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ABSTRACT

Adverse impacts of mine tailings on water and sediments quality are major worldwide environmental problems.
Due to the environmental issues associated with the deposition of mine tailings on land, a controversial discussed
alternative is submarine tailings disposal (STD). However, Fe(IlI) bioreduction of iron oxides (e.g., magnetite) in
the tailings disposed might cause toxic effects on coastal environments due to the release of different trace ele-
ments (TEs) contained in the oxides.
To study the extent and kinetics of magnetite bioreduction under marine conditions and the potential release of
TEs, a number of batch experiments with artificial seawater (pH 8.2) and a marine microbial strain (Shewanella
loihica) were performed using several magnetite ore samples from different mines and a mine tailings sample.
The elemental composition of the magnetite determined in the tailings showed relatively high amounts of TEs
(e.g.,Mn, Zn, Co) compared with those of the magnetite ore samples (LA-ICP-MS and EMPA analyses). The exper-
iments were conducted at 10 °C in the dark for up to 113 days. Based on the consumption of lactate and produc-
tion of acetate and aqueous Fe(II) over time, the magnitude of Fe(IIl) bioreduction was calculated using a
geochemical model including Monod kinetics. Model simulations reproduced the release of iron and TEs
observed throughout the experiments, e.g., Mn (up to 203 ug L"), V (up to 79 ug L™'), As (up to 17 ug L)
and Cu (up to 328 pg L™ 1), suggesting a potential contamination of pore water by STD. Therefore, the results of
this study can help to better evaluate the potential impacts of STD.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Adverse impacts of metal mine tailings on water and sediment qual-
ity are a major environmental problem (Lottermoser, 2010; Younger
et al., 2002). Due to the known environmental issues associated with
mine tailings deposition on land (e.g., acid mine drainage (Dold,
2014a) and tailings dam failures (Buch et al., 2021; Rico et al., 2008)),
alternatives for tailings management such as submarine tailings dis-
posal (STD) are being considered and used in some countries such as
Norway and Chile (Dold, 2014b; Ramirez-Llodra et al., 2015). However,
severe ecological impacts of STD on active and historical sites were re-
ported worldwide (Dold, 2014b; Hughes et al., 2015; Morello et al.,
2016; Ramirez-Llodra et al., 2015).

In addition to the physical impacts of STD on the seafloor biota due
to massive tailings discharge and extremely high sedimentation rates
(i.e., hyper-sedimentation) (Morello et al., 2016; Ramirez-Llodra et al,,
2015), toxic effects may occur due to heavy metals (e.g., V, Cu, Zn, Ni,
Pb, Cr, Cd etc.) and metalloids (e.g., As) release (Dold, 2014b; Koski,
2012; Morello et al., 2016; Ramirez-Llodra et al., 2015). Most of the
field studies on marine environments contamination by metal(loid)s
from mining activities investigated sites impacted by sulfide ore tailings
(Angel et al., 2013; Dold, 2014b; Gambi et al., 2020; Koski, 2012;
Pedersen et al., 2018; Sternal et al.,, 2017). Recent laboratory studies
also investigated the potential impacts of metal sulfide minerals and
sulfide-containing tailings to marine environments (Embile Jr. et al.,
2018; Simpson and Spadaro, 2016).

However, iron oxide minerals such as magnetite and hematite can
also contain high amounts of environmental hazardous trace elements
(TEs) (Nystrom and Henriquez, 1994) and contribute to metal contam-
ination of marine sediment and pore water by reductive dissolution,
even during sulfide ore tailings disposal (Dold, 2014b). For instance,
Pb—Zn ore tailings directly released to the Mediterranean Sea between
1957 and 1990 in Portman Bay (Spain) contained an iron oxides (mag-
netite, hematite and goethite) concentration of 15.6% (mineral treated
during 1973, Manteca et al,, 2014). Nowadays, as far as we know,
there are two operations in Norway (for one of them the latest produc-
tion period lasted from 2009 to 2015) and one in Chile which deposit
iron oxide ore (mainly magnetite) tailings in submarine environments
(Dold, 2014b; Ramirez-Llodra et al., 2015; Trannum et al., 2018).
Given the enormous amounts of iron ore tailings released to the sea,
the liberation of iron, a limiting nutrient for phytoplankton production
(Boyd et al., 2000; Dold et al., 2013), during Fe(IIl) bioreduction might
enhance the risk of eutrophication and deoxygenation of the marine
environment.

In order to address the potential environmental impact of the sub-
marine deposition of iron oxide containing mine tailings, we present a
study in which batch experiments were performed using a number of
magnetite ore samples from Chilean and Swedish mines and a mine
tailings sample. The main goal was to investigate the extent and the
kinetics of iron ore minerals bioreduction under marine conditions
and the potential release of TEs to the aqueous phase. The magnitude
of microbial reduction of Fe(IIl) was evaluated using a geochemical
model including Monod kinetics.

In most of the samples investigated in this study, iron oxides are
mainly composed of magnetite (Fe?"Fe3"0,4), which is an iron ore
(Knipping et al., 2015; Nystrom and Henriquez, 1994) (72.36% Fe) and
a common mineral in sulfide ore bodies and their host rocks (Boutroy
et al.,, 2014; Makvandi et al., 2016; Nadoll et al., 2014). Magnetite
forms under a wide variety of geologic conditions and a large range of
minor and TEs can be incorporated in its spinel structure (Boutroy
et al., 2014; Dare et al., 2014; Makvandi et al., 2016; Nadoll et al.,
2015, 2014). For instance, cations such as Mn, Zn, Ni and Co may substi-
tute Fe?*, whereas others like Al, Cr, V and Ga can replace Fe>* sites
(Makvandi et al., 2016; Nadoll et al., 2014). As a result, elements such
as Al, Ti, V, Cr, Mn, Co, Ni, Zn and Ga are commonly present in magnetite
at concentrations from 10 to >1000 mg Kg~! (Nadoll et al., 2014). Given
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the potential amounts of TEs in magnetite, STD of magnetite-bearing
mine tailings could adversely affect the marine environment by TEs
contamination.

The magnitude of the impact on marine biota depends on the
amount of metal that is bioavailable. Dissolved species and free metal
cations are considered the most bioavailable forms (Morello et al.,
2016; Ramirez-Llodra et al., 2015; Simpson and Spadaro, 2016). In
sediments where reducing conditions prevail, iron oxides may be
affected by microbial reductive dissolution (Kappler and Straub, 2005;
Lovley et al., 2004), which can lead to TEs release into the aqueous
phase (Ribet et al., 1995; Zachara et al., 2001). A recent study investi-
gated the leaching of metals from iron ore tailings under different pH
and low-molecular-weight organic acids (Geng et al., 2020). However,
the conditions and/or metal oxides investigated in previous studies
are different than those in natural marine environments impacted by
iron oxides from mine tailings. In contrast to iron oxides, sulfide
minerals are relatively stable under anoxic conditions (Dold, 2014b;
Morello et al., 2016). Trace metal release and bioavailability will thus
depend on the properties and characteristics of the metal and host
mineral(s) as well as on the geochemical conditions of the STD site.
Therefore, further research on potential TEs release from iron oxide ores
such as magnetite under conditions closer to marine environments is
needed for the assessment of environmental impacts associated with STD.

2. Materials and methods
2.1. Solid samples

The solids used for the experiments were seven iron ore samples,
one iron ore tailings sample and four synthetic monomineralic samples.
Five iron ore samples were from different mines in Chile (C1 to C5-T)
and two samples from Swedish mines (S1 and S2) (Table S1 in the Sup-
plementary Material (SM)). Since these mine samples were from iron
ore deposits formed under different geological conditions, variations
in TEs composition of the iron oxides were expected (Nadoll et al.,
2014). Ore subsamples were crushed to powder fractions between 60
and 100 pm and subsequently homogenized prior to use in the experi-
ments and analyses. The iron oxide ore tailings sample was collected
at the iron concentration plant (80th percentile value of 44 um) of the
mine from where the C5-T sample was extracted (see details in SM).

As for the monomineralic samples, synthetic ferrihydrite 2-Line
(Fe2 "HOg-4H,0, particle size <60 um) was produced in the laboratory
according to Schwertmann and Cornell (2000) (i.e., F sample), whereas
synthetic powder (<5 um) samples of magnetite (Fe>*Fe3*0,), hema-
tite (Fe3™03) and goethite (Fe>TO(OH)) were purchased from Sigma-
Aldrich (i.e., M, H and G, respectively).

2.2. Solid characterization

Samples were analyzed using X-ray diffraction (XRD) analysis and
Rietveld refinement (Bish and Howard, 1988), scanning electron mi-
croscopy (SEM) and energy dispersive X-ray spectrometry (EDS), elec-
tron microprobe analysis (EMPA) and laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). Details on the equipment and
settings used are available in SM (Sections 1, 2 and Table S2). For the
iron ore samples, the mineralogical study indicated that, except for C4
sample with about 40 wt% of hematite, the metal oxides fraction was
composed of magnetite with amounts ranging from approximately 90
to <5 wt% (see Table S1 in SM). This wide range covers well the content
of iron oxides in sediments impacted by STD in active and historical
sites. In some samples, other major constituents (>10 wt%) are silicates
(amphibole, chlorite and plagioclase) and phosphates (apatite-
(CaOH)). In the C3 sample, there is a substantial amount of chalcopyrite
(CuFeS,, =13 wt%) (Table S1 in SM). The tailings sample is mainly com-
posed of gangue minerals, primarily silicates (amphibole, chlorite,
plagioclase and talc), plus a minor amount (<5 wt%) of unrecoverable



J. Palau, R. Benaiges-Fernandez, F. Offeddu et al.

iron oxide minerals (mainly magnetite). The XRD analyses showed that
the commercial and synthesized samples were composed of the respec-
tive iron (hydr)oxides and the lack of minor phases. The specific surface
area of all samples was determined by the Brunauer-Emmett-Teller
(BET) method (Brunauer et al., 1938) (Table S1 in SM).

Quantitative elemental analyses of the iron oxide minerals and other
phases in the tailings and iron oxide ore samples were performed by
EMPA and LA-ICP-MS. Bulk sample elemental composition was deter-
mined by total acid digestion and ICP analysis.

2.3. Batch experiments

For the Fe(Ill) bioreduction experiments with iron (hydr)oxides, a
marine bacterium Shewanella loihica PV-4 (Gao et al., 2006; Roh et al.,
2006) was used as a model microorganism (cultivation details in SM).
Shewanella loihica is capable to grow under both oxic and anoxic condi-
tions using oxygen or ferric iron as terminal electron acceptor (TEA), re-
spectively (Gao et al., 2006; Roh et al., 2006). Fifty-five glass tubes of 25
mL nominal volume (15 cm long x 1.5 cm internal diameter) were used
for the microcosms (5 tubes for each solid sample) and 33 tubes for the
abiotic controls (3 tubes for each solid). 0.25 g of powder sample were
placed in each tube, which were subsequently filled with artificial sea-
water (ASW) under atmospheric conditions (preparation details in
SM). ASW was amended with sodium lactate (10 mM) as electron
donor and carbon source and ammonium chloride (1.87 mM) as a
source of nitrogen. Tris(hydroxymethyl)aminomethane hydrochloride
(TRIS-HCI, 10 mM) was used as a pH-buffer and the ASW solution was
adjusted to pH of 8.2 with 1 N NaOH solution. In contrast to nutrient-
rich solutions, the minimal growth medium used in this study may bet-
ter represent the conditions in STD sites. No exogenous electron carrier
substances (e.g., anthraquinone-2,6-disulfonate, AQDS) or reducing
agents (e.g., cysteine) were added to the solution.

Except for the abiotic controls, S. loihica was aseptically inoculated
into the tubes containing the medium and the solid previously sterilized
(preparation details in SM) to a final number of ~1-107 colony-forming
units (cfu) mL™! (measured by agar culture, LB). The microcosms and
abiotic controls were tightly closed using closed-top screw caps with
butyl liner and sealed with Parafilm M. A minimal headspace was left
to avoid cracking of the tubes due to overpressure.

Thereafter, all tubes were stirred for ~15 s by a vortex mixer and im-
mediately placed horizontally for incubation into a thermostatic water
bath at 10 4 1 °C without agitation in the dark until sampled. The rela-
tively low incubation temperature and the static conditions were se-
lected to be similar to marine sediment environments in STD sites.
The horizontal disposition allowed the solid to settle down in a thin
layer (thickness < 1 mm) over the side of the tubes. The relatively
small solid/liquid ratio (approximately 9.5 g L~') and the horizontal
disposition of the tubes were intended to maximize the solid-liquid
contact. Additional abiotic controls were prepared under anoxic condi-
tions using degassed (O,-free) water, either ASW or Milli-Q water
(experimental details in SM).

The experiments lasted 113 days in order to investigate the progress
of Fe(IIl) bioreduction and the processes that may control its rate, extent
and the potential release of TEs to the aqueous phase. Microcosms and
controls were removed from the thermostatic bath at different times
and placed immediately in the anoxic glovebox for sampling. The liquid
was collected to measure the concentrations of lactate and acetate (high
performance liquid chromatography (HPLC)) and metal(loid)s (ICP
coupled to optical emission spectroscopy (ICP-OES) and ICP-MS). Un-
certainties were estimated based on the analysis of sample replicates
with different concentrations (details in SM). Measurements of dis-
solved iron speciation were performed by phenanthroline colorimetry.
The solution pH, Eh and dissolved oxygen (DO) concentration were
also measured. The solid was retrieved and preserved for XRD-
Rietveld analysis, Field Emission SEM-EDS and Attenuated Total
Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR).
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Further information on the analytical techniques, sampling and samples
preservation is provided in the SM.

2.4. Geochemical modeling

The variation in the concentrations of lactate, acetate and the release
of iron and TEs during the batch experiments were simulated by a
kinetic model developed with the PHREEQC code (Parkhurst and
Appelo, 1999) and the wateg4f.dat thermodinamic database. A Monod
kinetic rate expression for substrate (i.e., lactate) utilization coupled to
cell growth was used (Liu et al., 2001b; Watson et al., 2003). Monod
kinetic equations allow to describe the competitive use of different
TEAs (e.g., dissolved oxygen, Mn(IV), Fe(Ill), etc.) by the bacteria:

s S TEA Kin
=t~ Kmac X g R TEA Ky 10 1)

r

where r is the rate of consumption of substrate S (mol L™! s™1), kpayx is
the maximum substrate consumption rate (s~ '), X, S, TEA and In are the
concentration of the cell biomass, substrate, particular TEA and inhibiting
substance (mol L™1), respectively, Ks and Krgs are the Monod half-
saturation constants with respect to S and TEA (mol L™1), respectively,
and K;, corresponds to the respective inhibition constant (mol L™1).
For instance, under reducing conditions, magnetite bioreduction in the
experiments performed in this study could be expressed as:

C3Hs5053™ +0.15 NHy " + 1.5 Fe?* Fe3*,0, + 8.35H" — 0.75 C;H30, ™~
+0.75 HCO3 ™ 4 0.15 CsH70,N + 4.5 Fe(Il) + 4.95H,0  (2)

where C3Hs03™ and C;H305 ™ are lactate and acetate, respectively. A cell
biomass formula of CsH;0,N was assumed according to previous stud-
ies (Maier, 2009; Roden and Jin, 2011) to convert measurements of
cfu to moles of cell biomass (see SM, Section 7). Cell biomass changes
(e.g., growth or decay) during the experiment were simulated by a sim-
ple model that includes first-order decay rate (Thullner et al., 2007,
2005):

dX
G = Y TR X Inge 3)

where r is the rate of substrate consumption from Eq. (1), Yis the molar
biomass yield, such that Y = mol of biomass (i.e., CsH;0,N) produced/
mol of substrate (i.e., C3Hs03) consumed, and g is the decay rate co-
efficient (s~1). An inhibition factor, Ngec = 1 — (Xpnin/X), which inhibits
the decay at low cell concentrations (i.e., Xi,) was used (Table S4 in
SM). Microbial growth was simulated by including biomass
(i.e., CsH;O,N) as a product in the reaction stoichiometries
(e.g., Eq. (2)) according to Y, which requires different reaction stoichi-
ometries for different values of Y.

Details on the parameters used in Egs. (1) and (3) and the stoichio-
metric coefficients of the reactions simulated with PHREEQC (Eq. (2))
are available in the SM (Tables S3 and S4). A potential formation of sec-
ondary minerals (magnetite and/or siderite (Fe>*CO3)) by reaction of
produced Fe(Il) (Eq. (2)) with iron (hydr)oxides or anions in solution,
respectively, was considered in the calculations (Egs. (S2) and (S3) in
SM). In Eq. (2), magnetite is assumed to be stoichiometric (i.e., Fe?"/
Fe** = 0.5). However, as partially oxidized magnetite (Fe?*/Fe3™ <
0.5, commonly referred to as non-stoichiometric magnetite) is also pos-
sible (Usman et al.,, 2018), a non-stoichiometric magnetite was also uti-
lized in the simulations (see Section 3.3). Throughout the manuscript,
the notations “Fe(Il)” and “Fe?™” generally refer to dissolved ferrous
iron species and structural ferrous iron, respectively.
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3. Results and discussion
3.1. Geochemical composition of iron oxides
The TEs content of magnetite in C1, C2, C3, S1, S2 and CT samples
measured by in-situ LA-ICP-MS is illustrated in Fig. 1. For the C4 sample,

with approximately 40 wt% of hematite (Table S1 in SM), the TEs com-
position of hematite is shown in Fig. S1 in SM. The elemental
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Fig. 1. Trace element content (mg kg~ ') of magnetite determined by LA-ICP-MS in this
study and from the literature. A) Samples from Chilean deposits: C1 and C2 are from Iron
Oxide Apatite (IOA) deposits and C3 is from an Iron Oxide Cupper Gold (I0CG) deposit.
B) Samples S1 and S2 are from iron IOA-type deposits in Sweden. C) Iron ore tailings sam-
ple (CT) obtained at the outlet of a plant that processes magnetite ore from an I0A-type
deposit. Data of ore samples from the same deposit, from a magnetite dike (LC-04\05)
and an adjacent brecciated diorite intrusion (LC-14), available in the literature were also
illustrated (Knipping et al., 2015). The shaded area corresponds to the range of average con-
centrations determined for C1-3, S1 and S2 samples. Weight % of magnetite (M) in the
samples measured in this study is indicated in brackets.
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composition of the C5-T sample was determined by EMPA and total
acid digestion. LA-ICP-MS elemental compositions of magnetite from
ore samples of the same mine are available in the literature and were
used for comparison (Knipping et al., 2015).

The C1, C2 and C3 ore samples (Fig. 1A) showed high concentrations
of Al and Mg (>2000 mg kg~ !), V (685-11,188 mg kg~ '), Mn
(147-2060 mg kg~ 1), Ni (69-522 mg kg™ !), Zn (48-132 mg kg™ 1)
and Co (28-186 mg kg™ !). Variable amounts were observed for Ti
(16-2114 mg kg~ 1), Cu (2-407 mg kg™ 1), Cr (2-363 mg kg~ ') and
Ga (2-126 mg kg™ '), and a relatively low one for Pb (<2 mg kg~ 1).
The highest values of Cu and Cr in magnetite were observed for the C3
sample, which also contained chalcopyrite. In general, the Swedish S1
and S2 ore samples (Fig. 1B) exhibited a TEs composition pattern of
magnetite relatively similar to that observed for the C1 and C2 samples
from the Chilean Iron Oxide Apatite (I0A) deposits (Fig. 1A). Neverthe-
less, the S2 sample showed lower concentrations of Zn, Cu, Pb and Y. In
addition to the elements shown in Fig. 1, As was also detected and
showed average values of up to ~230 mg kg~ ' in S2 and C5-T. Further
comparison between TEs composition in magnetite from different
deposits in Chile and Sweden and literature data is shown in SM
(Fig. S2).

The elemental composition of the magnetite in the processed ore
tailings sample (CT) is illustrated in Fig. 1C. The As concentration
range determined by LA-ICP-MS and EMPA was 143-213 mg kg™ '. Re-
ported TEs concentrations in magnetite ore samples from this deposit
(LC-04\05 and LC-14, Knipping et al. (2015), Fig. 1C) generally fall
within the range of those of the magnetite ore samples of the present
study (shaded area, Fig. 1). Except for Cr and Ti, the average TEs concen-
trations of the magnetite grains in the CT sample were higher than those
in the LC-04\05 and LC-14 samples. Likewise, the average concentra-
tions of several elements in the CT sample (e.g., Co, Mg and Al) were
much higher than the range obtained for the magnetite ore samples
measured in the present study (shaded area in Fig. 1).

In order to investigate further the TEs concentrations in the magne-
tite from the tailings, EMPA analyses were carried out on the CT sample
and a magnetite ore sample from the mine (C5-T) (Fig. S3 in SM). The
elemental composition of the C5-T sample determined by total acid di-
gestion agreed well with the literature bulk rock measurements
(Knipping et al., 2015). EMPA results showed that i) the concentration
of most of the elements was higher in the magnetite of the tailings
(CT) than that in the magnetite ore sample (C5-T), and ii) the differ-
ences in the TEs concentrations of magnetite between samples CT and
C5-T (Fig. S3 in SM) are in general smaller than those observed between
CT and LC-04\05 and LC-14 by LA-ICP-MS (Fig. 1C). Therefore, LA-ICP-
MS and EMPA results indicate elevated contents of TEs in the magnetite
of the tailings (Fig. 1C and Fig. S3 in SM), which are even higher than in
the magnetite ore samples from the same ore deposit (i.e., non-
processed material). A hypothesis for the high content of TEs in the
tailings' magnetite is a TEs enrichment during the iron separation
process in the iron concentration plant (see Sections 5 and 6 in SM).
This accurate determination of the TEs concentrations is relevant to
evaluate the potential impact of TEs release on marine environments
affected by STD.

3.2. Magnetite bioreduction

In all biotic experiments, the measured concentrations of dissolved
iron (Fig. 2 and Fig. S5 in SM) were much higher than those in the
abiotic controls (either prepared under atmospheric or anoxic condi-
tions). The acetate formation coupled to lactate consumption observed
in the biotic experiments indicated ferric iron bioreduction as expressed
in Eq. (2). Iron speciation measurements indicated that the iron in solu-
tion was Fe(lII), which agrees with the pH (8.0 + 0.1, +-10), Ehgq (45 £+
24mV, +10) and DO (<0.05 mg L™ ") values observed during the exper-
iments with the magnetite-bearing samples and the PHREEQC specia-
tion calculations.
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Fig. 2. Evolution of lactate, acetate and dissolved Fe(II) during the experiments. Solid lines represent the trends obtained by model simulations. Representative experiments with synthetic
magnetite (M (Syn)) and ore samples from different locations (Chile (C3) and Sweden (S2)) and with different amounts of magnetite were selected. Weight % of magnetite (M) in the
samples is indicated in brackets. Concentrations of acetate (empty squares, left panels) and Fe(1I),q (red empty circles, right panels) in the abiotic controls are indicated. Also, Fe(II),q con-
centrations from the anoxic abiotic controls prepared using O,-free water, either ASW (violet) or Milli-Q water (green), are shown. Abiotic controls prepared using O,-free ASW were only
performed for some samples. Concentration data plots for the other magnetite-bearing samples and synthetic iron minerals are available in the SM (Fig. S5).

As the bioreduction experiments were prepared under oxic condi-
tions, iron reduction started after oxygen consumption. Previous tests
prepared and conducted similarly, using either ferric-citrate or ferrihy-
drite as the source of Fe(III), showed initial oxic conditions for approxi-
mately 2 days. Thus, lactate was initially consumed by aerobic oxidation
to CO, and microbial growth (Eq. (S1) in SM). The aerobic metabolic
pathway was also included in the geochemical model and Y values
used in Eq. (3) for oxic and anoxic conditions are indicated in the SM
(Table S4). In fact, a transition from (sub)oxic to anoxic (iron reducing)
conditions is likely to occur in seabed sediments impacted by STD.
Strong redox gradients are common in the sediment-water interface
(Devol, 2015; Santschi et al., 1990), and typical DO penetration depths
in fine sediments in highly productive coastal waters are no more
than 1 cm (Morello et al., 2016). In the experiments with ferryhidrite,
initial lactate concentration (10 mM) was totally consumed after
20 days (Fig. S5-F in SM). By contrast, the estimated total lactate con-
sumption (as electron donor and carbon source) for the experiments
with magnetite ranged between 8.1 and 13.3% (Fig. 2 and Table S5 in
SM). Similar values were obtained for the experiments with hematite
and goethite (Table S5 in SM).

The maximum substrate consumption rates (Kqx Eq. (1)) under
oxic (4.4 x 107> s~ ! for all experiments) and anoxic conditions (from
6.6 x 1077 to 2.5 x 1075 s7! for experiments with magnetite;

Table S4 in SM) were derived by model calibration, based on both the
lactate consumption and acetate formation during the experiments.
Similar values were determined for the experiments with hematite
and goethite, with the exception of the higher value obtained for ferri-
hydrite (2.3 x 107> s~ 1), which is consistent with the much higher spe-
cific surface area of this sample (Table S1 in SM). For the experiments
with magnetite samples, the highest k;,,,, value was obtained for the ex-
periments with synthetic magnetite (2.5 x 10~6s~!), which also had a
specific surface area higher than those of the magnetite ore samples
(Table S1 in SM). Nevertheless, the magnetite experiments showed a
relatively narrow range of k;,, values (average value of 1.3 x 1075 +
0.7 x 1078571, £10, n = 8; Table S4 in SM).

Simulations reproduced satisfactorily the trends of experimental lac-
tate consumption and acetate formation (Fig. 2 and Fig. S5 in SM). Under
the conditions investigated, the consumption of lactate was higher in
oxic conditions, except for the ferrihydrite experiments, in which lactate
was mainly consumed via oxidation to acetate under anoxic conditions
(Fig. S5-F in SM). Under anoxic conditions, concentrations of acetate
and dissolved Fe(Il) showed a similar evolution for most of the experi-
ments regardless of the solid sample used (Fig. 2 and Fig. S5 in SM). Con-
centrations of acetate and dissolved Fe(II) exhibited a relatively rapid
increase for approximately 10 days. Thereafter, the rate of the increase
was much lower or close to zero (e.g., Fig. S5-CT in SM).
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With the model parameters (Table S4 in SM), the numerical simula-
tions indicate an increase in cell biomass (i.e., X in Eqs. (1) and (3))
under oxic conditions, followed by a reduction of biomass when solid
Fe>* is used as electron acceptor (see Section 11 in SM). An exception
is ferrihydrite, where microbial growth might be also possible under
iron reducing conditions. Compared to the other Fe*>*-bearing minerals
used in the experiments, Fe> ™ in ferrihydrite is more bioavailable due to
the low crystallinity and high surface area of this phase (Table S1in SM).
Therefore, under the investigated conditions, a reduction of cell biomass
may explain the attenuation of iron reduction in the experiments. Such
reduction of cell biomass might be interpreted either as a decrease in
the number of active cells or as a constant number of cells with slower
metabolism. It reflects the lower bioavailability of solid Fe>** in iron
(hydr)oxides compared to dissolved electron acceptors (e.g., oxygen
or ferric-citrate), and also the potential occurrence of processes
inhibiting Fe(III) bioreduction. For instance, previous studies investi-
gated the inhibitory effect of Fe(Il) on bacterial activity (Burgos et al.,
2002; Liu et al., 2001b; Urrutia et al., 1998).

3.3. Release of Fe(Il) and TEs

On the basis of lactate consumption and acetate formation in the ex-
periments with magnetite-bearing samples, estimations of total ferric
iron reduction (relative to the initial content of Fe>™ in the solid sam-
ples, Table S5 in SM) ranged between 1.3% and 3.7% for the samples
with high amounts of ferric iron (from 31.8 to 88.4 mM Fe>*") and be-
tween 33.2% and 90.1% for the samples with low amounts (from 1.9 to
7.7 mM Fe**). The highest relative amount of ferric iron reduction (up
to 90.1%) corresponds to the iron ore tailings, which could explain the
iron reduction cessation after 20 days (Fig. S5-CT in SM). For the exper-
iments with synthetic hematite and goethite samples, slightly lower
values (1.1 and 1.4%, respectively) were determined compared to syn-
thetic magnetite (3.7%), whereas the iron reduction was higher for fer-
rihydrite (35.4%).

According to the estimated total Fe(Ill) bioreduction in the experi-
ments, the expected concentrations of Fe(Il) in solution were much
higher than those measured, suggesting that dissolved Fe(II) only repre-
sented a minor fraction of the total ferric iron reduced. Previous studies
showed that aqueous Fe(lI) reacts on the surface of iron oxide minerals
such as hematite, goethite, ferrihydrite and magnetite (Gorski and
Scherer (2011) and references therein). In accordance with these stud-
ies, adsorbed Fe(II) on magnetite oxidizes to Fe(Il) by electron transfer
to the mineral phase, resulting in magnetite growth (Eq. (S2) in SM).
The examination of the solid samples retrieved at the end of the exper-
iments (Figs. S6 and S7 in SM) supports the formation of magnetite as
the main biogenic Fe?*-bearing mineral during Fe(Ill) bioreduction
under the investigated conditions.

Detailed experiments in previous studies revealed that the uptake of
Fe(ll) from the aqueous phase is controlled by the ratio of Fe>*/Fe>* in
magnetite (e.g., for stoichiometric magnetite (Fe>*Fe370,) the Fe>*/
Fe>* ratio is 0.5), being higher in experiments with partially oxidized
magnetite (i.e., Fe>T-enriched, Fe?"/Fe>™ < 0.5) (Gorski and Scherer,
2009). This process was considered in the geochemical model for the
experiments with magnetite-bearing samples (see SM, Section 8). The
Fe?™/Fe>™ ratios of magnetite for different samples (from 0.20 to 0.35,
Table S5 in SM) were determined by model calibration based on the
measured aqueous Fe(II). These ratios are similar to those available in
the literature i) for natural magnetite samples (e.g., 0.23 < Fe?/Fe>*
< 0.34, Gorski and Scherer (2009)) and ii) after exposing stoichiometric
synthetic magnetite to ambient air for 24 h (Fe**/Fe>* = 0.24, Cheng
et al. (2018)). Note that during reductive dissolution of partially oxi-
dized magnetite a lesser amount of structural Fe?™ per mole of magne-
tite dissolved is released to the solution compared to stoichiometric
magnetite.

Simulations indicated that the uptake of dissolved Fe(Il) by oxida-
tion on magnetite could explain the aqueous Fe(Il) concentrations
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measured in the experiments with samples containing relatively high
amounts of magnetite (i.e., >30 wt%). In samples with lower fractions
of magnetite (i.e., <10 wt%), oxidation of dissolved Fe(II) and magnetite
growth explains partially the measured aqueous Fe(Il) concentrations
(even considering in the simulations oxidized magnetite with a Fe?>*/
Fe** of 0.2), suggesting a potential precipitation of other secondary
Fe?"-bearing minerals such as siderite (Fe?"COs). Secondary siderite
precipitation was observed in previous studies of Fe(IIl) bioreduction of
magnetite (Dong et al., 2000), goethite (Liu et al., 2001a) and ferric-
citrate (Castro et al., 2018) at circumneutral pH. Thus, siderite precipita-
tion was contemplated in the geochemical modeling (Eq. (S3) and
Tables S3 and S5 in SM) of the experiments with samples containing
low amounts of magnetite (<10 wt%). The saturation index with respect
to siderite calculated by PHREEQC at the end of all the experiments with
magnetite-containing samples ranged between —0.42 and 0.41
(Table S5 in SM), indicating near-equilibrium conditions. Hence, experi-
mental and model results suggest that the amount of magnetite in sedi-
ments impacted by STD might be an important factor controlling the
formation of different secondary Fe?"-bearing minerals (e.g., magnetite
and/or siderite). This could have strong implications on the distribution
of trace metals eventually released during iron (hydr)oxides reductive
dissolution in the environment.

The maximum rates of aqueous Fe(Il) concentration increase (Fig. 2
and Fig. S5 in SM) were estimated based on the simulations. Values from
0.07 to 0.26 uM h™~! were determined for the experiments with magne-
tite containing samples. The rates for the experiments with synthetic
hematite and goethite were within the range of magnetite containing
samples, whereas the rate determined for ferrihydrite (4.4 uM h™!)
was clearly above.

Along with Fe, several trace metal(loid)s (Mn, V, As and Cu) were
detected in solution (<1 mg L™ !) (Fig. 3). According to inorganic speci-
ation calculations, elements released in solution under the investigated
conditions mainly existed as free species and chloride complexes
(ie., Fe?™, Mn?*, FeCl™, MnCI™, CuCl3~, CuCl™). Arsenic was mainly
found as As(III) (i.e., H3AsOs), which is more toxic than As(V) (Jain
and Ali, 2000). It might increase the concentrations of labile TEs in
sediments impacted by STD. Mn and V were among those TEs with
high concentrations in the magnetite ore samples (Fig. 1). Other
elements (Ni and Ga) were detected in solution only in few samples
and/or at lower concentrations (Fig. 3). However, Ni concentrations in
the magnetite ore samples were in general relatively high, similar to
those of Mn (Fig. 1). Similarly, despite Co and Ti concentrations were
above 100 mg Kg~! in some magnetite samples, they were never de-
tected in solution (detection limits of 2 and 7 ug-L™!, respectively).
These results suggest that other processes, including coprecipitation
within secondary biogenic Fe?*-minerals, may control the fate of ele-
ments such as Ni, Co and Ti during reductive dissolution of magnetite
under the investigated conditions, which is in agreement with the

Fe Mn \' As Cu Ni Ga
S1(M~35) 2367 65
S2 (M~79) 1974 35 12
C1(M~89) 880 42 328
C2(M<5) 2394 126
C3(M~8) 1560 116 148
C4(M~19/H~40) 3386 134 79 17
C5-T (M~90) 2447 137 15 12 72
CT(M<5) 729 203 24 14 21

Fig. 3. Elements detected in solution during the iron bioreduction experiments with
different magnetite ore samples and the tailings sample. Dark orange: elements detected
in all the tubes. Orange: elements detected in all the tubes at lower concentrations. Pale
orange: elements detected at very low concentrations or in part of the tubes. The
highest concentrations (ug L~') determined for each solid used in the experiments (n =
5) are indicated.
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observations of previous Fe(IIl) bioreduction studies using synthetic
oxyhydroxides coprecipitated with either Co or Ni (Coker et al., 2008;
Zacharaetal.,2001). For instance, Coker et al. (2008) determined the in-
corporation and site occupancies of Co and Ni into the structure of bio-
genic magnetite (see additional information in SM).

To investigate further the fate of TEs in more detail, a stoichiometric
release of TEs to the aqueous phase during magnetite reductive dissolu-
tion was simulated for two magnetite ore samples (C1 and C5-T) and
the tailings sample (CT) (Fig. 4). The stoichiometric coefficients for the
different elements were estimated by model calibration according to
their aqueous concentrations, and the resulting values were compared
with those expected according to the TEs composition of magnetite in
the respective samples (see SM). The results suggest that part of As
and V released by reductive dissolution of magnetite in C5-T and CT
samples might be incorporated to secondary biogenic minerals (mainly
magnetite) and/or adsorbed on the remaining magnetite and gangue
minerals. Guo et al. (2007) showed removal of As(IIl) and As(V) from
solution at neutral pH (higher from As(III)- than from As(V)-solution)
associated with coprecipitation of Fe(Ill) oxides and subsequently ad-
sorption of As on the fresh Fe(IIl) oxides. Wang et al. (2008) investi-
gated the interaction of aqueous As(Ill) during magnetite precipitation
experiments at neutral pH and observed arsenite sequestration via sur-
face adsorption and surface precipitation reactions. In the present study,
As in solution was mainly H3AsO5 suggesting that the effect of adsorp-
tion might be limited by the lack of electrostatic attraction compared
with other aqueous As species.

4. Conclusions

Magnetite showed elevated contents of TEs, which are higher in the
magnetite of the tailings than in those of the ore samples from different
mines. The experimental data indicated that iron oxides such as magne-
tite can undergo reductive dissolution under marine sediment condi-
tions, leading to a release of Fe and associated TEs (e.g., Mn, V, As and
Cu) to the aqueous phase. Therefore, this process can increase the con-
centrations of labile TEs in pore water of marine sediments impacted by
STD. Model results suggest that the concentration of magnetite in the
sediments and its Fe?*/Fe™ ratio are important factors controlling
the fate and mobility of Fe(Il) and TEs.

In addition to the potential adverse impacts of TEs on the marine
fauna, solubilization of Fe, a limiting nutrient for phytoplankton produc-
tion (Boyd et al., 2000), could lead to fertilization and subsequent eutro-
phication processes, which may result in oxygen depletion and
expansion of the oxygen minimum zone (Breitburg et al., 2018). Thus, be-
sides the known smothering of benthic organisms and physical alteration
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of seabed habitats in areas affected by STD, reductive dissolution of iron
(hydr)oxide minerals and subsequent release of Fe and TEs have to be
considered as potential negative impacts on the marine ecosystem.
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Appendix A. Supplementary material

Further information about experiment set up details, analytical
methods, geochemical model settings and additional figures is available.
Supplementary material to this article can be found online at https://
doi.org/10.1016/j.scitotenv.2021.147579.
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