensities, or vice versa (Fig. 5). The distribution of these heterogeneities,
parallel to the formation of the different bands in the ancient sample, can be attributed to

temporal changes in the initial composition.
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3.4 Discussion

The geochemical and mineralogical composition of the terrace samples reflects the
gradual maturation of poorly-crystalline early precipitates into more crystalline and stable
phases, which aligns with previous studies (e.g., Acero et al., 2006; Pérez-Lépez et al,, 2011).
The fresh AMD-precipitates are comprised of schwertmannite; however, analysis of still-
unconsolidated sediments reveals that this poorly-crystalline Fe phase is transformed over
the short term into goethite and occasionally jarosite. Over the long term, goethite
recrystallizes and is replaced by hematite following textural evidences of replacement in the
bands (Fig. 5). In Raman spectra, fresher goethite associated with modern terraces has less
well-defined bands than the more crystalline goethite present in ancient terraces. Consistent
with the mineralogical transformation, the bulk concentrations of Fe and S increase and
decrease, respectively, with increasing crystallinity, i.e., from the schwertmannite-dominated
newly-formed terrace to the hematite-dominated ancient terrace. Obviously, sulfate release
occurs during the transformation from iron oxyhydroxysulfates to oxyhydroxides and oxides
(Bigham et al., 1996).

Comparing absolute concentrations of trace elements in the ancient and modern
terraces is meaningless because the chemistry of these elements in the AMD and, hence, in the
precipitates varies strongly depending on the type of ore deposit, degree of exposure, distance
to the source, etc. (Aguasanta M. Sarmiento et al., 2009). The microenvironments in which
ancient terraces formed 6 Ma ago are completely unknown. Nevertheless, it is possible to
compare the behavior of the trace elements during transformation from schwertmannite to
fresh goethite over the short term in the modern terrace and from more crystalline goethite to
hematite over the long term in the ancient terrace. Conventional geochemical characterization
(i.e., pseudo-total digestion and EPMA) provides results consistent with synchrotron radiation
u-XRF; however, the large database of intensities obtained in each p-XRF map (~500,000
point spectra) allows PCA to be performed to statistically compare the affinity of
contaminants for each phase (i.e.,, between mineralogical layers) and to determine element

behavior during the aging process.
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Fig. 3.6: Projections of the element intensities obtained by u-XRF mapping on a plot of the two first
principal components from the PCA results for the: (a) upper part of the newly-formed terrace with
schwertmannite (sch), (b) deeper part of the newly-formed terrace with a mixture of
schwertmannite and goethite (gt), (c) goethite levels of the ancient terrace, and (d) hematite (hem)
levels of the ancient terrace.

In the newly-formed terrace, trace element concentrations exhibit little spatial
variation during the aging of schwertmannite to goethite. In the upper part of the sample (first
1 mm) where schwertmannite is the only phase detected, the two first principal components
account for 84% of the total variance in the data. Iron is the predominant element and its
spatial distribution in the p-XRF is highly correlated with S (R? = 0.81), in agreement with the
occurrence of schwertmannite, and with metals, mainly As (RZ2=0.92) along with Cu
(RZ2=0.78), Mn (R?2=0.74), and Zn (R?=0.65). These elements are strongly grouped with
positive loading on the first principal component axis (Fig. 6a). Hence, schwertmannite
exhibits a high affinity for most of the contaminants in solution.

Analysis of the lower part of the modern terrace, where a mixture of schwertmannite

and goethite is detected, revealed that the two first principal components account for 88% of
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the total variance in the data. In this zone, Fe is still positively correlated with As (RZ = 0.88),
Cu (R? = 0.76), Mn (R? = 0.70), S (R? = 0.71), and, to a lesser extent, Zn (R? = 0.60) along the
first component axis (Fig. 6b). However, comparison of both areas demonstrates that the
aging from schwertmannite to goethite with depth in the newly-formed terraces is
accompanied by a slight decrease in affinity for contaminants and, hence, partial release to the
environment. In fact, the grouping of elements in the modern terrace is slightly more
dispersed than in the ancient terrace. Nevertheless, the loss of correlation is not substantial
and the elevated affinity of the solid phase by trace elements remains throughout the
transformation during the early maturation stages of schwertmannite to goethite, which is in
agreement with previous observations (Acero et al., 2006).

In contrast, trace element content within the ancient terrace is highly dependent on
the mineralogy. Plots of the two first principal components for the goethite and hematite
mineralogical zones show they account for 62 and 69% of the total variance in the data,
respectively. Analysis of the goethite layers confirms that complete transformation of
schwertmannite to goethite is accompanied by a loss of affinity for contaminants. The spatial
distribution of Fe is more weakly correlated to As (R? = 0.21) and negatively correlated to Cu
(Rz = -0.62), Mn (R? = -0.51), S (R? = -0.46), and Zn (R? = -0.21) (Fig. 6¢). This dispersion of
elements in the plot is more significant in the hematite layers, where Fe distribution shows a
strong negative correlation with all elements of the system: As (R? = -0.51), Cu (R? =-0.69), Mn
(Rz = -0.70), S (R? = -0.82), and Zn (R? = -0.12) (Fig. 6d). Therefore, the aging of
schwertmannite to goethite and goethite to hematite over time is accompanied by the release
of trace elements previously retained by the freshly-formed phases. Although no fluorescence
data are available for Pb, EMPA analyses indicate this metal is particularly concentrated in
more crystalline phases with aging, a tendency contrary to the other trace elements studied.
These results provide clarity with respect to questions raised in the introduction about As
behavior and are consistent with previous studies (Bowell, 1994; Pérez-Lopez et al, 2011);
they also provide new information with respect to other potentially hazardous trace elements.

Hydrogeochemical modeling at the regional scale could serve as a management tool to
predict water quality in AMD-affected river basins under different scenarios. Models must
carefully integrate processes of AMD generation, contaminant transport, and natural
attenuation by precipitation of schwertmannite. According to our results, the metastability of
these precipitates may determine pollutant fluxes over time in these environmental systems:

Fe precipitates could initially act as a sink for trace elements, but later become a long-term
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source of pollution. This increase in contaminant mobility with aging should be considered in
the development of conceptual models. Moreover, these models must serve to optimize the
design and location of treatment systems that decrease pollution in the fluvial environment.
Dispered Alkaline Substrate-type treatment systems for highly-polluted AMD use a reactive
mixture of wood chips and an alkaline additive to neutralize acidity and remove contaminants
by induced precipitation of schwertmannite (Macias et al., 2012). Due to the large amount of
wood, calcination is one option being considered to decrease the volume and ease the
handling of wastes from AMD treatment. Based on the current study, waste burning would
cause a forced aging of schwertmannite and, hence, an increase in the potential release of
contaminants by leaching that must be taken into account for proper management of these

wastes.
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THE ROLE OF AS(V] IN THE PRECIPITATION AND AGEING RATES OF IRON OXIDES OF ACID MINE DRAINAGE

Iron-rich sediments cover the riverbeds of water streams affected by acid mine drainage
(AMD) resulting from sulfide oxidation. The precipitates are mainly composed by
schwertmannite, which is a poorly crystalline Fe oxyhydroxysulfate that recrystallizes over
relatively short time to goethite. Schwertmannite has an extraordinary capacity to remove
some toxic elements. This study examines the influence of the As(V) concentration on the
kinetics of precipitation and transformation of schwertmannite by means of batch
experiments. A set of samples were synthetized with different As concentrations [As]o, and
solid-solution interactions were allowed aging at 40, 60 and 85°C during different time
periods (1h - 300d). The increase of the initial [As]o concentration notably restrains the
precipitation of schwertmannite and its transformation to goethite. Moreover, the
transformation of schwertmannite into goethite entails the release of sulfate and, at a longer
time scale, of part of the previously retained As. Thus, As acts as a retardant for
schwertmannite transformation. Additionally, this toxic element is released from the
precipitates once the schwertmannite 1is transformed, which is per se an
environmental paradox. In this study some new evidences of structural defects accumulation
provoked by the incorporation of As into the structure decreasing the Fe inclusion.
Furthermore, schwertmannite precipitation also plays an important role in the AMD
treatment systems; hence, the long-term behavior of these precipitates should be considered

for the solid waste management.
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4.1 Introduction

Arsenic is one of the elements considered as more harmful for the environment and the
human beings (Mandal and Suzuki, 2002). It is commonly associated with metallic sulfide
orebodies. These minerals, under meteoric conditions, acidify the water and release high
concentrations of sulfates and metal(oid)s such as Fe, As, Cd, Cu, Zn, Pb among others. The
leachate resulting from oxidation of sulfide-rich wastes derived from the mining activity is

known as acid mine drainage (AMD) (Nieto et al,, 2013).

As a consequence of the high concentration of Fe and sulfates, and the acidification of
the water, the precipitation of some poorly-crystalline phases occurs. These phases are oxy-
hydroxides and oxy-hydroxysulfates, such as schwertmannite [FegOg(0H),(S0,), -
nH,0, (x=8-2y, 1<y<1.75)], (Bigham et al.,, 1990; Fernandez-Martinez et al., 2010; Yu et al,
1999). Schwertmannite is commonly accumulated on the riverbeds forming sedimentary
terrace-like estructures (Cruz-Hernandez et al., 2016; Essalhi et al,, 2011). It is considered as a
good scavenger of trace elements, mainly oxyanions, on its surface (Acero et al., 2006; Burton
et al,, 2009; Maillot et al., 2013; Regenspurg and Peiffer, 2005; Schwertmann and Fitzpatrick,
1992), showing predilection for As (Adra et al,, 2013; Burton et al., 2009; Carrero et al., 2015;
Fukushi et al., 2003a; Regenspurg and Peiffer, 2005). However, the metastability of this phase
makes it to transform in natural conditions to goethite [FeOOH] in some weeks (Acero et al.,
2006), and into hematite over centuries (Parviainen et al., 2015; Pérez-Ldpez et al., 2011) or
under hydrothermal conditions (Barham, 1997; Davidson et al., 2008). However, the final fate
of the As during the transformation of the phases is not completely clarified. Acero et al.
(2006) suggests that As remains partitioned to the surface of the goethite while other studies
add that is desorb from the structure during the transformation to hematite due to the
decrease of surface site density (Cruz-Herndndez et al., 2016; Pérez-Lopez et al,, 2011). Bolanz
et al. (2013) proposed an epitaxial intergrowth of another phase (angelelite, Fe4(As04)03)
together with hematite, which would retain the most part of the As retained by the ageing

product of poorly crystalline Fe oxy-hydroxides.

Throughout this study reaction-rates of precipitation and transformation of
schwertmannite have been calculated. The main aim is to discern and quantify differences
inducted by the initial As(V) concentration in solution in the kinetics of precipitation and

transformation and the final fate of As during the maturation of the precipitates. In addition,
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some structural defects provoked by the incorporation of As have been characterized using
pair distribution function (PDF). This technique has been successfully implemented on
structural studies in poorly-crystalline phases (Fernandez-Martinez et al.,, 2010; Wang et al,,
2015). Furthermore, PDF analysis has also helped to solve the incorporation of traces in the
structure of similar phases (Harrington et al, 2010; Li et al, 2011). The precursor phase,
schwertmannite, has been synthesized (Eskandarpour et al, 2008; Loan et al., 2004)
coprecipitating in presence of different As(V) concentrations at 85, 60 and 40°C during
different time periods. In addition, this study was performed with the purpose of optimize the
environmental management of mining wastes derived from the mining activity. It is important
to quantify the reaction kinetics to make a better prediction of contaminants behavior at long-

term.
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4.2 Materials and methods

4.2.1 Sample synthesis

Batch experiments were designed and sequentially distributed over time in order to
evaluate the role of the initial As(V) concentration in solution on the main mineralogical
changes taking place during the diagenesis. Schwertmannite was synthetized by adding
previously dehydrated Fez(S04)3 - xH:0 in pre-cleansed polyethylene bottles (0.5 L provided
with double sealing plug) according to the method proposed by Loan et al. (2004) and
Eskandarpour et al. (2008). Both precipitation and transformation of schwertmannite were
study using different As(V) concentrations in solution and heat to accelerate the
transformation process. Three sets of ageing experiments were carried out as a function of
temperature: (1) at 402C, in order to calculate the schwertmannite precipitation rates, (2) at
602C, in order to study the transformation from schwertmannite to goethite; and (3) a 859C to
elucidate possible sorption or desorption processes of As during goethite recrystallization at
long term. In each set of experiment, the deionized (DI) water was preheated during 24 h
before the beginning in order to ensure the temperature stability.

Seven initial As(V) concentrations were used by adding different contents of
Na;HAsO4+7H,0 (0, 0.05, 0.125, 0.25, 0.5, 1 and 2 mM). Given that schwertmannite
precipitation spontaneously occurs during the synthesis Na;HAsO4-7H,0 was firstly added to
the preheated DI water before the precipitation. The solutions remained in the oven for
variable time periods, ranging from 1 h to 300 days. After experiments, solutions were
immediately filtered through 0.45 um nylon syringe filters, acidified with supra-pure HNO3
and stored at 4°C until analysis. The pH, redox potential, electric conductivity (EC) and
temperature were measured with a portable multi-parameter Crison Mm40+ instrument,
calibrated with different buffers for pH (4.01, 7 and 9.2), standard solutions for redox
potential (220 and 468 mV) and conductivity (142 and 1471 pS cm-tand 12.8 mS cm-1).
Measured redox potentials were corrected in order to obtain the Eh with respect to the
standard hydrogen electrode (Nordstrom and Wilde, 1998). Solid samples were recovered by
filtering solutions using cellulose nitrate membrane filters in a vacuum system coupled to a
Biincher flask. These solids were rinsed twice with DI water and dried at room temperature in

presence of silica gel in order to avoid further mineral transformation.
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Standards of schwertmannite, goethite and hematite were synthetized. Schwertmannite
synthesis was performed following the same methodology that for the ageing experiments.
Goethite was synthetized by mixing 180 mL of 5 M KOH and 100 mL of 1 M Fe(NO5), diluted
to 2 L with DI water (Schwertmann and Cornell, 1991). The solution was heated at 70°C
during 60 h. The precipitates were recovered and rinsed several times with DI water.
Standards of hematite were synthetized preheating 2 L of DI water to 98°C with a
concentration of 2 mM of HN O;. Thereafter, 16.06 g of Fe(NO3), - 9H,0 were added and aged
at 98°C during 7 days (Schwertmann and Cornell, 1991). The suspension was collected and

washed with DI water.

4.2.2 Analytical methods

Concentrations of dissolved As, Fe, S, and Na in the solutions were analyzed by
inductively coupled plasma atomic emission spectrometry (ICP-AES; Jobin-Ybon UltimaZ2). The
analytical errors were estimated to be below 5%. Detection limits were: 0.10 mg/L for Fe, 0.08
mg/L for S, 0.02 mg/L for Na and 0.01 mg/L for As. To check the accuracy of the results, the
analysis sequence consisted of laboratory standards, quality control solutions analyzed as
blind samples, blanks and duplicates. For solid characterization, bulk powder x-Ray diffraction
(XRD) was performed to all the samples by using a Bruker D8 advance diffractometeter with
CuKa radiation. Diffractometer was fitted at 40 kV, 30 mA, and with a scan range of 2-65° 26,
0.05 °26 step size, and 20 s time per step. It was also used a transmission electronic
microscope (TEM), JEOL JEM-1011 coupled with MEGAVIEW III. The voltage was fixed at 100
kv. Solid samples were firstly suspended in acetone by ultrasonic vibration and an aliquot was
dropped on a 2 mm carbon support film grid. All analyses were performed in the laboratories
of the University of Huelva.

High energy X-ray diffraction (HEXD) measurements were conducted in beamline ID31
at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). Series of same
concentration (0.125 mM), time (8 hours, and 10 and 300 days) and temperature (40, 60 and
85 °C), and three standards were disposed in polyamide (kapton) capillaries. The analysis was
performed at room temperature in a Q-range of 0-25 A-1. Incident monochromatic X-ray beam
had energy of approximately 69.5 keV (A = 0.1784 A) in transmission mode that was
calibrated using a CeO; standard (NIST 679b). The 2D-imagen collected by the flat panel
Perkin Elmer 2D detector were corrected and integrated using Fit2D software (Hammersley

et al,, 1996). PDFs were obtained by Fourier transformation of the structure factor, S(Q), with

93



As(V) role during mineralogical maturation

the background scattering corrected using PDFgetX3 (Juhas et al, 2013). Additionally,
differential pair distribution function (d-PDF) were obtained by subtracting a PDF of
reference sample (As-free Fe-precipitate in concentration sequence) from the PDFs of samples
with different [As]o concentration. The lineal combination fit from PDF results were calculated
using the PDFGui software (Farrow et al., 2009) in order to ascertain the proportion of each

phase (schwertmannite, goethite and hematite) in the different samples.
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4.3 Results and discussion

4.3.1 Mineralogical composition

Powder CuKa and synchrotron XRD data showed that schwertmannite was the only
phase precipitated initially in most of the experiments (see HEDX pattern in Fig. 1a). Only in
experiments with the highest As concentrations (1 mM for 402 and 60°C, and 1 and 2 mM for
85°C), a phase with less crystallinity than schwertmannite was initially formed instead (Fig.
1b). Secondly, schwertmannite was transformed into goethite, which progressively appeared

in all the ageing experiments (Fig. 1c).

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

2

Fig. 4.1: TEM pictures and HEXD patterns of the (a) schwertmannite, (b)
pseudpamorphpus FeOHAs, (c) goethite.

TEM observations revealed that synthetic schwertmannite formed aggregates of 300
nm to 1 pm in diameter with pin-cushion morphology (Fig. 1a). The nanocrystals were
elongated needles of 5nm width and 30nm long. Goethite crystals are elongated (between
300 nm and 1 pm and 10 and 25 nm) and compound by Fe (*65% +4%) and O (34%+4%)
(Fig. 1c). On the other hand, the poorly crystalline phase occurring at high concentrations of
As in solution contains, as expected, a high concentration of As (» 25 + 5 wt.%), in addition to

Fe (33 + 2 wt.%), O (=38 £ 10 wt.%) and traces of S (<4 wt.%). The phase forms granular
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aggregates of 10 to 50 nm of size (Fig. 1b). The HEDX pattern of this As-rich phase exhibits
two broad diffraction peaks at 0.30 and 0.16 nm (Fig. 1b). These peaks correspond to a
pseudoamorphous Fe-hydroxyarsenate [FeOHAs] that typically precipitates instead of
schwertmannite when the ratio of As/Fe > 0.15, according to the previous observations
reported elsewhere (Carlson et al, 2002; Krause and Ettel, 1989). Paktunc et al. (2008)

described this phase as an amorphous precursor of scorodite. Thus, increase of As

concentration seems to decrease the crystallinity of the initial precipitates.
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Fig. 4.2: [Fe] and [SO4] concentration of supernatant water at (a) 40°C (b) 60°C and (c) 85°C. Full chemical information
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is included as Appendix 4.
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4.3.2 Chemical evolution

The evolutions of physic-chemical parameters along the experiments are shown in
Appendix 4.1. The acceleration of ageing, inducted by the temperature, leads to vary the
physic-chemical parameters pending on the process having place in the experiment. Thus, EC
decrease in faster in those experiments in which the precipitation rate is higher. The variation
of pH is also affected by the precipitation and transformation. These changes agree with two
different facts: (1) the transformation from schwertmannite to goethite involves the release of
H+, acidifiying the water media (Bigham et al., 1996; Gagliano et al., 2004), and (2) the stability
of goethite in acid environments such us pHx2 requires lower Eh (Bigham et al, 1996;

Caraballo et al,, 2013).
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Fig. 4.3: [As] concentration of supernatant water at (a) 40°C (b) 60°C and (c) 85°C.

Figure 2 shows the evolution of [Fe]: and [SO4]: along some of the ageing experiments.
The remaining graphs are included in appendix. As a general description, both [Fe]: and [SO4]:
broadly have the same behavior in all the experiments for the different temperatures. At the
onset of the experiments, Fe and SO concentrations in solution decrease. However, [SO4]¢
reaches a minimum concentration from which starts to rise up recovering the original
concentration (up to ~90%). Instead, Fe in solution reaches a steady-state after the initial
decreasing with values close and lower to the detection limit. Meanwhile [As] at the onset of
the experiment is concomitant with [SO4] and [Fe], but at long-term As is partially released

showing a similar trend that [SO4] at the end of experiments (Fig. 3).

The ageing experiments could be divided into three different zones based on the
chemical and mineralogical trends observed during the experimental run: (zone I) the initial

decrease of [Fe] and [SO4] is related to the nucleation and precipitation of the precursor Fe
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phase, i.e. schwertmannite, except for high As concentrations; (zone II) after the minimum
concentration, the release of SO4 in solution again, while [Fe] keeps decreasing, is related to
the transformation of schwertmannite into goethite; and (zone III) when the solution-goethite
equilibrium is achieved marked by the steady-state of [Fe], [As] is desorbed in solution. The
release of [As] in solution is of up to 10% of the initial concentration; however, this trend does
not reach a steady-state but seems to continue progressively at the moment of ending the
experiment. Therefore, these values must be much higher at longer time.

The main difference between the sets of aging experiments (402, 602 and 852C) is the
extension of these three zones. Zone [ is much wider in the experiments at 40°C than in other
temperatures. There is a continuous decrease of the [Fe] that gradually reaches the steady-
state; therefore, the precipitation rates of Fe phases can be calculated in this set of
experiments (subsection 3.3). On the contrary, the [SO4]; variation depends on the [As]o and,
in some cases in which [As]o is very high, the transformation to goethite seems not to take
place. In the case of the experiments at 60°C, the precipitation zone I is more narrow and in 1
hour most part of schwertmannite or Fe-hydroxyarsenate has already precipitated. In these
experiments, the minimum [SO4] is reached between 24 and 48 h and the zone II associated
with the progressive release of SO4 by the transformation to goethite is better-defined. In the
experiments at 60°C with high [As]o (0.5 and 1 mM) it is possible to detect the release of As to
the solution, but this fact is not as important as in the experiments at 85°C. In this last set of
experiments, the precipitation zone is completed and the transformation has already started
in the first hour. The [SO4] starts in the minimum and is continuously released until reaching
the initial concentration used to synthesize schwertmannite. The 78% of Fe is not in solution,
and precipitates till it achieves equilibrium, what takes between 12 and 48 hours. In the

experiments at 852C, the zone III corresponding to the release of As to solution is better seen.

4.3.3 Precipitation and transformation rates

In the ageing experiments at 402, the initial zone 1 of precipitation of the precursor Fe
phase is well-defined. Hence, it is possible to calculate the precipitation rates by linear
regression where the change in [Fe] is linear with time (mmol L1 h1). In the As-free
experiment, the precipitation rate of schwertmannite over the pH range 1.9-2.3 was 0.19
mmol Fe L1 hl Furthermore, schwertmannite precipitation rate trends to decrease with
increasing the [As]o (0.11, 4.0x102, 3.6x10-2 and 3.2x102 mmol Fe L-! hour?! in experiments

where [As]o = 0.05, 0.125, 0.25, 0.5, and 1 mM). Note that the precursor phase for experiments
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at 1 mM of [As]o is a Fe-hydroxyarsenate instead of schwertmannite; however, the calculated
rate keeps the same trend. Correlating these rates with [As], it seems reasonable to affirm that
the precipitation of schwertmannite is retarded with the increase of [As]o in solution (Fig. 4).
Although the zone 1 is less well defined in the experiments at 60°C, the calculations of
precipitation rates during the first hour and their correlation with [As]o is fully consistent with

the observations found in the experiments at 40°C (Appendix 4.3).
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Fig. 4.4: Calculated precipitation rates and its variation depending on [As]o

The influence of the [As]o on the transformation rates of the precursor Fe phase into
goethite was observed from the calculation of the goethite proportion in the samples by linear
combination fitting with the PDF analysis in the experimental sets where the zone II was
better-defined, i.e. at 602 and 85°C. Figure 5 shows the results of goethite content in the
samples (wt.%) vs. [As]o. In the case of the experiments at 60°C, the time-lapse chosen was 10
days (Fig. 5a), while at 85°C the samples were left during 300 days (Fig. 5b). The findings
indicate that the proportion of goethite and, hence, the transformation rate of schwertmannite
also decreases with the increase of [As]o in solution. Thus, the transformation rate of

schwertmannite to goethite is also drastically decelerated.
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Fig. 4.5: Goethite content of solid samples (wt.%) compared to [As]o experiments at (a) 60°C aged during 10 days, (b)
85°C aged during 300 days.

4.3.4 Structural implications

The incorporation of As to the structure of Fe-precipitates entails several
consequences. Some works suggest that S and As (as SOs and AsOs, respectively) share
position into the structure of schwertmannite (Antelo et al., 2012; Burton et al., 2009). Figure
6a shows PDF analyses of the entire set of ageing experiments (0, 0.05, 0.125, 0.25, 0.5 and 1
mM of As(V)) at 60 °C for samples taken at the same time interval (10 days). In addition, d-
PDF shows the short-range order (< 4 A) around As in the solid phases (Fig. 6b). This set of
samples was selected as an example, but identical results were obtained for other sets of
experiments (added in appendix IV). PDF results revealed that the increasing of [As]o yields
precipitates with similar structural feature, lower crystallinity and shorter coherent domain
based on the intensity decreasing and widening of the peaks, especially in long-range pairs
(Fig. 6a).

The d-PDF (Fig. 6b) indicates that arsenate is located as bidentate binucleate inner-

sphere position. This coordination is congruent with the presence of two positive peaks at
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~1.68 and ~3.3 A, related to As-O distance in a undistorted arsenate tetrahedral and As-Fe
distance, respectively, where arsenate tetrahedral forms two covalent bonds with the Fe-
framework (Harrington et al., 2010). In addition, two negative peaks at ~1.98 A and ~3.0 4,
which correspond to bonds Fe-O (first neighbor) and 0-0 into the Fe-framework are reduced
or distorted. Thus, As incorporation provokes vacancies of Fe octahedra or important
deformations. The accumulation of these defects avoids the development of further
periodicity in samples with high As load, reducing the coherent domain and, therefore, the

crystallinity of the phase.

44 (a
d-PDF range

G(r) (A?)

0 1 2 3 4 5 . 6 7 8 9 10
r(A)
[As]
0mM
—~ 0.05 mM
ol
= 0.25 mM
10}
- — 0.5mM
— 1 mM

Fig. 4.6: (a) PDF analysis and (b) d-PDF of As in samples aged during 10 days at 60°C and loaded with different [As]o.

Ageing also reduces the incorporation of As in the structure, inasmuch as the As-O
peak (~1.68 A) is slightly less intense in experiments performed at higher temperatures,
although the effect of As concentration in the structure is similar in all isothermal

experiments. Arsenic inhibits the fixation of sulfates in the structure, due likely to that both
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share position (Burton et al.,, 2013; Wang et al,, 2015) and to the high affinity of As with these
precipitates (Fukushi et al., 2003b).
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CONCLUSIONS

The ageing of Fe phases, as well as the behavior of the environmentally significant
trace elements, in sulfide-derived acid mine drainages (AMD) has been aimed to highlight
throughout the development of the present Doctoral Thesis. The main objectives set at the
beginning of this work were to: (1) study in detail, i.e. at micrometer scale, the chemical and
mineralogical composition of Fe-phases in natural (newly-formed and fossil) terraces formed
along the riverbeds impacted by acid drainage, (2) identify the mineral transformation
process and the long-term behavior of the involved elements, (3) evaluate the role of As(V) on
the kinetic rates of precipitation and maturation of the precipitates, (4) elucidate structural
changes caused by incorporation of As(V), and (5) compare the obtained data in the
laboratory with those observed on field. From the experiments conducted and considering the

results obtained, this study arrives to the following conclusions:

* The first part of the study focuses on the newly-formed and ancient fluvial terraces in the
IPB. Schwertmannite is the principal phase currently forming in the riverbeds affected by
AMD characterized by low pH (2.5-3.1) and high concentrations of sulfate. In AMD
conditions, the terrace precipitates act as a sink for As, and to some extent divalent
cations such as Cu, Co, Pb, and Zn are also trapped from the solution. In the deeper layers
with older sediments, metastable schwertmannite has transformed partially or entirely
into goethite and jarosite. After long-term phase transformation along thousands of years
from precursor schwertmannite to goethite and eventually to hematite through diagenetic
processes, the well-crystallized goethite and hematite in the ancient terrace samples
contain relatively elevated concentrations of trace elements reflecting the ARD conditions
of the ancient Tinto River. The phase transformations influence the long-term retention
capacity of As because the consecutive phases are less effective sorbents than the initial
sink. This should be taken into account when designing environmental models, because
the changes in the mineralogy of the terraces may trigger a reverse process after the
natural attenuating effect of schwertmannite.

*  On the basis of this study, Raman spectroscopy is a suitable tool for the study of Fe(IlI)
oxides, oxyhydroxides and oxyhydroxysulfates, and it could replace bulk XRD analysis.
Though, Raman spectroscopy is well-known technique, it is not established in the study of
Fe(lll) precipitates in AMD environment. For these studies, Raman spectroscopy is

especially suitable as it offers easy and reliable detection on a micro to millimeter scale of
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phases, such as schwertmannite, difficult to identify by XRD in a bulk sample with
multimineral paragenesis. However, the XRD provides an estimation of the relative
mineral ratios which Raman spectroscopy fails to do. Though, in the case of
schwertmannite, it is challenging with even XRD due to its low crystallinity.

Regarding the long-term fate of some of the main pollutants retained in Fe terraces
formed along riverbeds impacted by acid mine drainage (AMD): Comprehensive analyses
including chemical digestion, Raman p-spectroscopy, electron probe microanalysis, and
synchrotron-based p-X-ray fluorescence were performed on iron terrace samples taken in
fluvial courses of the Iberian Pyrite Belt (SW Iberian Peninsula). Samples were taken from
actively-forming modern terraces as well as ancient terraces isolated due to river
migration over time. Schwertmannite was the main newly-formed phase precipitated
from the polluted water and comprised the upper part of modern terraces. This
schwertmannite was highly positively correlated to As as well as Cu, Mn, S, and Zn,
indicating that this phase controlled the uptake of these elements. However, progressive
maturation of schwertmannite to goethite in the deeper part of modern terraces and
especially in ancient terraces appears responsible for a decrease in this correlation and
hence an increase in element mobility. This loss of affinity for contaminants is particularly
evident in the hematite resulting from the transformation of goethite in the ancient
terraces. The spatial distribution of hematite is negatively correlated with the
concentration of most trace elements; Pb was the only trace element to show a higher
affinity for this most crystalline phase after aging. Therefore, schwertmannite that retains
contaminants in the newly-formed sediments may serve as a long-term source of these
contaminants to the environment due to mineralogical transformations.

This research has proved the interference of As(V) during schwertmannite
transformation into goethite and its re-crystallization. In addition, kinetics of
precipitation and transformation have been calculated at short, medium and long term
with different concentrations of As(V). Arsenic controls the transformation processes on
the phases, but also is released from their structures once these become more crystalline.
In addition, using the d-PDF it has been possible to detect the structural implications of
introducing As to schwertmannite, even forming a new amorphous phase at high [As]o.
The remobilization of As during the maturation of the AMD sediments could have huge
implications in the long-term fate of AMD-related pollutants. In addition, this information

must be considered in the management of the wastes obtained in the passive AMD
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treatments. However, this study plans to be expanded to include the formation of more
stable phases such as hematite, to evaluate the behavior of trace elements during the
complete transformation of AMD precipitates.

Despite the studies carried out during the development of this thesis, there are some
questions regarding the behavior of trace metals during their diagenesis. Future studies
should highlight the preparation of a new series of batch experiments that would form
hematite from the synthesis of schwertmannite. Above all, it is important to focus those
studies on the possible liberation and retention of trace elements held in the precipitates.
Furthermore, the structural defects should be thoroughly studied by synthetic and natural
experiments. On the other hand, a possible use of the wastes generated by passive treatment
systems should be designed since present day proposals (incineration) might remobilize the
pollutants and bring them back to the natural circle. Finally, it should be highlighted the need
for a rigorous characterization of the pseudo-amorphous phase detected in those experiments

with high As concentrations due to the retention of a considerable part of As in solution.
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CONCLUSIONES

El envejecimiento de las fases de Fe, asi como el comportamiento de los metales traza
asociados a sulfuros metalicos mas importantes para el medio ambiente en drenajes acidos de
mina (AMD en sus siglas en inglés acid mine drainage) han sido los principales objetivos
fijados durante el desarrollo de la tesis doctoral. Los principales objetivos planteados al
comienzo de este trabajo fueron: (1) estudiar en detalle, por ejemplo a escala milimétrica, la
composiciéon quimica y mineralégica de las fases de Fe en terrazas naturales (recién formadas
y foésiles) formadas a lo largo de las cuencas afectadas por los drenaje acidos, (2) identificar el
proceso transformacién mineral y el comportamiento largo plazo de los elementos implicados
(3) evaluar el papel de As(V) en los ratios cinéticos de precipitacién y maduracién de los
precipitados, (4) dilucidar los cambios estructurales causados por la incorporacién de AS(V), y
(5) comparar los datos obtenidos en el laboratorio con aquellos observados en el campo. De
los experimentos realizado y considerando los resultado obtenidos, este estudio ha llegado a

las siguiente conclusiones:

* La primera parte del estudio se centra en el terrazas fluviales modernas y antiguas de la
Faja Piritica Ibérica. La schwertmannita es la principal fase que actualmente se esta
formando en las cuencas afectadas por AMD, caracterizadas por formarse a un pH bajo
(2.5-3.1) y altas concentraciones de sulfatos. En condiciones de AMD, los precipitados de
las terrazas actian como captadores para el As, y, hasta cierto punto, algunos cationes
divalentes como Cu, Co, Pb, y Zn son también retirados de la solucién. En las capas mas
profundas con sedimentos mas antiguos, la schwertmannita metaestable se ha
transformado parcial o completamente en goethita y jarosita. Después de una fase de
transformaciéon a largo plazo de mas de miles de afios y de que la schwertmannita
precursora haya pasado a goethita y, eventualmente, a hematite a través de procesos
diagenéticos, la goethita y la hematica bien cristalizadas en las muestras de terrazas
antiguas contienen concentraciones relativamente altas de elementos traza que reflejan
las condiciones ARD del antiguo Rio Tinto. Las fases de transformacién influyen en la
capacidad de retencidn a largo plazo del As ya que la fases consecutivas son sorbentes
menos efectivos que los captadores iniciales. Esto debe ser tenido en cuenta cuando se
disefian modelos medio ambientales puesto que los cambios en la mineralogia de las
terrazas puede provocar un proceso contrario después de efecto atenuador natural de la

schwertmannita.
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General Conclusions

Basandonos en este estudio, la espectroscopia Raman es un instrumento apropiado para
el estudio de Fe(Ill) 6xidos, oxihidréxidos y oxihidrosulfatos y puede reemplazar el
analisis XRD. Aunque la espectroscopia Raman es una técnica bien conocida, no esta
consolidada en el estudio de precipitados de Fe(IlI) en medios AMD. Para estos estudios,
la espectroscopia Raman es especialmente apropiada dado que ofrece una deteccion facil
y fiable a estala mico- o milimétrica de fases, como la schwertmanita, que son dificiles de
identificar en muestras bulk con paragénesis multimineral. Sin embargo, XRD ofrece una
estimacion de ratios relativamente minerales que la espectroscopia Raman no es capaz de
hacer. Ain asi, en el caso de la schwertmanita es un rato incluso con XRD dada su baja

cristalinidad.

En lo que se refiere al destino a largo plazo de los principales contaminantes retenidos en
las terrazas Fe formadas a lo largo de cuencas afectadas por AMD: estudios exhaustivos
que incluyen la digestién quimica, la espectroscopia Raman, andlisis de microsonda, y
fluorescencia de rayos-X con radiacién sincrotrdén se realizaron en muestras de terrazas
de Fe tomadas de cursos fluviales de la Faja Piritica Ibérica (Sur-Oeste de la Peninsula
Ibérica). Las muestras se tomaron de terrazas moderas en formacion, y terrazas antiguas
aisladas por la migracién del rio a lo largo del tiempo. La schwertmannita era la fase
principal y recientemente formada precipitada en el agua contaminada y se posa en la
parte superior de las terrazas modernas. Esta schwertmannita fresca estd alta y
positivamente correlacionada con el As, asi como con Cu, Mn, S, y Zn, lo que indica que
esta fase control6 el consumo de estos elementos. Sin embargo, la maduracién progresiva
de la schwertmannita en goethita en la parte mas profunda de las terrazas modernas, y
especialmente en las terrazas antiguas, parece ser la responsable de la disminucién de
esta correlacidn, y por tanto, el aumento de la movilidad de los elementos. Esta pérdida de
afinidad con los contaminantes es particularmente evidente en el hematite resultante de
la transformaciéon de la goethita en las terrazas antiguas. La distribucién espacial del
hematite estd negativamente correlacionada con la concentraciéon de la mayoria de los
elementos traza; Pb fue el inico elemento traza en mostrar una mayor afinidad por esta
fase cristalina después del envejecimiento. Asimismo, la schwertmannita que retiene los
contaminantes es los sedimentos recién formados puede servir como fuente a largo plazo

de estos contaminantes en el medio ambiente dada las transformaciones mineralégicas.
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Chapter V

* Por ultimo, en este estudio se ha probado la interferencia del As(V) durante la
transformacion de la schwertmannita en goethita y su recristalizaciéon. Ademas, la cinética
de la precipitacion la transformacién se han calculado a corto, medio y largo plazo con
diferente concentraciones de As(V). El arsénico controla los procesos de transformaciéon
de las fases, pero también es liberado de su estructura una vez que éstos se convierten en
fases mas cristalinas. Ademas, el uso de d-PDF ha permitido detectar las implicaciones a
nivel de estructura de la introduccion de As en la schwertmannita, incluso formando
nuevas fases amorfas en alto [As]o. La removilizacién del As durante la maduracién de
sedimentos AMD podria tener grandes implicaciones en el destino a largo plazo de
contaminantes relacionados con AMD. Asimismo, esta transformacion debe tenerse en
consideracion en el tratamiento de desperdicios causado por tratamientos pasivos AMD.
Sin embargo, se plantea que este estudio puede expandirse para incluir la formacién de
fases mas estables como hematite, para evaluar el comportamiento de los elementos traza

durante la completa transformacién de precipitados AMD.

A pesar de los estudios realizados durante el desarrollo de esta tesis, existen ain
algunas cuestiones relacionadas con el comportamiento de los metales traza durante su
diagénesis. Estudios futuros deben subrayar la preparacién de nuevas series de experimentos
batch que pudieran formar hematite de la sintesis de schwertmannita. Sobre todo, es
importante enfocar esos estudios en la posible liberacidn y retencién de elementos traza
contendidos en los precipitados. Al mismo tiempo, los defectos estructurales deben ser
estudiados minuciosamente mediante experimentos sintéticos y naturales. Por otro lado, un
posible uso de los desperdicios generados por sistemas de tratamiento pasivos deberian ser
disefiados dado que las propuestas actuales pueden removilizar los contaminantes y
devolverlos al ciclo natural. Finalmente, se deberia insistir en la necesidad de una
caracterizacion rigurosa de las fases pseudo-amorfas detectadas en aquellos experimentos
con altas concentraciones de As dada la retencién de una parte considerable del As en

solucion.
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1. Introduction has been pointed out as a temrestrial analog to iron formations on Early

The outcropping massive sulfides of the Iberian Pyrite Belt (1PB) and
the subsequent formation of gossans ( thick cap of iron oxides formed as
aresult of chemical weathering) have influenced the miarobloche mistry
of the Tinto and Odiel River basing SWSpain (Nieto et al, 2007, 2013).
Sulfide axidation led to natural Acid Rock Drainage (ARD) over millions
of years, and intensi ve mining since 4500 years ago (Nocete et al, 2014)
provoked Acid Mine Drainage (AMD) enhancing the extreme acidic
conditions of the river systems. Over prolonged time span a unique
micrablochemical environment was created, and iron oxyhydroxides
and oxyhydraxysulfates precipitated forming terrace-like iron forma-
tions Le. the precipitates settled as thick stepped iron accumulations
on the riverbed. The andent Fe terraces are located tens of meters
above the cumrent river and they may be as old as several million years
(Femdndez-Remolaret al_, 2005; Essalhi et al, 2011). The Tinto River
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Earth and Menidiani Planum on Mars ( Ferndndez-Remolar et al, 2005 ).

In AMD-after mining environments, metastable schwertmannite
[FegO4(OH) 4SO, ), 24) has proven to be good at scavenging arsenic
(AsV) from solution (Acero et al, 2006; Asta etal, 2010). However,
over time the schwertmannite tends to transform spontaneously into
more crystalline phases such as goethite [a-FeOOH] in a matter of
months (Aceroetal, 2006). Bigham et al. ( 1996) describe this reaction:

Fe {O8(0H)3 5 (S0,); 2my + 2.5H,0—8BFeO0H,,, 4 125503 + 2.5H" 0y -
(m

The eventual precipitation of jarosite [KFes(S04)2(0H )] is also
reported (Acero et al, 2006).

On a longer time scale of centuries, goethite is transformed into he-
matite [Fe20s) through diagenetic processes (Pérez-Lépez etal, 2011)
according to the following reaction desaribed by Langmuir (1971):

2Fe00H— Fe,04y, + Hy0p, )

Identifying these phases and quantifying the potentially toxic
elements that they may camry by adsorption or co-precipitation are
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Natural samples (modern and ancient terraces) and XRD patterns. The fresh terrace has been
separated in levels to perform differentiated XRD analysis by depths
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PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
Schwertmannite in modern terrace
ch“v'::il:;ic:e % 71 84 91 96 98 100
As 0.909 -0.117 0.037 0.217 -0.290 -0.167
Fe 0.951 -0.050 0.053 0.101 -0.163 0.229
Cu 0.846 0.154 -0.178 0.325 0.349 -0.018
Zn 0.818 0.685 -0.156 -0.282 -0.073 -0.023
Mn 0.683 -0.451 -0.387 -0.319 0.060 -0.016
S 0.832 -0.087 0.566 -0.217 0.165 -0.033
Schwertmannite and goethite in modern terrace
ch“v'::i':;ic:e % 74 88 94 97 99 100
As 0.819 0.136 -0.108 0.503 -0.210 -0.048
Fe 0.958 -0.033 -0.050 0.009 0.118 0.254
Cu 0.825 0.222 0.571 -0.139 -0.098 -0.032
Zn 0.705 0.731 0.081 -0.028 -0.088 -0.031
Mn 0.689 -0.305 -0.080 0.013 0.427 -0.132
S 0.627 -0.0 49 -0.366 -0.376 -0.220 -0.048
Goethite in ancient terrace
ch“v'::i':;ic:e % 43 62 72 81 88 93 96 99 100
As 0.312 0.488 -0.162 0.818 0.251 0.056 -0.031 0.051 -0.009
Fe 0.845 -0.107 0.009 -0.049 -0.097 0.017 0.042 0.022 0.284
Cu -0.695 -0.356 0.062 -0.071 0.295 0.097 0.049 -0.277 0.004
Zn -0.157 -0.239 0.085 -0.088 0.035 -0.051 -0.077 0.365 -0.051
Mn -0.510 -0.535 0.809 -0.180 0.336 0.081 0.013 0.070 0.007
S -0.088 0.682 0.067 -0.049 -0.241 0.466 -0.053 -0.035 -0.107
Hematite in ancient terrace
ch“v'::i':;ic:e % 46 69 85 91 94 96 98 99 100
As 0.830 -0.092 -0.041 -0.395 0.349 0.145 -0.026 0.040 -0.017
Fe -0.367 -0.688 -0.046 -0.061 -0.064 -0.044 0.013 -0.051 0.174
Cu 0.582 0.257 0.197 0.111 0.166 -0.222 -0.089 0.013 0.006
Zn -0.336 0.488 0.177 0.083 -0.153 0.278 0.097 -0.028 -0.009
Mn 0.126 0.113 0.778 0.423 0.152 0.051 0.020 -0.018 0.009
S 0.520 0.517 0.014 -0.044 -0.035 -0.168 0.313 0.027 -0.061

Principal component loadings of elements in each analysis shown in Figure 3.6.
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ran-rich sedi ly cover riverbeds that have been affiected by 26d drainage assodated with sulfide-
mineraloxidation. Pﬁﬂy-hnzdpmupﬂumrﬂmwaiycyszﬂmemyh&uyﬂmﬁxmys
tallize over time This study mmdmehm(e&kmbn)
in modern and ancient (-6 Ma) km:mhefmhnvubnnsltm The mineral ofthe

wasdetermined by Raman p-spectrascopy. Chemical d dzmunﬂnlynmdsyxhwm

& trihis

fr— hmdp-)(-nyﬂmmm:ppgmmadmmks Cu,andZn
S S—— mineral associations. Fresh mlmmsuhmmhm&dby:hmmmdi
Coethie comtained high A Cu, Mn, and Zn canc s«ch forms into goethite over
Hemazy days © weeks in the deeper part of the current andinto h ite over Aﬁanam
Acd dranage d was g lly highest for schy ite and lowest for hematite, which suggeststhat their retention
Trace ements behavior by Fe terraces decr eases during mineral formation. Henee, sch it acts & temporary sink for
contaminants, which are again released over long time periods These findings should be considered for

x and of possible water resources affected by 26d mine drainage.

© 2016 Elsevier B.V. All rights reserwed.
1. Introduction Schwertmannite [Fe, L0, J OH), 5(S0,), ] is thought to initially be the

The natural weathering of outcropping sulfide ore bodies under me-
tearic conditions often produces acld rock drainage (ARD). Oxidative
dissolution of sulfide minerals can lead to widespread acidification
and contamination of water resources Acid mine drainage (AMD) ks
generated where sulfide-mineral oxidation Is accelerated, such as in
mining operations thatindude excavations, earth works, and waste de-
posits The consequences of AMD are generally more severe than ARD
because mining activities increase exposed surface area of sul fide-bear-
ing rocks (Amas et al, 2015; Lindsay et al, 2015; Olias et al_, 2004;
Webster et al_, 1998). Dissolution of pyrite [FeS, ] and other sulfides in
the presence of oxygen and water releases Fe(1l) and SO, and generates
protons causing addification of waters Potentially h azardous trace ele-
ments (eg, As, Cu, Zn) assoclated to sulfides are akso liberated during
oxidative dissolution. Subsequentoxidation of Fe(ll) can promote spon-
taneous pred pitation of Fe(lll) oxyhydroxides and oxyhydraxysulfates
from acid-sul fate wat ers_ These waters host extremophile bacterial spe-
cles such as Thiobad llus ferroaxidans and Leptaspini llum ferroaxddans that
catalyze Fe(ll) axidation and accelerate subsequent precipitation reac-
tions (Boon and Heljnen, 1998; Leduc et al, 2002).

* Carespanding author.
Ematl adtres: pabla cund dgen. uhu o (P, Can-Herndndez )

e dalorg 10.1016/)ca N2 2005.07.049
0341-3152/0 2005 Elrvier BV. All sghts msened.

most thermodynamically stable phase in AMD impacted waters
(Bigham et al, 1996). This poorly-crystalline oxyhydroxysulfate phase
has ahigh capacity to sequester As and other potentially hazardous
trace elements (Fermandez-Martinez et al, 2010; Fukushi et al, 2003,
2004). However, schwertmannite is metastable and transforms at pH
2-3 into more crystalline phases such as goethite [FeO(OH)] and
Jarosite [KFe,(S0,)4(OH).] within weeks (Bigham et al, 1996
Davidsonetal, 2008). The pH regimes often favor goethite over jarcsite
precipit ation because jarosite forms at lower pH and higher Fe(lll) on-
centrations (Acero et al, 2006). Goethite can subsequently transform
into hematite [Fe O, ] over the centuries through diagenetic processes
(Davidson et al_, 2008; Langmuir, 1971). Some studies have pointed
out that transformation rates amuld be affeced by high cncentrations
of trace elemen 5. While the overall rate of schwe rtmannite transforma-
tion to more stable phases decreases with increasing arsenate ( Fukushi
etal, 2003) and, to a lesser extent, chromate (Regenspurg and Peiffer,
2005) loading, the apparent rate of hematite formation increases in
the presence of these ions (Ford, 2002).

Formation of Fe terraces within AMD impacted rivers begins with
accumulation and consolidation of schwertmannite on riverbeds
(Caceres et al_, 2013). Transformation of schwertmannite into goethite,
Jarasite, and hematite has previously beenobserved in Fe terraces with-
in AMD-impacted rivers (Asta et al_, 2010; Parviainen et al_, 2015;

129



Appendix

P. Oz Herndnder ot al [ Catena 147 (2006) 386-38 383

Acknowledgments

This research was financed by the Spanish Ministry of Economy and
Competitiveness through the EMPATIA project (Ref CGL2013-48460-
C2-1-R). The workof Dr. A Parviainen was funded by the KAUTE Foun-
dation, Finland. Dr. R. Pérez-Lopez acknowledges the Spanish Ministry
of Sclence and Innovation and the “‘Ramén y Cajal Subprogramme’
(MICINN-RYC 2011). P. Crnuz-Hemdndez was supported by a graduate
scholarship from the Spanish Ministry of Economy and Compe titive ness
(METODICA, CAL2010-21956-C2-02). Dr. Lindsay acknowledges sup-
port from the NSERC Discovery Grants Program (Grant No. RGPIN-
2014-06589). Portions of this research were performed at
GeoSollEnviroCARS (Sector 13), Advanced Photon Source (APS), Ar-
gonne National Laboratory. GeaSoll EnviroCARS is supported by the Na-
tional Sclence Foundation - Earth Sciences (EAR-1128799) and
Department of Energy - GeoSclences ( DE-FG02-94ER14466). This re-
search used resources of the Advanced Photon Source, a US. Depart-
ment of Energy ( DOE) Office of Sclence User Facility operated for the
DOE Office of Sclence by Argonne National Laboratory under Contract
Na DE-AC02-06CH11357. We would also like to thank Dr. Markus Egli
(Editor) and two anonymous reviewers for the support and comments
that significantly improved the quality of the original paper.

Appendix A. Supp lementary data

Supplementary data to this article can be found online at http://dx.
dolorg/10.1016/).catena 201607049,

References

Acero, P, Ayora, C, Tomentd C, Nieto, LM, 2006 The behawior of toc e dements during

pecip and subseq Ino goethite and
Jarosite. Geochim. Cosmach im. Acta 70, 4130-4139 hap: (i dolong 10 1006/ @3
2006061367

Amil R, Gore flez- Taril, E, Femindez- Remolar, D, Gémez, F, Agatiera, A, Roddgos, N,
Mald, M, Garcla-Mojana A, Raisn, AG, de L Foene, V, Lutis Sanz, |, 2007, Bxemme

analogs: the Rio Tinto case. Fanet. Space Sal 55,

370-331 hap: (dx dolom,/10.1006/) pss 2ADE02.006
Amog, RT, Blowes, DW, Baley, 81, Segq DC, Smith, 1, Richie, LM, 2015 Wase-rack
hydmarology and grachemistry. Appl Genchem. 57, 140-156. htgp)dxda arg/10.
0%/} apgenchem 140600

Asa, MP, Ayara, C, Raman-Ross, G, Cama, ., Acero, P, Cault, AC., Charnock, JM,
Bardedll, F, 2010. Natun | atenuation of amenic in the Tito Santa Rosa acd steam
(erian Pyritic Beit, SW Smin} She role of on prcipitaes. Chem. Geol 271, 1-12
up.vmmamwmlm

U, Trana 5, RL Woll M, 196

d 0C, 208, G dofan daven by iron
mummm;mmlul 5. hapfdudlong
0. 29 2M2JEDINE.

M, B, Machow, V., 2007. sl 5p
abone the Molrsko-west goid deposit, Caech
hepy e dolong/10.1006/) gradesma 200701 015,

Ford, RG., 2002 Rawes of hydrous feric adde aysalizason and the influence on
copreciptated arsen 2. Envion. Sl Technol 36, 2455-2463. py/ iddolorgl0.
W21 0157684

From, RL, Wik RA, Weder, M1, Mastens, W, 2005. Comparton of the Raman specera of
natwral and synthesc K- and Na-jarostes 3t 298 and 77 K ). Raman Speczrosc. 36,
85444 hewpdedaang/ 10 0O2rs 1317,

Fulushi, K, S, T, Yanase, N, 2003. Solid In As{V) sorp by
schmertmannite. Bwiran. Sa Technol 37, 3581-3586 hpy/doda o0 1@/
0642

of amenic in sofls
Cendezma 139, 154-170.

Fuloushl, K, Satq T, Yanase N, Minatq J, Yamada, H, 2004 Arsenate sompion on
xhwertnannite. Am. Mineral 89, 1728-1734.

Gimenez, |, Marsnez, M, de Pabiq |, Rowira, M, Durq L, 2007. Arsenic DrpSon ononat-
unl hem s, and goethte | Hazard Mater. 141, 575-580. hopfdeda
g/ ¥0.1006/) Jha zmat 2006.07 020,

Largmuir, D, 1971 Rastide sie effect on the reaction goethite — hematie + waterpaf.
Am ) Sd

Ledr, D, Ladu, LG, Femond, G, 2002 1y of ndige-
naus to a0dic dainage steams. Water Alr Sof Pollut BS, 121 WJMW
W N NI01GTEDIET.

Lindsay, MLBJ, Morcr, M.C, Bain, J G, Jambor, |1, Pacsk, CJ, Blowes, DW, 20015, Geo-
chemical and minerogical of sulfide mine Qilings Appl Ceochem. 57,
157-177. htgp/)dx daarg’ 10 W016/)aparache m2015.00 005,

Un H,Chen T, Aost, RL, 2004 Anowenview of the rae of goethite sudfaces in the ennd-
mmnnqheelnl 1L hpydeda ag 1010016 hemosphem 203,11,

&&s F, Carabalio, MA, Roming, TS, Pemzdopez, R, Nieno, | M, Ayara, C, 2012 Fram

highly poliuted Zn-sich acid mine ann; nnmﬂx wars: implementton
of 3 muls-sep aliaine passhe dize metal pols S
TonlEwron 433 33-330. rq.lwmaw:mmm

Mamindy-Paang Y., Iﬁﬂ.Lm N, Roméo, M, 201 L Amenic (V) adorpsion fram
x R e and 2em-alent iron: eflecss of
pH and %y 281,93-99. gy e da om0
W16/desal201107.046.

Mazzets L, Thisgeghwalte, PJ, 2002 Raman spectra and thermal transfosma sions of fer-
mhydoe and schwertmam te | Raman Spactrosc. 33, 108- 111 hapofdedd ang 0.

W02 0.

Maller, X, Cminefll, V.ST, Dantas, MSS, Willscher, s.znmn mpnmmd
As(Hl) and As{V) inagu and ooty-hydraddes by
Raman specroscopy. wuuumup.vaummamum
DI00S0S.

Newvile, M G, 20D1. IFEFAT: interactve XAFS analysisand FEFF fiing. | Synchrozon
Radix 8 32233 hap: (dedolom/104135578 K I12E38E6.

Nietn, | M, Sarmiento, AM., Cinavas, CR, Olias, M, Ayom, C, 2003 Add mine dainage
in the Berian Pyrite Beit: 1. Hydroc hemical charactertssics and paliutant load of the
Tnto and Odie] rivers. Environ. Sal. Pallut. Res. Int. 20, 7508-7519. hapyfdedol
agl0lm7AIB56013- 16349

Nocese, F, 5302 R, Bayona, MR, Nietq | M, Peramo, A, Lipez, P GlBagochi ] 1, Indaq.
N, Carda S, Radrigoez, ], 014 Cad inthe soutvwe st of the Iberian Peninsub dur-
g the 3xd millenndum BC | Axhaeol Sl 41, 631704 My deda arg/1Q 1016

JE20B. 0.6
m&mmmmm&mdngmm&&mlmﬂ

anummdmhnﬂnﬁmm&mmm
60, 2111-2021. hgpfdednd arg’ 10. 1016/0016- 703796 )91 8.

Boom, M., Hetjnen, |, 1958, Chemical ooddation iiinesics of py e in bideaching proceses.

rEy 48, 27-41. htp fdeda arg’ 10.1016/S0304 336X (7 )0M72-8.

Mulmmdm: by iron-oxides and oxgyhydmocides in sofis Appl
Geochem. § 279-286.

Buron, D, Bush R T, Jchnsion, S.C, Watlng, KM, RK, Sulinan LA, Parier,
GCX, 109, Somption of arenic(V) aﬂml) toxbnm Emdron. Sa.
Technol 43, S2-D07. dolarg 0.

Ciceres, LM, olnu,nemp. mnn.mu,uem: L, Gavin, L,
Meding B, 208, G of e Tino
River (SW Spain): p cxuml 1-10. hep ide
dolom/10.10%6).carna D1209011

CoursnNomade A, Bril H Ned, C, Lenain, |-F, 2002 Amenic in ion cements developed
within Qiling: of 3 former metalitferous mine —Enguialds, Aveymn. France Appl
Cenchem. nmmyﬁmnluam;M(mml

Das S, Hendry, MJ, 2011. App
mwnmmmwmwl |uup.vwgm
1006/} chamgen 201 LEB.CD1.

Davideon, LE, Saw, 5., Bening LG, 2008 The konesics and mechanisms of
schwertmannite ransformasion © and hamatiee under akaline conditions.
Am Mineral 8, B26-1337. hapy/ dedolom/102138am20E Z761.

Essaihl M, Sizares, 5, Basdanson, L, Chen, Y., Lagros, F, Demary, F, Nietq JM_ 532 R,
Capitin, MA, 2011. A case stady of the internal of geans 3
procesesin the Resian Pyrite Belt uang. b P =

0.007/sD126011-0361-8.

Am Minerdl 5, B12-1322 WJWOJIMMN

130

in ariver fieced by a0d mine danage: the Odel River (south west
m)nmlmmzﬂ-ﬂ htpfdeda arg/10.1006/ | scinte e 2004
sz

Ofhs, M, New, JM, Pérez 14pez B, c.hax.Cl.lndnr Sammienio, AM, Galvan, L,
D16 Controls on a0d mine waer from the Berian Fyrie Belt (SW
Spain). Casena 137, 12-23. hepy/ e dalarg/10 1016/) caena201 508018

mi\.wlr Hnl.q;u.l.mn,jll Defgado 1dpez, M., 2015,

dFep of As G duning phase Tans-

tnnnn

uoumunscnm Ced 398, 22-31. hap fdudlong

001
P&B-IMLAQIII laﬂmgm;&mgm;ml Syn-
ay study of iron $om the Tino-
mmmm@ummmmmmm#
dxdblong 0. 01§ )chemga2010.11021

Regenspurg S, Pefler S, 2005, and
Appl Ceochem. 20, 1226-1239 nq.rwo.lo 20@.

Siez, R, Rarml E, Toscno, M, Amoddvar, R, 1955, The 1hesian type of vacano-sed-
tmentry maseve sulphide deposits. Miner. Depos. 34, 58-570. hap.fdedl ang/ 10
007 000 2605020,

Sammienio, AM, Ofizs, M, Neo, JM, Cinovas, CR, Dedmda |, 2009, Natun | asenua son
PICESTS IN IO WET RSaTValrs receiving acd mine drainage. Sci Totl Envimn,
407,2051-208 hepy/ e da arg/10 1016/ Titctenv 2ME 11011,

Sol, VA, Papilion, E, Cotte, M, Waleg, P, Susin, J, 2007. A multiplatform code for the

enegy-dispersive X-2! m et Specrochim. Aca BAL
mnuhq/w alyuumsa

Webster, JC, Swedlund P.], Webster, KS, 1958 Tooe metal adsarption onto an a0d
mine drainage fron (M) oxy hydrory sulfate Emviron Sd emce Techmol 32,
B61-1368 hap: (dhedolomg/10.1021 £ s970430.




Appendix

APPENDIX CHAPTER IV

The role of As(V) in the precipitation and ageing rates of iron

oxides of acid mine drainage

131



Appendix

132




Appendix

133



Appendix

134

0€9
8Z%
69T
0'st
20T
pu

$S9
{8247
89T
6'ET
6LT
pu

ZE9
0¥%
¥9'T
9'%1
0LT
pu

009
SEY
9LT
0'%T
€1
pu

159
6¥%
9LT
6'ET
88T
pru

1€9
Py
6LT
1448
0LT
pu

899

98t
¥0C
I'Tt
9%
000

99

LEY
¥6'T
6'ET
10%
000

(A%
20's
L0T
'yt
BI'E
P

859
16°E
102
¥
6y
pu

Zs9
€67
S6'T
6'ET
¥LE
Ppu

0€9
0€'S
80C
0'%1
€6°E
pu

LS9

€6°E
S0T
ST
£1'S
100

£59

ST%
66T
0'%T
LY
000

9€9
8S%
1T
6'ET
9E'%
pu

zL9
Zs'e
1
S'TT
¥E'S
100

6.9
9s'e
90
6'ET
I€'S
000

L9
¥6'E
66T
6'ET
8%
pu

Z0'E
1T
L'ET
LE9
100

169
£8C
€12
0'%1
669
100

88T
1444
L'ET
16'S
pu

99
6LT
S1Z
441
LO'L
Z0'0

LL?
60T
vt
zLL
100

€99
¥8C
902
L'ET
1£9
pu

BY'C
S1Z
6'ET
8L
Z0'0

B¥C
12
vt
Z9'L
100

6L9
182
1
L'ET
zL'9
pu

969

ST
912
0'%T
108
Z0'0

4
912
vt
€6'L
100

SL9
182
S1T
0'%T
9s'L
pu

269

SET
0zZ'C
6'ET
¥e8
£0°0

SET
122
v
YA
100

189
344
61T
v
£v'8
pu

069

YA
¥2C
0'%T
€S8
#00

169

L2
£2C
v
€S8
Z0'0

TL9
LET
0zC
144"
LS8
P

£69

€1
82T
A
088
£00

69

L1T
L22
9'%1
£9'8
£0°0

069
L LA
Y A4
L%
888
pu

22,5885 22,5885

22,5885



Appendix

199
12
96T
9'tl
209
600

8%9
9
S8'T
9'tl
61'S
000

¥S9
ZEE
LT
fA g
6T
pu

99
(A4
£072
0'%1
z8's
£00

19
BLT
L6T
6'ET
6’y
000

£59
0S'E
S8'T
ST
¥Z'E
000

LS9
19
822
¥
929
110

699
ITE
91C
ST
19°S
#00

659
9L'E
€12
Sl
LL%
100

¥S9

S6C
¥2'e
T
£v9
110

199

¥Z'e
602
€T
99
#00

859

0%
902
€91
€0'S
100

159

69
¥EC
9'11
Sv'9
¥10

£99

12t
rA¥4
9'11
18S
900

zs9

I8E
012
v
81'S
100

099

SS'T
62
ST
LS9
0Z'0

TL9

¥6'C
€2
Lt
€19
600

L9

XA
S1T
6'ET
1SS
Z0'0

¥EC
Y A4
6'ET
Zs’L
¥20

€L9

9%C
61T
'l
ZEL
¥10

BLT
€1
6'ET
L9
£0°0

82T
¥z'e
A
SLL
620

189

62C
(444
€91
08'L
0Z'0

6L9

¥9C
812
A
008
500

169

L0
82T
A
€8
1£0

169

L6T
82T
9'tl
9Z'8
SZ'0

069

YET
0zZ'C
B'ET
808
S00

069

012
Lz2e
0'%T
S¥'8
1£0

069

S6'T
0£2
€91
IS8
LZ0

069

¥Z'e
2z
'yl
128
£00

069

|3%4
62C
v
L8
££0

€6'T
£€T
S'PT
188
620

169

0T
62C
0'%T
158
£10

1T
62C
B'€T
£88
9£0

¥6'T
¥ET
€%
068
1£0

£69

S6'T
fA4
144"
898
810

269
S12
1£2
tA 41
568
LED

69

96T
$ET
€91
268
££0

69

6T
¥ET
144"
£8'8
(44

A ug
o /su k)

Hd
0'st s
868 ad
90'T sV

un /g
0'stT

868
S0

22,588

u /s
0'ST

868
£Z0

22,588

135



Appendix

136

009

109

18T
ST ¥l vt
IS0 650 zL'0
U P U

119
8's
98T
L'ET
180
PU

Zv's
SLT
Y'ET
860
PU

66
68T
82T
BLT
PU

LL9

0%
L6T
Szt
0zZ'e
000

SL9
BLE
102
6'TT
¥9'€
000

8.9
GS'E
802
LA
80%
000

69

6EE
1z
LTt
S9%
000

069

SZ'E
90T
82T
XA
100

¥69

ST'E
£0T
0'€T
S9's
100

L69

Zre
902
9'tl
68'S
100

u/sw

L'81
868
¥1°0

22,3588

809

IL's

8T
441 0'%T 0'%T
LED S¥0 0s0
P pu pu

L09
¥8's
S8T
6'€T
850
p'u

6£'S
6LT
S'ET
680
pu

LE9
2z’s
S8'T
T'El
PET
pu

099

LEY
86T
Szt
Zre
000

TL9
S8'E
A4S
SLE
000

269
8SE
202
0'€T
1Y
000

Z0L

B¥'E
80T
T'El
Sy
000

969

LTE
£0C
£'ET
£0°S
000

969

SZ'E
0T
TET
s
000

969

61°E
02
L'ET
BL'S
000

un /g
L'8T

868
900

22,588

£09

£8'S

LLT
fA 48 vt 6'CT
SE0 6E0 6%'0
U P P

¥19
18'S
€8T
6'€T
9%'0
pu

629
B¥'S
SLT
9'tT
080
pu

¥29
BE'S
18T
ZET
0zt
pu

99
9%
¥6'T
821
£V'T
PU

049
10%
L¥6'T
A4S
B0'E
‘pu

£8°E
S6'T
8'Z1
S0%
pu

Z0L
€9t
102
62T
YA
pu

82t
S102
62T
6’y
PU

8L9
€€
20T
0'€T
LE'S
pu

€€
102
T'ET
LSS
pu

u/su
L'81

868
0

22,588



Appendix

29

B6Y

L8T
144" ¥'P1 tA g
002 €12 0z'C
£00 900 900

6€9

BSY
B'€T
ZET
S0°0

99
LY'E
€0
Y'ET
£9C
00

LS9

IS
80T
ZET
6EE
00

Zre
€12
0'€T
£0%
500

069
LTE
12
Lzt
8S%
S00

269

61°E
60T
62T
8%
500

$69
£0°E
A4
0'€T
LZ's
£00

269
9
A4
T'El
£6'S
600

5 44
A4

Y'ET
zs9
10

169

LET
€27
S'ET
99
£1°0

w /g
L'8T

868
90T

22,588

0€9
zr's
¥8T
'yt 0'%T B'ET
S0T S12 ¥ze
Z0'0 100 100

SLY
96T
L'ET
0£72
100

99

L%
68T
S'ET
18
000

66'C
66T
TET
SEE
000

ELE
202
821
¥8'€
100

LY'E
02
6'TT
9Z'%
100

9£E
20T
e
B¥%
Z0'0

69

LTE
ST
0'€T
S6'%
200

£69
e
SETT
Y'ET
¥L's
£00

SL9

16T
e
L'ET
089
900

SLT
91C
6'€T
S6'9
800

un/sw
L'81

868
S0

22,588

019

9's

S8'T
LT ¥ A
260 01T LZT
000 000 000

0€9
SE'S
6T

0'%T
€97
000

159

S6%
Z8T
L'ET
18T
000

vEY
96T
T'ET
€87
000

ELE
102
0zt
EVE
000

1S
112
8'TT
9L'e
000

¥E

e
0zt
LEY
100

004

IEE
12
82T
99%
100

969
¢
¥60C
T'ET
0¥'s
100

869

60°E
60T
T'ET
SL'S
Z00

104

€0°E
60T
S'ET
Z£9
Z00

w /s
L'81

868
£2'0

22,588

137



Appendix

LLS 609

82'9 SY's
19T 6E'T
0'LT L'st
01’0 600
000 00'0

985 909
TE'9 12's
9T 15T
89T 09T
600 £0°0
000 000

€8S ¥19
£9'9 S0's
29T SS'T
L9 9'st
LS00 1900
pu ‘pu

00€ 0ST

ves

L'y
LET
0'st
£0°0
000

065
6
Wt
9%t
L0°0
000

08s
S0's
L't
S'ET

5600

‘pu

0gS

vE'S
394
0'vT
01’0
000

€75

6Y'S
80T
6'ET
01’0
000

¥19

vE'S
69'T
LA
£2°0
000

ST'S
LLT
[A11
LY'0
000

£0'y
£6'T
Lot
19T
000

SE'V
16T
60T
LLT

89

'y
¥8'T
L'0T
L2
00'0

£L69
T6'E
6T
L'ot
£6'T
000

069
1194
SB'T
L'ot
(A4
‘pu

069
8T’V
I8'T
60T
86'T
‘pu

wo/sw
L't
86'8
10

22,888

wo/sw
L'31
86'8
900

28,888

wo/sw

L'8T
86'8

22,888

138



Appendix

S0's
69'T
v'or
0’0
£0'0

865

EE'Y
v9'T
L'yt
¥s'0
900

6£9
90'e
9T
S'ET
o
¥0'0

86’V
€27
E'ET
SE0
z0'0

09S
LI44
€2
(421
S9'0
100

885
v
S0'Z
€T
v’
200

(494
68'T
[A14
vED
z0'0

0s9
8Y'E
86'T
6'0T
0s'T
£0°0

£59
19'€
66'T
L'ot
YLt
v0'0

859

EL'E
S0'T
6'0T
82T
¥0'0

9
EE'E
907
(414
087
¥0'0

649
967
344
11T
06'€
¥0'0

889
80'E
60T
6'0T
SL'T
£0°0

169

ST'E
£0'7
01t
LET
£0°0

AR
wo/sw

L'8T
86'8
817

22,888

€95

ST'9
19T
6'aT

S0'0

165
16’y
9T
6'%T
62'0
£0°0

6£9

SB'E
TS'T
P'ET
St'0
200

S85

VE'Y
S8'T
szt
vE'D
100

865

L2y
98'T
(441
st'o
100

19
9Ty
6T
911
€L°0
000

85

SL'y
88'T
LT
0£’0
100

vs'y
98T
(A1
860
100

0s9

vZ'y
16T
11T
ST
100

€99
6'E
L0'7
(A1
EE'T
100

v'E

107
(A1
8T'E
200

589

T0'E
a4
LA
15’y
¥0'0

8.9
LY'E
S6'T
¥t
15T
200

£89
[43
S0'T
01t
6E'E
¥0'0

A9
wo/sw

L'8T
86'8
90T

22,808

€95

St'9
79T
8'9T
810
200

179

's
LY'T
L'st
€20
200

90y
'
9'vT
L27'0
100

LES

Tv's
¥6'T
Y'ET
£T'0
100

6¥S

ve'y
344
L'z
810
100

€95

LBy
S0'Z
v'zT
LT'0
100

0Ls

66'7
1304
6'1T
ST'0
000

0£9

v6'y
[4:04
ST
6L°0
000

SS9

'y
€8T
(411
9Tt
000

8T’V
86'T
Tt
8T'T
000

989

0%
L6'T
0'1r
L't
000

669

6Y'E
£0'Z
€11
8S'E
100

19t
68'T
'
LT
100

S69
9'E
86'T
0'1T
S8'Z
000

A2
wo/sw

L'8T
86'8
¥S'0

22,888

08s

TE'9
SS'T
6'9T
zr'o
000

909

20's
£S'T
1’9t
zr'o
000

09

(44
SE'T
9'vT
01’0
000

995

L'y
¥8'T
ETT
zr'o
000

vLs

L9'v
6L'T
9'1r
110
000

785
8y
88T
vt
ST'0
000

LSS

S0's
8T
9'lT
110
000

[4¢]
€S

L't
(411
0£'0
000

859
SS'v
8T
0'1r
LT'T
000

€99

TEY
T6'T
Tl
L8'0
000

8L9
114

S6'T
80T
207
000

969
L9°¢
S6'T
9’0t
LL'T
000

069
LE'E
68'T
9’0t
'z
000

¥8'E
T6'T
L'0T
827
000

A2
wo/sw

L'81
86'8
L2°0

28,888

139



Appendix

[Fe] mmol L
N e s oo e o~

o

[Fe] mmol L
© & o o

»

°

hours

100

hours

Zone | (nucleation)

[Fe] mmol L

IS

o e o~

[Fe] mmol L
-

o o~

»

hours

=T

v e gy

1 10 100

hours

- Zone |l (transformation)

[Fe] mmol L*
PO

©

[Fe] mmol L*

w

g

0.125 mM

Héé

10
hours

10 100
hours

- Zone Il (As release)

Zone distribution and [Fe] and [SO4] concentration durind the expriments at 40°C

140



Appendix

0.125 mM

o

[Fe] mmol L"
w I
——

—

1 joww [os]
1 1oww ['0s]

[Fe] mmol L

[Fe] mmol L"
1 loww ['os]

~

hours hours

0.5 mM

o

14
£ B s B - 7
= o o = o
: St ¢ T ;
3 4 13 3
E 3 E 3 E 3
%3 e 7 e 7 A
L ro ks o r
- 12
2
2
1"
4 1
0 04 10 E
100 1 10 100 10000 100
hours hours hours

Zone | (nucleation)

- Zone |l (transformation) - Zone Il (As release)

Zone distribution and [Fe] and [SO4] concentration durind the expriments at 60°C

141



Appendix

[Fe) mmol L

142

100
hours

Zone | (nucleation)

{Fe] mmol L
@
Joww [os]

hours

125 mM

»
o

(Fe) mmol L'
~
>
Jieww o8]

»
=

&

1 1oww 'os)

[Fe) mmol L*

=
»

1 10 100
hours

[ Zonell (transformation)
Zone distribution and [Fe] and [SO4] concentration during expriments at 85°C

(Fe) mmol L"
w1 I°“‘“w' l’os'i N N

hours

N
o
£l

[Fe) mmol L*
Jioww [os)

1 1oww [os)
[Fe) mmol L

- Zone lll (As release)

1oww ['0s)



Appendix

=-0.11x + 8.80

9 =-0.19x + 9.04 9 R2=0.95
_ R2=0.99 -
o o
£ 81 £ 81
£ £
o o
W, 71 B 71
s J1As] = 0mM s J[As]; = 0.05mM
0 5 hours 10 15 0 5 hours 10 15
9 9 y= -0.040x + 8.76
y=-0.075x + 8.77 R2=0.83
s R?=0.96 s
€ 84 € 81
£ £
o o
w 74 W 7 -
5 |1Asl, = 0125mm [As], = 0.25mM
- . ] 6 r . "
0 10 hours 20 30 0 10  hours 20 30
9k 94
— | y=-0.036x + 8.88 — =-0.032x + 8.84
2 R2=0.94 o R?=0.9118
£ 8 £ g -
€ £
o o
= w74
[As], = 0.5mM 6 [As], = 1mM
0 20 hours 40 60 0 20 hours 40 60

[Fe] during the precipitate period in experiments carried out at 40°C. It has been calculated the
precipitation rate based on the trend.
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Abstract

Iron-nch sediments cover the nverbeds affected by acid mmne drainage (AMD) resulting from sulfide mmeral oxidation
Precipitates are mainly composed of schwertmannite, which 15 a poorly-crystalline Fe-oxyhydroxysulfate that recrystallizes over
a short-time penod to goethite Schwertmannite precipitation has a strong capacity for removal of some toxic elements hike As.
This study exammes the influence of the mitial As(V) concentration on the kinetics of precipitation and transformation of
schwertmanmite by means of batch experiments. A set of schwertmannites were synthetizad with different As concentrations, and
solid-solution mteractions were allowed at 60°C during different time penods (from 1 h to 75 d). The increase of the imtial As
concentration notably the precipitation of schwertmannite and 1ts transformation to goethute. Moreover, the transformation of
schwertmanmite into goethite entails the release of sulfate and, at a longer time scale, of part of the previously retamed As. Thus,
As acts as a retardant for schwertmannite transformation; however, this toxic element 15 released from the precipitates once the
schwertmanmite 15 transformed, which 15 per se an environmental paradox. Furthermore, schwertmannite precipitation also plays
an important role in the AMD treatment systems; hence, the long-term behavior of these precipitates should be considered for the
solid waste management.
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5. Conclusions

This research has shown the interference of As(V) duning schwertmannite transformation into goethite. The
remobilization of As during the maturation of the AMD sediments could have important implications in the long-
term fate of AMD-related pollutants. In addition, this information must be considered in the management of the
wastes obtained in the passive AMD treatments. However, this study plans to be expanded to include the formation
of more stable phases such as hematite, to evaluate the behavior of trace elements during the complete
transformation of AMD precipitates.
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= Meraury concentration in soils is abnormaly high.
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1. Introduction in small amounts in many rocks. The mercury in rocks steadily contrib-

On earth, naturally occurming mercury deposits are generally found
as Cinnabar (HgS), which ks the most important mercury ore. This
sulphide mineral ore is abundant at relatively few locations but oacurs
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utes small amounts of this metal © the atmosphere and natural waters
via weathering processes ( Nriagu, 1989). When rock substrata are rich
in mercury, mineral soils and sediments may also contain mercury
derived from the weat hering of parent material However, most of the
mercury present in soils ks derived from ant hropogenic sources This
mercury could be leached into surface and groundwater from rocks
and solls (Wang et al, 2004).

Mercury pollution is a global environmental problem that has
serious implications for human health, both immediate and long erm.
Mercury is considered to be a hazardous substance when present at
high concentrations Currently, human activity ks considered the main
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1. Introduction etal, 2013). In addition, processes that form AMD can operate within

Contamination of recelving waters and sediments by acid mine drain-
age (AMD) s one of the main environmental problems assoclated with
mining of sulphide- bearing ore depasits ( Nordstrom, 1982a; Nordstrom
and Alpers, 1999). These acidic waters have high concentrations of
sulphate and metal(oid Jes and result from the contimuous exposure of
sulphide-rich mining wastes, derived mainly from mal fields or massive
sulphide ores, to axygen and water. Pollution by AMD is a serious envi-
ronmental prablem affecting active and abandoned mining areas around
the world. Examples of contamination by AMD are desaibed in detail in
the Appalachian coalfields (USA) (Powell, 1988; Herlihy et al, 1990), in
the Gangreung malfield (Korea) (Yu and Hea 2001; Kim and Chon,
2001) and in the Iberian Pyrite Belt (IPB; Iberian Peninsula) (Leblanc
et al, 2000; Siinz etal, 2002; Sarmiento etal, 2009), among many others.
The IP8 ks one of the most strongly AMD-affected areas worldwide ( Nieto

mam
Emeall addres *

cx (S Camero}

htpdedaong 10,1016/ chemaa 201510020
00052541/ 2015 Elrvier BV. All nghts msered.

mine waste materials long after mining has stopped and AMD leachates
can persist for many decades or even eenturies after mine operations
ease (Younger, 1997).

Acid mine drainage is characterised by high concentrations of sul-
phate, iron (from sulphide mineral oxidation, mainly pyrite) and alumin-
ium (from weathering of the host rocks), in addition to the presence of
other trace elements In cases with limited oxygen rerewal, such as in
underground shafts, the emerging acidic water ks depleted in axygen,
and thus contains high concentrations of Fe(11). In atmaspheric condi-
tions, the presence of oxygen and, mainly, the activity of extremaphile
microorganisms catalyse the total axidation of Fe(ll) to Fe(1ll) after a
few metres of flow (Nordstrom and Alpers, 1999). Under such condi-
tions, both AMD hydroche mistry and mineralogy are controlled mainly
by the SO Fe(1ll) and SO4-Al systems ( Bigham et al, 1996; Nordstrom
and Alpers, 1999).

In AMD-affected streams, high concentrations of fermric iron and
sulphate favour the spontaneous precipitation of schwertmannite
[FesOs(OH ) (s — 22)(S04)x-nH20; with x varying from 1 to 1.75) a
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