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ARTICLE INFO ABSTRACT
Editor: Jurgen Mahlknecht The dumping of an estimated amount of 57 million tons of hazardous sulfide mine waste from 1957 to 1990 into
Portman's Bay (SE Spain) caused one of the most severe cases of persistent anthropogenic impact in Europe's costal
Kﬂ’)’WO"%Si ) B and marine environments. The resulting mine tailings deposit completely infilled Portman's Bay and extended sea-
iubm‘_mne mine taflings wards on the continental shelf, bearing high levels of metals and As. The present work, where Synchrotron XAS,
SS:::C XREF core scanner and other data are combined, reveals the simultaneous presence of arsenopyrite (FeAsS), scorodite
Speciation (FeAsO,-2H,0), orpiment (As,S3) and realgar (AsS) in the submarine extension of the mine tailings deposit. In addition
XAS to arsenopyrite weathering and scorodite formation, the, the presence of realgar and orpiment is discussed, consider-
Environment ing both potential sourcing from the exploited ores and in situ precipitation from a combination of inorganic and bio-

logically mediated geochemical processes. Whereas the formation of scorodite relates to the oxidation of arsenopyrite,
we hypothesize that the presence of orpiment and realgar is associated to scorodite dissolution and subsequent precip-
itation of these two minerals within the mine tailings deposit under moderately reducing conditions. The occurrence of
organic debris and reduced organic sulfur compounds evidences the activity of sulfate-reducing bacteria (SRB) and
provides a plausible explanation to the reactions leading to the formation of authigenic realgar and orpiment. The pre-
cipitation of these two minerals in the mine tailings, according to our hypothesis, has important consequences for As
mobility since this process would reduce the release of As into the surrounding environment. Our work provides for the
first time valuable hints on As speciation in a massive submarine sulfide mine tailings deposit, which is highly relevant
for similar situations worldwide.
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1. Introduction

Given that they are out of sight and because of the prevailing anoxic
conditions, submarine environments have long been considered as good
storing places for wastes from mining activities (Ramirez-llodra et al.,
2022; Smedley and Kinniburgh, 2002). Tailings resulting from land mining
of a variety of ores, including sulfides, have been dumped underwater in
several coastal locations all over the world (Koski, 2012; Palau et al.,
2021; Smedley and Kinniburgh, 2002). This has led to the release and accu-
mulation in the marine environment of large amounts of metals and metal-
loids by the mining industry, which is in fact one of the main sources of this
type of pollution globally (Domeénech et al., 2002; Foster et al., 1998;
Smedley and Kinniburgh, 2002). One such pollutants is arsenic (As), a nat-
urally occurring metalloid widely found in the environment. As commonly
exists in four oxidation states: As®~, As®, As® " and As® . The less common
native As® occurs rarely in the environment whereas As®>~ can appear in
gases emanating from anoxic environments. Besides, As®*, and aqueous
H,AsO; and HAsO?~, are the predominant forms of inorganic As in aero-
bic environments. As®*, in the aqueous forms H3AsO3 and HAsO3 , is
more prevalent in anoxic environments and is more mobile and toxic
(Smedley and Kinniburgh, 2002).

The ecotoxicological effects of As from underwater mine tailings, in all
its naturally occurring forms, constitute a major concern despite of some re-
ports stating that the reducing conditions in underwater environments
should prevent the release of toxic elements (Shimmield et al., 2010;
Vogt, 2013; Walder, 2015). However, a sound assessment of this issue re-
quires a comprehensive understanding of the As biogeochemistry and the
associated processes affecting the As-bearing minerals in the submarine
mine tailings (Garcia-lorenzo et al., 2014; Martinez-Gémez et al., 2012;
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Mestre et al., 2017). Portman Bay (Murcia province, SE Spain) offers a
unique opportunity to gain knowledge on the behavior of As within an eas-
ily accessible underwater coastal mine tailings deposit and to assess its po-
tential environmental impact (Fig. 1). Such a study should also provide
clues to anticipate some of the likely consequences of seabed mining,
which is viewed as a future source of scarce metals for the energy transition
and high-tech industries (Collins et al., 2013; Hughes et al., 2015; Simpson
and Spadaro, 2016; Van Dover, 2011).

Prior research on the environmental hazards from the submarine mine
tailings deposit of Portman Bay is rather limited. Beyond some ecotoxico-
logical studies (Auernheimer and Chinchon, 1997; Benedicto et al., 2011;
Martinez-Gémez et al., 2012), there are a few recent publications providing
insight on the role of groundwater discharge in remobilizing dissolved
metals from the mine tailings pile into seawater, the subaquatic extension
and distribution of the mine tailings, their composition, stratigraphy and
depositional history (Alorda-Kleinglass et al., 2019; Baza-Varas et al.,
2022; Cerda-Domeénech et al., 2019). More generally, and despite of its
wide interest, the number of published studies quantifying As-bearing min-
erals and their behavior in underwater mine tailings also is quite scant, and
mostly focuses in laboratory experiments and model simulations (Embile
et al., 2018; Palau et al., 2021). These studies make assumptions on the
mineralogy, the geochemistry and the As species occurring in the subma-
rine mine tailings, which hinder the complexity behind the processes in-
volved in As biogeochemistry (Cullen and Reimer, 1989; Palau et al.,
2021; Smith et al., 2005). Various reasons can make advancing in the
knowledge of the behavior of this metalloid particularly challenging, such
as, the intricacy of given sedimentological settings, accessing and sample
handling difficulties, and As occurrence in multiple phases, not to mention
preventions for the results of some studies to see the public light (Alorda-

0°50'W

Portman

“Lavadero Roberto”
flotation plant

Initial shoreline
1957

Gravity core

Multicore
Rock ridge

Aquaculture s

facilities (NRA)

Main discharge
point

Fig. 1. Detailed map of the study area showing the location of the sediment cores used in this research. The yellow line corresponds to the coastline before the onset of en
masse dumping of mine tailings, and the red point to the main discharge point of the mine waste through a pipeline sourced at the onshore floatation plant during
1997-1990 period. Depth contours are in meters. Land image is from 2011 and was obtained by the Spanish Plan Nacional de Ortofotografia Aérea (PNOA).
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Kleinglass et al., 2019; Baza-Varas et al., 2022; Manteca et al., 2014; Wang
etal., 2013).

Besides, the biogeochemical cycle of S in marine deposits may lead to
important chemical and physical changes in As. In seabed sediments, the re-
duction of sulfate to sulfide is one of the most important terminal pathways
of organic matter mineralization, driven by the oxidation of organic matter
by sulfate reducing bacteria (SRB) using a wide range of metals and metal-
loids —i.e. Fe, Zn and As— as terminal electron acceptors (Alam and
McPhedran, 2019; Jgrgensen, 2021; Jorgensen et al., 2019; Le Pape et al.,
2017; Moore et al., 1988). The SRB use organic molecules and H, to reduce
sulfate to sulfide (H,S), which is gradually oxidized in the sediments back
to sulfate through a set of intermediate species —i.e. elemental sulfur
(89, thiosulfate (S,037) and sulfite (SO37) (Jgrgensen, 2021). During
this process, sulfide reacts to form sulfide minerals that precipitate and
get buried into the marine deposits, as illustrated by the formation of authi-
genic pyrite (FeS,) (Jorgensen, 2021; Moore et al., 1988; Schoonen, 2004).
Thus, the precipitation of authigenic sulfide minerals can likewise turn into
an important sink for trace metals, with significant implications for the en-
vironmental fate of As (Farquhar et al., 2002; Huerta-Diaz and Morse, 1992;
Le Pape et al., 2017). Furthermore, As toxicity also depends on its specia-
tion, which can be impinged by biogeochemical processes in submarine
sediments involving S (Gbaruko et al., 2008; Neff, 1997; Nesbitt et al.,
1995). Therefore, a detailed analysis of submarine sulfide mine tailings fo-
cused on As-bearing minerals and As biogeochemistry is required (Baza-
Varas et al., 2022; Cerda-Domenech et al., 2019; Cullen and Reimer,
1989; Smedley and Kinniburgh, 2002).

Hence, evaluating the potential environmental impact of As in
Portman's Bay requires identifying the As-bearing minerals and under-
standing their geochemistry and the complex biogeochemical interactions
taking place in the submarine mine tailings (Kalia and Khambholja, 2015;
Kerr et al., 2018; Neff, 1997; Oremland and Stolz, 2003). Accordingly,
the ultimate goals of this study are: (i) to determine As and S speciation
in the submerged sulfide mine tailings; (ii) to identify the physical, chemi-
cal and biological processes able to affect As mobility and toxicity; and (iii)
to propose a methodology that could guide future studies on As biogeo-
chemistry in submarine mine tailings deposits elsewhere (Hudson-
Edwards, 2016; Koski, 2012).

2. Study area

In 1957, the mining company Sociedad Minero Metaltirgica Pefiarroya
Esparia (SMMPE) opened a floatation concentration plant at short distance
from the shoreline in Portmén Bay, to treat complex sulfide ores from Sierra
Minera de Cartagena. During the plant's lifetime about 57 Mt. of tailings
were dumped into the sea from 1957 to 1990, resulting in the complete
infill of the bay, now occupied by hazardous artificial soils, and in a sea-
ward shoreline shift of about 600 m (Baza-Varas et al., 2022; Frigola
etal., 2017; Manteca et al., 2014; Oyarzun et al., 2013). Near 14 Mt. tailings
from Sierra Minera de Cartagena's open mining pits, roughly equivalent to
5.6 Mm>, have been estimated to form the bay's infill, which implies that a
much larger volume lies on the adjacent seabed off Portman Bay (Fig. 1)
(Manteca et al., 2014). The treatment of the sulfide ores consisted of their
blasting, crushing and milling to then separate the minerals physically in
the floatation plant after their density and ability to adhere to air bubbles.
The ore particles were thus carried to the surface, from where they were re-
moved. The gangue staying in the liquid phase ended up forming the mine
tailings (Manteca et al., 2014; Oyarzun et al., 2013). The volume of mine
tailings represents >95 % of the initial mineralized rock, and still contained
significant amounts of pyrite (FeS,) and lesser amounts of galena (PbS),
sphalerite (ZnS), arsenopyrite (FeAsS), silicates, oxides, and carbonates.
Since no strict environmental regulations existed at that time, the mine tail-
ings were disposed directly into the sea by means of a 2 km-long pipeline
opening on a low coastal cliff to the west of the bay, in a place named
Punta Galera (Fig. 1) (Baza-Varas et al., 2022; Frigola et al., 2017).

The submarine extension of the mine tailings deposit covers the seafloor
down to 50 m of water depth on the inner part of a narrow (i.e. 11 km of
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width), southwards dipping continental shelf with its edge at about
110 m depth (Acosta et al., 2013) (Fig. 1). The broader study area is dom-
inated by semi-arid conditions, this leads to the absence of permanent
water courses opening into the sea (https://es.climate-data.org/europe/
espana/regionde-murcia/cartagena-3213/). Accordingly, natural sediment
inputs from inland are particularly scarce during most the time. The only
exception occurs at the occasion of strong rainfall episodes leading to
short-lived discharge events of the local ramblas or wadis. In pre-dumping
times, such setting resulted in high water transparency easing the develop-
ment of extensive seagrass meadows down to 40-45 m of water depth (Ruiz
et al., 2015a). The massive dumping of sulfide mine tailings led to a sharp
increase of sedimentation rates, to the suffocation of benthic habitats and
to a severe environmental degradation of the entire area. The common find-
ing of vegetal fibers and shell fragments in the lowermost levels of sediment
cores reaching the base of the tailings deposit perfectly testifies the environ-
mental disaster that took place there (Baza-Varas et al., 2022).

Such a massive dumping also modified dramatically the bathymetry off
Portmén Bay's, which now shows a terrace adjacent to the coast down to
5-10 m of depth, depending on the specific location, followed by a steeper
slope down to about 35 m that smoothens progressively towards the deeper
reaches. Finally, an almost horizontal foot-of-slope area continues down to
50 m and beyond (Baza-Varas et al., 2022). This landscape is interrupted by
a couple of parallel, NW-SE oriented, 3-4 m in height rocky ridges, which
are clearly visible on the lower slope and foot-of-slope area described
above, i.e. where not buried by the tailings. The mine tailings themselves
form a coastal prograding sedimentary body with a topset (the very shallow
coastal terrace), a foreset (the slope) and a bottomset (the foot-of-slope)
(Baza-Varas et al., 2022). Overall, the submarine mine tailings are esti-
mated to extend about 3 and 2 km in the E-W and N-S directions, respec-
tively (unpublished data). From bottom to top four main sedimentary
units have been identified to form the submarine mine tailings (Baza-
Varas et al., 2022). Unit 1 corresponds to natural sediments constituting
the original seabed before the dumping of mine tailings. Unit 2 represents
the initial stage of mine tailings accumulation, i.e. the transition from natu-
ral sedimentation to the massive accumulation of sulfide mine tailings. Unit
3 encompasses the bulk of mine tailings and is made of several interbedded
facies. Finally, Unit 4 depicts the transition from mine tailings accumula-
tion to a new stage of “natural” sedimentation, i.e. a mix of reworked and
newly accumulated materials following the cessation of dumping (Baza-
Varas et al., 2022; Manteca et al., 2014; Oyarzun et al., 2013). According
to its scope, the present study focuses in Unit 3 and also considers Unit 4
(Fig. 2).

3. Materials and methods
3.1. Sampling of the submarine mine tailings

Two research cruises, NUREIEV-3 (23rd — 29th April 2016) and
NUREIEVA-MART1 (27th June to 10th July 2018) onboard the Spanish re-
search vessel “Angeles Alvarifio”, from the Spanish Institute of Oceanogra-
phy (IEO), allowed obtaining a number of sediment cores (Baza-Varas et al.,
2022; Cerda-Domeénech et al., 2019) of which a selection has been used to
study As and S speciation in Portman's Bay submarine mine tailings deposit
(Fig. 1). Short sediment cores from the very top layers were obtained by
means of a KC Denmark multicorer (MC) while long sediment cores from
the bulk of the submarine mine tailings deposit were obtained using a
5 m long gravity corer (GC) see (Baza-Varas et al.,, 2022; Cerda-
Domeénech et al., 2019) for details. The two types of sediment cores, MC
and GC, were distributed to sample the most representative units forming
the tailings deposit, as identified from very high resolution multibeam ba-
thymetry and topographic parametric seismic reflection data (not described
here).

Two of the MCs —MC04 and MC10— were selected for this study,
which were collected at rather short distance from the shoreline (Fig. 1),
in the upper layers of the clinoform formed by the coastal mine tailings de-
posit. Three of the GCs were also selected, which were GC21 —collected at
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about the same location than MC04—, and GC19 and GC60, all obtained
from the lower foreset or frontal slope of the submarine mine tailings clino-
form, i.e. at larger distance from the main discharge point than the previous
cores (Fig. 1). Cores MC04, GC19, GC60 and GC21 are located in the central
part of the mine tailings deposit, in-between the two rocky ridges men-
tioned above (Fig. 1). The cores' metadata and description details are pro-
vided in the Supplementary section. To ensure their preservation
following recovery, all cores were kept in PVC liners and stored at 4-5 °C
both while onboard and during their transfer to University of Barcelona
(UB) and ALBA Synchrotron premises. Materials within the core liners
were maintained intact to first perform continuous non-destructive Multi
Sensor Core Logger (MSCL) analyses. Then they were split in two halves
to follow on with XRF scanning continuous non-destructive analyses. Fi-
nally, selected sections were subsampled under controlled conditions for
further geochemical characterization in the geochemistry lab and in the
synchrotron.

3.2. Non-destructive analysis of sediment cores

A range of continuous, non-destructive analyses were performed at UB's
CORELAB facility to determine the internal structure, the physical proper-
ties and the chemical composition of GC21 and MCO04 cores by means of
a Geotek MSCL and an Avaatech X-ray fluorescence (XRF) core scanner
(XRF). MSCL data were acquired on intact (i.e. not opened) core sections
to record gamma density (GD) and magnetic susceptibility (MS) with a
5 mm lineal resolution. GD was acquired using a Cs**” capsule as gamma
ray source, emitting at 0.0662 MeV and collimated through a 5 mm slit.
MS was measured my means of a Bartington point sensor (MS2E) producing
alow intensity and non-saturating, alternating magnetic field at 2 kHz. Sed-
iment porosity was subsequently calculated assuming a quartz density of
2.65 g cm ™2 for the mineral component of the materials. Afterwards, the
core sections were split, visually inspected, and imaged using a high-
resolution color line scan camera mounted on the XRF core scanner with
a 70 pm lineal resolution. Then, XRF profiles were obtained with a 2 mm
lineal resolution on the split core sections, to semi-quantitatively determine
compositional variations while paying special attention to the distribution
of metals and As in the stratigraphic units formerly defined by (Baza-
Varas et al., 2022). During XRF measurements, the excitation conditions
were set at low energies at 10 kV and 1.0 mA without filter and 10 s
dwell time, and at high energies at 30 kV and 1.5 mA using a Pd filter
and 50s dwell time. Several metals (Ca, Zr, Pb, Zn, Cu and Fe), metalloids
(As) and non-metallic (S) elements were selected as proxies for geogenic
and anthropogenic influences, and some of them, namely Pb, Zn, Cu, Fe
and As, were calibrated according to (Cerda-Domeénech et al., 2019).

3.3. Powder X-ray diffraction of materials

To probe the presence of As-bearing minerals, the mineral phases in the
collected cores were identified and quantified by means of powder X-Ray
diffraction (XRD). For that purpose, 2 samples were scooped from the cen-
tral part of GC19 (sample GC19_19_20 cm, belonging to stratigraphic Unit
4) and GC60 (sample GC60_15_16 cm from stratigraphic Unit 3). These sub-
samples were manually disaggregated and grinded down to <5 pm with a
pestle in an agata mortar. The resulting powder was placed on a non-
oriented smear slide and analyzed using a PANalytical X'Pert PRO MPD
Alphal diffractometer in Bragg-Brentano 6/26 geometry applying nickel
filtered Cu Ka radiation (1.5418 1°\) at 45 kV and 40 mA with a X'Celerator
detector at the Scientific and Technological Centres of University of Barce-
lona (CCiTUB). The powder XRD patterns were acquired from 4 to 80° 26
scans with a step size of 0.017° and 80 s dwell time. The mineral phases
were identified and quantified using the X'Pert Highscore software. It is to
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be noted that the high Fe contents in the cored materials hindered identify-
ing the presence of minerals at low concentrations (2-5 % wt).

3.4. Scanning electron microscopy of materials

The mineral chemistry of the materials was determined by means of
Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-
ray Spectroscopy (EDS) and Backscattering Electron Imaging (BSE) with
an Oxford Instruments INCA EDS detector, at 20 kV and 60 s dwell time
at CCiTUB. The two subsamples selected for such analyses were scooped
from the central part of MC10 core (samples MC10_7_8 cm and 10_11 cm,
belonging to stratigraphic units 4 and 3, respectively), embedded in
epoxy resin, polished, and covered with carbon using an Emitech K-950 x
(9 x 10° Pa) high-vacuum evaporator at CCiTUB.

3.5. Synchrotron X-ray absorption analysis

The selected core sections were subsampled at ALBA Synchrotron facil-
ities while taking into account their likely representativeness of the whole
mine tailings submarine deposit. Special attention was given to the anthro-
pogenic (i.e. the tailings) and the post tailings materials to better asses the
transformation of sulfides within Portman's Bay deposit. Subsampling tried
to cover the maximum possible length of materials while preventing sample
contamination by scooping every 30-60 cm from the central part of cores
MCO04 and GC21. Analyses were made by means of synchrotron X-ray
absorption spectroscopy (XAS), namely using the X-ray absorption near-
edge spectroscopy (XANES) technique, which provides a highly suitable ap-
proach to obtain detailed chemical and structural elemental data from ma-
terials with complex compositions (Mosselmans et al., 2008, 2009; Roqué-
Rosell et al., 2017). In fact, because of this XANES has been rather widely
used in studies on As and S in a variety of As-bearing systems, including un-
derwater deposits (Foster et al., 1998; Hopp et al., 2008; Manceau et al.,
2007; Marcus et al., 2004; Nicholas et al., 2017; Paktunc, 2013; Pfeifer
et al., 2004; Vairavamurthy et al., 1994; Wang et al., 2013; Wilke et al.,
2001). A set of natural crystalline minerals from the collection of the Mu-
seum of Natural Sciences of Barcelona were selected as As and S standards
to calibrate the XANES spectra and determine As and S speciation. These
were MCNBO2 arsenopyrite (FeAsS), MCNB15 orpiment (As,S3),
MCNBOS5 scorodite (FeAsO42H,0), MCNB22 gypsum (CaSO42H>0) and
MCNBL17 pyrite (FeSs).

Measurements were carried out at the CLAESS beamline of the ALBA
Synchrotron facility, which provides the required energy range (2.4-63.2
KeV) and a dedicated set up for handling air sensitive samples (Simonelli
et al., 2016). To minimize sample exposition to air and prevent the oxida-
tion of materials, we followed (Nicholas et al., 2017) approach, which con-
sists of cutting and sealing into 20 cm sections the materials encased in PVC
liners, transferring them to the synchrotron facility and placing them within
a globe box under a N, controlled atmosphere. Afterwards, core sections
were split and batches of material were scooped out from each section
and set into specifically designed Teflon® cells. The cells were sealed
using a 2.5 pm thick Mylar® film, let to stabilize within the globe box for
2-5 min, and then quickly transferred to the experimental hutch and placed
in the vacuum chamber (Simonelli et al., 2016). Once the samples were in
place, XANES scans up to 300 eV above the As and S K-edge absorption
thresholds were acquired using a 50 pm aperture tungsten pinhole to re-
duce the photon flux and prevent beam damage while ensuring high quality
XANES. During the experiments, the X-rays' beam path was maintained in
vacuum to prevent absorption when working at low energies (Nicholas
et al., 2017; Simonelli et al., 2016). The monochromator was calibrated
in high energy using the Au L3-edge absorption at 11919.06 eV from an
Au thin foil measured in transmission and calibrated in low energy using

Fig. 2. Color photograph, lithology, stratigraphy, and physical and chemical composition logs of MC04 (top) and GC21 (bottom) cores. Location data are provided in Table 1
and shown in Fig. 1. GD: gamma density; L*: color parameter; MS: magnetic susceptibility; P: porosity (calculated after Last and Smol, 2002). Ca, Zr and S concentrations are
presented in counts (cts) while values for the rest of elements appear in mg kg ~ ! after Baza-Varas et al. (2022) calibration. Also note that Fe concentrations are expressed in
percentage. Subsamples for synchrotron and other analyses are marked by thin horizontal grey stripes.
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the S K-edge absorption at 2483.12 eV from a natural gypsum standard
(S°*) measured in fluorescence mode. The calibration in between the mea-
surements was performed by checking the monochromator glitches, to en-
sure that all measurements sat on the same energy range.

Both the As and S K-edge XANES measurements on the selected samples
were acquired in fluorescence mode using an Amp-Tek® silicon drift diode
detector positioned at 90° from the incident beam. All experiments were
conducted under vacuum, at room temperature and no photon induced ox-
idation was observed on the samples. Nevertheless, all As and S K-edge
XANES data were collected in “quick” mode, performing a full energy
scan in 30 s to minimize sample exposition to the X-rays. The overall num-
ber of energy scans per sample varied depending on the quality of the spec-
tra. For most samples, 5 to 10 scans were enough, though a few diluted
samples required >20 scans to completely resolve the spectra.

XANES data reduction (calibration, background subtraction and nor-
malization) was performed using the ATHENA Package (Ravel and
Newville, 2005). The As K-edge XANES data analysis was carried out by
means of the Linear Combination Fitting (LCF) of ATHENA as well, subse-
quently representing the spectrum of each measured sample as a linear
combination of a smaller number of component spectra from the selected
mineral standards. To identify S compounds in the mine tailings in the ab-
sence of appropriate S standards, the S K-edge XANES data analysis was ex-
ecuted after the integrated cross section of each measured white line as in
(Xia et al., 1998). To do so, the acquired S K-edge XANES were fitted
using a series of Gaussian functions that represent s — p transitions, and
arctangent step functions that represent the transitions of the ejected photo-
electrons. Then, linear correlation was used to locate the energy positions of
each Gaussian peak and identify the S oxidation states in the samples. In ad-
dition, the obtained Gaussian peak areas have also been utilized to estimate
the percentage of total S in different oxidation states (Xia et al., 1998).
Deconvolution of each S K-edge XANES spectra into pseudo components
was accomplished by means of nonlinear least-square fittings, applying a
dedicated code written in Python that employs basic modules and functions
from the available libraries (Hunter, 2007; McKinney, 2010; van der Walt
et al., 2011; Virtanen et al., 2020).

4. Results: characterization of the submarine mine tailings
4.1. Physical and chemical properties

Unit 3 materials consist of olive, orange and greyish clays, silts and fine
to medium sands showing laminations, cross laminations, deformation
structures and fining upwards sequences associated to grain size and
color changes. The prevalence of fine sediments in Unit 3 is attributed to
the crushing and grinding processes of the mineral ores prior to the dump-
ing of the tailings into the sea (Oyarzun et al., 2013). Such a heterogeneous
character of the mine tailings unit is well reflected in the variations of the
materials' physical and chemical properties. For instance, the measured
GD values are lower and more uniform in the upper part of the unit com-
pared to the deeper part where they are higher and more fluctuating (i.e.
below 250 cm in core GC21) (Fig. 2). Accordingly, the porosity curve
shows an opposite pattern, with higher values (50-70 %) in the sandy
silts of the upper part of the same core, and generally lower (30-50 %)
and more oscillating values below 250 ¢cm core depth where black sand
layers are more common. Both GD and porosity shifts are well marked at
the indicated core depth (Fig. 2). The measured MS in Unit 3 is rather uni-
form, with only some spikes of which the most prominent in the lower part
of core GC21 are linked to the presence of black sands (Fig. 2). Color vari-
ations, as expressed by the L* parameter, display an alternation of lighter
and darker levels with a tendency of the later to increase bottomwards
(Fig. 2).

In terms of chemical composition, Unit 3 shows high contents of S and
Fe, heavy metals such as Zn (76-976 mg kg~ 1), Cu (89-1688 mg kg~ 1)
and Pb (53-765 mg kg '), and the metalloid As (160-1400 mg kg~ 1).
These element concentrations are rather variable along core GC21 with
higher values of S, Pb and As occurring in its lowermost part. Besides, Ca
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(9-153 x 10° cts) and Zr (0.6-4 x 10 cts) show lower values in Unit 3 ma-
terials than those measured in natural sediments below the mine tailings
deposit, which led (Baza-Varas et al., 2022) using them as geogenic proxies.
Overall, the elemental composition of Unit 3 fits with the sulfide ore sourc-
ing of the tailings. The topmost Unit 4 was not recovered in core GC21,
likely because it was lost during coring. That is why we have considered
core MCO4, collected at the same location that GC21, which contains a
few centimeters of Unit 4 (Fig. 1). Nonetheless, this unit —with a maximum
thickness of a few tens of centimeters— has been extensively recovered in
the study area, as shown for instance in the other cores included in the Sup-
plementary section.

The materials forming the topmost Unit 4 consist of massive dark grey
to black sandy silts and silts with fine sands presenting visible signs of bio-
turbation (Baza-Varas et al., 2022). In core MCO04, the shift from Unit 3 to
Unit 4 is marked by a noticeable increase in GD and a parallel drop in poros-
ity (44-58 %). MS shows a slight increase, punctuated by a spike, with re-
spect to the materials immediately below belonging to Unit 3 (Fig. 2).
Unit 4 shows high contents of S and Fe (2.5-22.7 %), and also of heavy
metals such as Zn (33-299 mg kg~ 1), Cu (34-549 mg kg~ 1, Pb
(35-309 mg kg ') and the metalloid As (200-2235 mg kg~ 1). As in bulk
Unit 3 materials, Ca (9-80 x 10> cts) and Zr (0.5-4 x 103 cts) also presents
lower values than natural sediments. Unit 4 represents the re-establishment
of the natural sedimentary depositional rate, although the presence of pol-
lutant proxies still is highly relevant (Baza-Varas et al., 2022).

4.2. Mineralogical composition

SEM images from Unit 4 samples show matrix-supported detrital sedi-
ments formed by clays and silts, and an abundant presence of sulfide min-
erals with a wide range of textures (Fig. 3). The predominant sulfide
mineral is pyrite along with other ore minerals such as galena, sphalerite,
and minor amounts of arsenopyrite. Most of the sulfides present
subdimorphic to allotriomorphic habits, due to the mechanical crushing
of the ores. Botryoidal and framboidal textures are also observed, which
suggests dissolution and precipitation processes likely associated to micro-
bial activity in the submarine mine tailings (Jorgensen et al., 2019;
Smedley and Kinniburgh, 2002; Wang et al., 2020). Besides, SEM images
also confirm the presence of abundant silicates (quartz, feldspar, muscovite
and zircon), carbonates (calcite and siderite), oxides (magnetite, chromite
and ilmenite) and possibly low crystallinity (oxyhydr)oxides that could be
tentatively attributed to goethite as in (Manteca et al., 2014).

4.3. As and S speciation

The acquired As K-edge XANES obtained on the selected standards re-
sulted in characteristic maximum intensity absorption peaks at 11868 eV
for arsenopyrite (As' ), at 11868.6 eV for realgar (As>*), at 11868.9 eV
for orpiment (As>*) and at 11874.8 eV for scorodite (As®*) (Fig. 4). The
obtained As K-edge XANES absorption edges increased in height, decreased
in width and shifted to higher energies with the increase of the As oxidation
state. However, despite the calibration and associated precautions to ensure
that all measurements were on the same energy range, we noticed some
minor variations on the As K-edge XANES maximum intensity absorption
positions when compared to values in the literature (Diacomanolis et al.,
2016; O'Day et al., 2004; Wang et al., 2013). Such minor variations are
thought to be related to the beamline's monochromator energy resolution
and, possibly, to the presence of small amounts of As,O3 on some natural
samples (Diacomanolis et al., 2016; O'Day et al., 2004; Simonelli et al.,
2016). Even so, the measured As K-edge XANES spectra allowed determin-
ing the oxidation states of As in the submarine mine tailings using the stan-
dards as valence state references (Figs. 4). Besides, most of the acquired As
K-edge XANES on the selected MC04 and GC21 samples present two char-
acteristic absorption peaks: a low energy peak located between
11,868-11,869.9 eV, and a higher energy peak at 11874.8 eV, which indi-
cate the presence of multiple As oxidation states in the investigated mine
tailings (Figs. 4).
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Fig. 3. X-Ray diffractograms (XRD), in 20 scale, of two Unit 4 samples from GC19 and GC60 (cf. Table 1). Mineral phases are shown in 100 % intensity peaks, according to
X'Pert HighScore patterns. SEM images are from MC10 (cf. Table 1). EDX analysis are presented for each mineral. A: Isolated ~ 120 pm grain with a pyrite, galena (triangular
pit) and sphalerite association. B: Botryoidal sphalerite aggregate containing a pyrite grain. Some microspheres are observable in the outer and inner limits of sphalerite. C:
Framboidal aggregates of densely packed pyrite microspheres deposited in fibrous silicates and quartz grains. D: Isolated arsenopyrite and galena grains of 10 and 15 pm. Apy:
arsenopyrite; Bt: biotite; Cal: calcite; Clc: clinochlore; Gn: galena; Py: pyrite; Qz: quartz, Sp: sphalerite.

The As K-edge XANES spectra from MC04 samples display a broadening
and shifting of the low energy absorption peak above 11,869 eV, just above
arsenopyrite, from the uppermost part of Unit 3 (36_37 cm and 29_30 cm
subsamples) to Unit 4 (1_2 cm subsample) (Fig. 2). Further, the observed
As K-edge absorption shows a shift from 11,866.6 eV up to 11,866.8 eV,
which is attributed to the simultaneous presence of As' ~ and increasing
amounts of As?>* and As®* in the samples (Fig. 4). Accordingly, LCF data
also demonstrate the presence and content variations of arsenopyrite and
minor amounts of realgar and orpiment in both units (Figs. 5, 6 and
Table 1). Besides, the higher energy absorption peak at 11874.8 eV

experiences an increase in intensity from Unit 3 (36_37 cm and 29_30 cm)
to Unit 4 (1_2 cm) due to an increase in As®* contents (Fig. 4). Accordingly,
the obtained LCF also shows an increase of scorodite from Unit 3 (36_37 cm
and 29_30 cm) to Unit 4 (1_2 cm) and an associated decrease of arsenopy-
rite. The As K-edge XANES data thus confirm the simultaneous presence
of arsenopyrite, scorodite, orpiment and realgar in MCO04 core materials
(Figs. 5, 6 and Table 1). Furthermore, the LCF data also display the arseno-
pyrite, scorodite, orpiment and realgar content variations associated to a
decrease of As' ™ and As®>* and an increase of A°" and As®* from the
mine tailings senso stricto (i.e. uppermost part of Unit 3) to the mixed
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Fig. 4. On the left, As K-edge XANES spectra with the highlighted maximum absorption peaks from arsenopyrite (As' ) at 11868 eV, realgar (As>*) at 11868.6 eV, orpiment
(As®*) at 11868.9 eV and scorodite (As® *) at 11874.8 eV. On the right, first derivative curve with the highlighted absorption As K-edge positions from arsenopyrite (As' =) at
11866.5 eV, realgar (As>*) at 11867.4 eV, orpiment (As®>*) at 11867.8 eV and scorodite (As® ) at 11873.6 eV. The upper row corresponds to the standards, the intermediate
to core MCO04 samples, and the lower one to core GC21 samples. In GC21 samples both the first absorption intensity peak and the As K-edge are shifted towards higher
energies, which are closer to realgar values. In addition, in GC21 samples the second absorption intensity peak increases significatively in Unit 3 when compared to Unit
3 and Unit 4 samples from core MC04, thus pointing to the presence of significant amounts of As>*.

post-dumping materials on top (Figs. 5, 6 and Table 1). The observed in-
crease of higher deviation LCF values from Unit 3 to Unit 4 relates to spectra
differences within the lower energies and agrees with the presence of mul-
tiple As oxidation states in the materials (Figs. 5, 6 and Table 1).

The As K-edge XANES spectra from core GC21 samples also display a
broadening and shifting of the low energy absorption peak above
11,869 eV and an associated As K-edge absorption shift, from
11,866.6 eV up to 11,866.9 eV, which is attributed to the simultaneous
presence of As' ~ and varying amounts of As>* and As®>* (Fig. 4). Besides,
the high energy absorption peak at 11874.8 eV experiences intensity varia-
tions due to significant changes in As®* content, with maximum absorption
intensity peaks in the lower Unit 3 (317_318 cm subsample, Fig. 2). This is
further confirmed by our LCF data demonstrating the simultaneous pres-
ence of arsenopyrite, scorodite, orpiment and realgar associated to the pres-
ence of As’ ~ and As®*, with minor amounts of As*>* and As®>* (Figs. 5, 6
and Table 1). While the distribution of arsenopyrite and scorodite is contin-
uous along core GC21, the presence of realgar and orpiment is uneven, thus

pointing to an ongoing set of processes affecting As speciation in the subma-
rine mine tailings. Consequently, LCF data show an increase of scorodite
and realgar at the expenses of arsenopyrite. Nevertheless, orpiment does
not seem to follow the same pattern, as it increases towards the lower
part of the core (Unit 3) where the overall porosity is lower than at the
upper part (i.e. from 398_399 cm to 216_217 cm) (Figs. 2 and 4).

The S K-edge XANES from the selected samples shows three distinct
maximum absorption peaks at 2472 eV, 2481.2 eV and 2483 eV (Fig. 7).
Comparing the positions of these absorption peaks to those in reference
compounds found in the literature (Solomon et al., 2011; Vairavamurthy
et al., 1994; Xia et al., 1998) allows identifying a range of characteristic
features: the absorption peak at 2470-2473.65 eV correspond to reduced
organic and inorganic S compounds; the absorption peaks at
2480.4-2481.5 eV conform to less reduced organic compounds; and the ab-
sorption peak at 2482.5-2483.12 eV refer to oxidized S compounds (Fig. 7).
By checking the available reference spectra eases the interpretation of most
features in the S K-edge XANES from our samples. Subsequently, the first
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Fig. 5. As K-edge XANES data analysis are shown in three subsamples from MCO04 and ten subsamples from GC21 core sediments. The results are obtained from fitting to the
subsamples obtained spectra with a combination of arsenopyrite (FeAsS), realgar (AsS), orpiment (As,S3) and scorodite (FeAsO,2H,0) selected standards. The resulting As K-
edge XANES R-factor LCF fitting values range from 3.71 x 10~ *t0 8.7 x 10>, The As K-edge XANES data and LCF fit spectra confirm that arsenopyrite is the main As-
bearing mineral in almost all subsamples, followed by scorodite and to a lesser extent realgar and orpiment. Besides, while the distribution of arsenopyrite and scorodite

is continuous along the core sediments the distribution of realgar and orpiment appears

broadened peak at 2472 eV is assigned to the most reduced forms of S, na-
tive sulfur (S°) and thiols; the second peak at 2481.2 eV is allocated to less
reduced organic sulfur compounds, i.e. to sulfonates (8°1); and the third
peak is ascribed to the highly oxidized inorganic form of S, i.e. sulfate
(S®™") (Fig. 7). Furthermore, a shoulder also occurs at 2477.7-2478.5 eV
in-between other absorption peaks, revealing the presence of sulfoxides
(S* (Fig. 7).

to be uneven.

Overall, the S K-edge XANES spectra from MC04 and GC21 core samples
display highly similar features, though with noticeable variations of the in-
tensity absorption peaks of sulfates and sulfonates. Anyhow, the fitting re-
sults are unambiguous for sulfonates thanks to the clear separation in the
absorption peaks between the S°* oxidation state of sulfonates and the
S®* oxidation state of sulfate (Vairavamurthy et al., 1994; Xia et al.,
1998). Moreover, the sulfate and sulfonates' compounds appear to be
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Fig. 6. Bar graphs showing relative percentages of the As species in the submarine mine tailings deposit obtained from LCF fittings. The relative percentage of As in
arsenopyrite is maximum in sample MC04 36_37, corresponding to olive silts with 267-439 As (mgkg ~"). The relative percentage of As in scorodite and realgar peaks in
sample GC21 317_318, corresponding to laminated orange to olive silts and black sandy silts with 184-366 As (mg'kg ). In all samples, As can be found in orpiment
with a maximum relative percentage in sample GC21 398_391, which corresponds to olive laminated silts with 515-751 As (mg'kg ™ !). The relative percentage of As in
arsenopyrite and orpiment is higher in dark levels (i.e. olive silts, black sands and black sandy silts), whereas in scorodite and realgar the relative percentages of As are

higher in orange levels (i.e. laminated orange silts).

anticorrelated in the submarine mine tailings. This is especially visible in
the prominent sulfonate absorption band at 2473.4-2478.5 eV and the as-
sociated absence of the sulfate absorption band at 2483.12 eV in samples
MC04 36_37, GC21_63_64 and GC21_398_399. What's more, the sulfonate
distribution in the materials follows a non-systematic variation, which
could be due, at least partly, to the turbulent nature of the anthropogenic
dumping of the mine tailings and the associated trapping of organic debris
in the deposits (Fig. 7) (Baza-Varas et al., 2022; Frigola et al., 2017).

Table 1

5. Discussion
5.1. Arsenopyrite weathering

The open mining pits from Sierra Minera de Cartagena, with large vol-
umes of exposed and oxidized sulfide ores, provide the right conditions
for arsenopyrite oxidation (Dove and Rimstidt, 1985; Kerr et al., 2018;
O'Day et al., 2004). It is well known that arsenopyrite oxidizes when

Samples from Portman's Bay cores analyzed at ALBA synchrotron and fittings displaying the reference spectra from standard compounds and the amounts of the selected
references that provide the best fit for each As—K XANES as a weighted sum (R-factor). Stratigraphic units are after Baza-Varas et al. (2022).

Core  Stratigraphic ~Core Unit description Sample As Edge Arsenopyrite Realgar Orpiment Scorodite
unit depth description (mgkg ™ D) position (%) (%) (%) (%)
(cm) (eV)
MCO04 Unit 4 1-2 Massive dark grey to black sandy silts and fine sands Grey sandy silts 266-438 11,866.8 71.6 - 11.6 15.7
with signs of bioturbation.
Unit 3 29-30 Massive olive, orange and greyish multicolored clays,  Olive silts 200-349 11,866.6 82.5 3.7 7.5 7.5
36-37 silts and fine to medium sands with fining upwards Olive silts 267-439 11,866.6 84.1 7.2 - 10.4
GC21 Unit3 63-64 sequences and other sedimentary structures. Includes ~ Olive laminated 493-571 11,866.7 72.1 2.8 1.8 23.4
black sands layers. silts
110-111 Olive laminated 553-610 11,866.9 69.4 - 0.8 29.8
silts
144-145 Black laminated 486-561 11,866.7 83.4 - 2.4 14.2
sandy silts
188-189 Olive laminated 418-590 11,866.4 68.1 4.4 2 25.5
silts
216-217 Olive and 441-665 11,866.7 74.2 - 9.6 16.3
orange
laminated silts
257-258 Black sands 212-271  11,866.5 79.7 - 2.9 17.3
317-318 Laminated 184-366 11,866.8 19.1 16.2 8.9 55.7
orange to olive
silts and black
sandy silts
330-331 Laminated 270-318 11,866.7 66.2 - 2.8 31
orange to olive
silts and black
sandy silts
367-368 Olive laminated 588-967 11,866.7 71.8 - 4.7 23.5
silts
398-399 Olive laminated 515-751 11,866.4 69.9 - 13.7 16.4

silts

10
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Fig. 7. The S K-edge XANES spectra with the highlighted maximum absorption
peaks from the relative energy positions of representative soil sulfur compounds
sulfide (S27) at 2470 eV, native sulfur (S°) at 2472 eV, thiols at
2472.32-2472.65 eV, organic sulfides at 2473.4-2473.8 eV, sulfoxides (8**) at
2477.7-2478.5 eV, sulfonates (S°*) at 2480.4-2481.5 eV, ester (S°F) at
2482.5-2482.9 eV after (Solomon et al., 2011) and gypsum (S°*) at 2483.12 eV.
On MCO04 sediment core subsamples from both units 3 and 4 the first absorption
intensity peak at low energies is just above native sulfur and shifted towards
thiols with a visible broadening associated to sulfoxides; the second absorption
intensity peak at higher energies corresponds to sulfate but on Unit 3 samples it
appears at lower energies and corresponds to sulfonate. On GC21 sediment core
subsamples the first absorption intensity peak at low energies is also just above
native sulfur and shifted towards thiols with a visible broadening associated to
sulfoxides; the second absorption intensity peak at higher energies corresponds to
sulfate though in some samples at lower energies and corresponds to sulfonate.

exposed to air, forming a submicron overlayer, known as “tarnish”, made of
Fe and As oxides (Corkhill and Vaughan, 2009; Diacomanolis et al., 2016;
Nesbitt et al., 1995). When exposed to water, the oxidation process of arse-
nopyrite accelerates, leading to the development of an oxidized overlayer
constituted mostly by As oxides and sulfate (Corkhill and Vaughan,
2009). Under more acidic conditions, such an oxidized overlayer consists
of scorodite and minor amounts of elemental S (Corkhill and Vaughan,
2009; Costa et al., 2002; Mikhlin and Tomashevich, 2005). The develop-
ment of this oxidized overlayer would protect arsenopyrite grains from dis-
solution during ore treatment and accumulation on Portméan's Bay seabed
where the submarine mine tailings deposit was developing (Corkhill and
Vaughan, 2009; Craw et al., 2003). In effect, the arsenopyrite grains in
the investigated core samples show sharp edges and flat crystal faces with
no evidence of chemical corrosion, despite of having been underwater for
>30 years (Fig. 3). Consequently, the arsenopyrite is expected to endure
with negligible decomposition within the submarine mine tailings. This is
in agreement with the abundant presence of arsenopyrite and lesser
amounts of scorodite in the core samples, as determined from the speciation
of As (Fig. 6 and Table 1).

11

Science of the Total Environment 882 (2023) 163649

Besides, in the presence of acid rock drainage in the open mine pits, re-
algar and orpiment could already occur in Sierra Minera de Cartagena ores
(Kerr et al., 2018; O'Day et al., 2004). Under these conditions thermody-
namic data predicts for realgar and orpiment to develop and replace arseno-
pyrite (Corkhill and Vaughan, 2009; Craw et al., 2003). However, the
available evidence suggests that this is unlikely, with realgar and orpiment
forming as micron sized precipitates instead (Corkhill and Vaughan, 2009;
Craw et al., 2003; Kerr et al., 2018). Nevertheless, would they be already
present, neither realgar nor orpiment would have survived the oxidizing
and alkaline conditions during their transport and deposition on Portman's
Bay seabed (Craw et al., 2003; Kerr et al., 2018; O'Day et al., 2004). Hence,
our hypothesis to explain the presence of realgar and orpiment in the sub-
marine mine tailings is that they are authigenic. The presence of scorodite
and its decomposition in a reducing environment would provide the suit-
able As-rich medium for realgar and orpiment to precipitate (Alvarez-
Ayuso, 2021; Dove and Rimstidt, 1985; Kerr et al., 2018; Nesbitt et al.,
1995). This view is supported by the simultaneous presence of arsenopy-
rite, scorodite, realgar and orpiment in the core samples as determined,
again, from the results of As speciation analyses (Figs. 5, 6 and Table 1).

5.2. As and S biogeochemistry

The impact of SRB activity in the submarine mine waste deposit de-
serves special attention, since SRB are often involved in the formation of re-
algar and orpiment in As-rich mine tailings (Kerr et al., 2018; Le Pape et al.,
2017; Miot et al., 2009; Newman et al., 1997; O'Day et al., 2004; Sun et al.,
2019). The speciation of S in our core samples confirms the simultaneous
presence of a range of inorganic and organic sulfur compounds, such as el-
emental sulfur, thiols, sulfoxides and sulfonates, which are commonly re-
lated to the activity of SRB (Jgrgensen et al., 2019; Lie et al., 1996;
Vairavamurthy et al., 1994) (Fig. 7). Elemental sulfur can result from sul-
fide oxidation by SRB for energy storage purposes (Jorgensen, 2021;
Jorgensen et al., 2019; Vairavamurthy et al., 1994). Reduced organic sulfur
compounds, such as thiols, commonly result from a sulfate reductive assim-
ilation process by SRB. These compounds are of special relevance since they
have a high affinity with As and are thought to be involved in As reduction
(Le Pape et al., 2017; Miot et al., 2009; Newman et al., 1997). The presence
of more oxidized organic sulfur compounds, such as sulfonates and sulfox-
ides, would result from the entrapment of vegetal fibers and other organic
debris from the lush seagrass meadows that once covered the seafloor of
the study area (Baza-Varas et al., 2022; Jgrgensen et al., 2019; Kertesz,
2000; Manteca et al., 2014; Oyarzun et al., 2013; Pefestd et al., 2022;
Vairavamurthy et al., 1994). The presence of sulfonates is particularly ap-
pealing as they represent sulfur, carbon and energy sources needed for
the SRB metabolism (Jgrgensen, 2021; Lie et al., 1996; Pefesta et al.,
2022; Ruiz et al., 2015b; Vairavamurthy et al., 1994).

Hence, the simultaneous occurrence of organic sulfur compounds and
As-sulfides supports the development of authigenic realgar and orpiment
associated to SRB activity in Portman's Bay submarine mine tailings
(Kertesz, 2000; Lie et al., 1996; Vairavamurthy et al., 1994). This is in
agreement with the obvious (and measured) presence of organic matter
in the investigated cores, including large-sized vegetal remnants and dark
colors typical of organic matter loaded deposits, therefore defining a
favourable environment for SRB to thrive (Figs. 1 and 7) (Alam and
McPhedran, 2019; Baza-Varas et al., 2022; Drahota et al., 2017; Kerr
et al., 2018; Rodriguez-Freire et al., 2016). Realgar and orpiment would
consist of tiny and disseminated particles, stable under the reducing condi-
tions —with a measured interstitial water pH of 6— of the submarine mine
tailings deposit (Alam and McPhedran, 2019; Kerr et al., 2018; Le Pape
etal.,, 2017; Newman et al., 1997). The precipitation of tiny (submicron) re-
algar and orpiment particles by SRB has been proposed as an effective re-
moval mechanism of As in heavily contaminated waters and mine tailings
(Briones-Gallardo et al., 2017; Drahota et al., 2017; Gadd, 2010; Kerr
et al., 2018; Le Pape et al., 2017). The submicron size of realgar and orpi-
ment particles would explain the non-observation of realgar and orpiment
grains of convenient size in the examined samples.
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5.3. As ecotoxicology and bioavailability

Whereas As concentrations in uncontaminated soils typically range
from 1 to 40 mg kg~ ! (Alvarez-Ayuso, 2021; Neff, 1997), in Portman's
Bay submarine mine tailings they are as high as 2775 mg kg ™! (Baza-
Varas et al., 2022), which should raise concern since As is a serious toxicant
(Alam and McPhedran, 2019). Understanding the As bioavailability in
Portmén's Bay submarine mine tailings deposit —and in similar deposits
worldwide— is, therefore, of the utmost importance (Garcia-lorenzo
et al., 2014; Martinez-Gémez et al., 2012; Mestre et al., 2017). As®* and
As®** are the dominant forms of inorganic As, with As®>* presenting a
higher mobility and toxicity than As®* in marine ecosystems (Gbaruko
etal., 2008). As remediation technologies generally rely on either changing
its oxidation state from one form to another, or on converting it into insol-
uble compounds that precipitate out from water (Alam and McPhedran,
2019; Le Pape et al., 2017). Besides, the most novel As remediation tech-
niques and proposals preferentially address the most unstable As-bearing
mineral phases, such as amorphous ferric arsenates, and their weathering
(Alvarez-Ayuso, 2021; Paktunc and Bruggeman, 2010; Wang et al., 2019).
However, no technique for As removal or chemical stabilization was ever
employed in Portman's Bay floatation plant, which further stresses the rel-
evance of properly characterizing the submarine mine tailings and empha-
sizes the interest of understanding the environmental fate of As in such a
submarine setting.

Our data indicates that the arsenopyrite in Portmén's submarine mine
tailings is partially oxidized (Craw et al., 2003; Manteca et al., 2014;
Oyarzun et al., 2013), which implies the development of a protective oxi-
dized overlayer precluding arsenopyrite from dissolution (Craw et al.,
2003; O'Day et al., 2004). However, the arsenopyrite's oxidized overlayer
may dissolve under the more reducing conditions within the submarine
mine tailings, releasing As ™ that subsequently, in presence of organic mat-
ter, would reduce to As?* and As®>* and react with sulfide through the me-
diation of SRB. The immobilization of As in the form of authigenic realgar
and orpiment would lead to a massive As removal in response to the immo-
bilization of highly toxic As®* by the activity of SRB (Drahota et al., 2017;
Eberle et al., 2020; Falteisek et al., 2020; Jorgensen et al., 2019; Knappova
etal., 2019; Le Pape et al., 2017; Pefesta et al., 2022). Nevertheless, the pre-
cipitation, stability and sorption of authigenic realgar and orpiment should
be further inspected to better assess and predict the As precipitation rates
and mobility in Portman's Bay submarine mine tailings and beyond. Be-
sides, it should be highlighted that this is this first time that sulfonates are
found in submarine mine tailings, hence opening new perspectives on the
sulfur biogeochemical cycle in heavy metal and metalloid polluted marine
environments (Vairavamurthy et al., 1994).

The present study provides valuable insight about As and S biogeo-
chemistry in submarine mine tailings deposits (Kertesz, 2000; Lie et al.,
1996; Martinez-Gémez et al., 2012; Neff, 1997; Vairavamurthy et al.,
1994). It should be taken into account that while the near-shore part of
Portméan's Bay mine tailings deposit clearly is an environmental disaster,
under the current conditions its offshore extension can be viewed as less
of an issue and may be best left alone. What is more, the offshore part of
the tailings, may provide useful lessons for other marine disposal systems
that involve high contents of As, such as weighting the convenience of
pumping the tailings farther and deeper so that burial of near-shore habi-
tats —as in Portméan's case— is prevented. However, this view must not
be taken as an advocacy for dumping mine tailings into the sea, but as a
matter of fact that should be assessed, amongst other options, by appropri-
ate environmental impact assessments on a case-by-case basis prior to any
dumping. The Portmén's Bay submarine mine tailings deposit still offers
plenty of opportunities beyond the present work to improve current knowl-
edge on underwater As-bearing waste piles. These could include, for in-
stance, a comparison between onshore tailings accumulations and their
potential environmental effects (e.g., acid rock drainage) versus offshore
deposition that soaks the tailings in marine waters. Further XAS experi-
ments and the detailed study of the interstitial waters within the submarine
mine tailings would be critical to further research.
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6. Conclusions

Portman's submarine mine tailings contain significant amounts of As,
amongst other toxic elements, which has important environmental implica-
tions (Cerda-Domenech et al., 2018; Mestre et al., 2017; Neff, 1997). Our
results suggest that As in the submarine mine tailings is affected by a com-
bination of inorganic and organic geochemical processes. As speciation
analyses allowed identifying the presence and distribution of arsenopyrite,
scorodite, realgar and orpiment, while S speciation analyses allowed deter-
mining the presence and distribution of inorganic and organic sulfur com-
pounds associated to the activity of SRB. Hence, for the first-time
valuable hints on the formation of authigenic realgar and orpiment in sub-
marine sulfide mine tailings is provided.

The collected evidence indicates that, due to oxidation, arsenopyrite
grains developed an oxidized overlayer or “tarnish” protecting them from
dissolution during ore treatment, transport to the discharge point and accu-
mulation onto the seafloor. The arsenopyrite's oxidized overlayer results in
the oxidation of As~! and the production of As*® in scorodite following
Eq. (1).

FeAsS + 14Fet® + 10H,0 — >14Fe™? + S04 ~ % + FeAsO, - 2H,0 (@9)]

The resulting scorodite can then dissolve under the more reducing con-
ditions within the submarine mine tailings, which may lead to the release of
As™3 as shown in Eq. (2).
+H"

FeAsQy - 2H,0 — >FeOOH + HyAsOy ~ @

Subsequently, the As*® can reduce to As™ > using electron donors from
the organic matter in the deposit, subsequently resulting in the precipita-
tion of orpiment eased by SRB activity (Briones-Gallardo et al., 2017; Kirk
et al., 2010; Le Pape et al., 2017). Furthermore, the observed reduction to
As™*? and the precipitation of realgar would be also driven by the presence
of biogenic H,S as shown in Egs. (3) and (4).

2H3As03 + 3H,S — >As,83 + 6H,0 3)

AsyS3 + HyS — >2AsS + H, S, 4)

The presence of elemental sulfur, thiols, sulfonates and sulfate across
the studied samples evidences the activity of SRB in the submarine mine
tailings, and thus offers a trustworthy explanation to the reactions leading
to the formation of authigenic realgar and orpiment. It is to be noticed
that the results and interpretations here presented go beyond previous as-
sumptions about the mineralogy and geochemistry od submarine sulfide
mine tailings, which hindered the complexity of the As biogeochemistry
in polluted marine environments (Alorda-Kleinglass et al., 2019; Baza-
Varas et al., 2022; Cerda-Domeénech et al., 2019; Frigola et al., 2017;
Herath et al., 2016; Palau et al., 2021).

Our findings are of high relevance for the Portmén case and beyond.
Partial removal of inshore mine tailings in Portman Bay has been carried
out in the frame of remediation works. The eventual expansion of removal
operations to the offshore extension of the mine tailings deposit, where
most of its volume is, would resuspend huge amounts of particles, with
the risk of releasing currently immobilized As to the marine environment,
thus largely enhancing their bioavailability and ensuing ecotoxicological
impacts, at least temporarily. The spreading of suspensates far beyond the
dumping site can further expand the impact of such activities to more dis-
tant areas. The present study also provides fundamental insight would re-
moval techniques such as dredging, suction or other mechanical methods
be envisaged for similar settings all over the world for remediation pur-
poses and points to the need of weighing the widest possible span of op-
tions, including sealing of the mine tailings deposits and no action, on a
case by case basis.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.163649.
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