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ARTICLE INFO ABSTRACT

Editorial handling by: Dr. Yongfeng Jia Rio Tinto (Huelva, Spain) is an acid rock drainage-affected fluvial estuarine system where Fe(II)-oxidizing mi-
croorganisms were shown to be active both in the water column and in the top sediment layer, contributing to Fe

Keywords: mineral accumulation (up to 30 % of dry sediment weight) in the estuarian sediment. However, it is still un-

Rio Tinto estuarian sediments known if the Fe(I)-oxidizing microorganisms thriving in the upper sediment layer are also capable of using
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Fe cycling
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Microbial community

nitrate present in the river (0.05-0.5 mM) as electron acceptor. We performed sediment incubations amended
with either lactate, acetate—/NOpj—/Fegar or NO3, /Fezz,zlr to evaluate Fe-cycling processes and, specifically, if nitrate
reduction coupled to Fe(II) oxidation (NRFeOx) can occur in the sediment under anoxic conditions. Geochemical
data showed that in the NO§—/Fe§ar -amended setup, NO3 (from 1.5 to 0 mM), Feﬁ&r (from 1.5 to 0 mM) and pH
(from 6.0 to 5.4) decreased, while the poorly crystalline Fe(III) mineral pool increased by 6.9 % during 114 days
of incubation. In the acetate-/NO3 —/Feﬁ -amended setup, nitrate reduction rates (0.31 mM NO3/day) were 10
times faster compared to the NOgT-/Fegar -amended setup (0.03 mM NO3/day). pH and poorly crystalline Fe(II)
mineral content increased due to Fe(IIl) reduction after amendment with only lactate (0.26 + 0.03 mM Fe§; /
day) but also after amendment with acetate—/NOE—/Fegar (0.16 + 0.02 mM Fef{{ /day) suggesting that acetate-
stimulated Fe(IlI) reduction superimposed Fe(Il) oxidation coupled to nitrate reduction. Sequencing data
showed that upon addition of nitrate, members of the genus Rhodanobacter increased by ~10 % in relative DNA-
based 16S rRNA gene abundances in both acetate-/NO3 —/Feﬁ - and NO3 —/Feﬁ -amended setups. However, the
Rhodanobacter RNA-based 16S rRNA relative gene abundance was higher in the acetate-/NOE-/Feﬁ -amended
setup (11.15 + 2.24 %) than in the NO§-/FB§$ -amended one (5.40 + 0.31 %). Combining geochemical and
sequencing data obtained from anoxic sediment incubations, we conclude that NRFeOx processes, potentially
catalyzed by the genus Rhodanobacter, can play a role in Fe cycling in this extreme acid rock drainage affected
river, under low organic carbon (OC) conditions. At higher OC levels, NRFeOx microorganisms seem to become
more active but their net effects on Fe(II) oxidation can be diminished due to the simultaneous activity of Fe(III)-

reducers.
1. Introduction discharging into the Gulf of Cadiz (Atlantic Ocean) characterized by
orange-red colored waters and sediments observed already before the
The Rio Tinto is a 92 km long river located in southwest Spain settlement of Roman colonies and their first mining activities 5000 years
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ago (Fernandez-Remolar et al., 2005). This unique coloration originates
from the high Fe concentrations (up to 360 mM) and heavy metal (HM)
loads (Gonzalez-Toril et al., 2003), which remain dissolved in the water
due to the extremely acidic conditions (pH ~2.2) (Lopez-Archilla et al.,
2001). Once saturation is reached, dissolved Fe3" precipitates as min-
erals forming Fe(Ill) hydroxysulfates (mainly jarosite and schwert-
mannite) and Fe(III) (oxyhydr)oxides (such as ferrihydrite, hematite and
goethite) (Bedini et al., 2022; Sobron et al., 2014; Fernandez-Remolar
and Knoll, 2008). The reason for Rio Tinto’s unique geochemistry lies in
the geology of the Iberian Pyrite Belt area, where the river originates,
considered to be one of the largest deposit of metal sulfides in the Earth’s
crust. It has been shown that the peculiar geochemistry of the river is the
result of microbial activity occurring in the subsurface. Diverse che-
molithotrophic microorganisms are able to couple C, H, N, S and Fe
geochemical cycles (Amils et al., 2023) and act as an underground
bioreactor responsible for the bioleaching of metal sulfides (Vera et al.,
2013) leading to acidification and high concentrations of dissolved HMs,
Fe and sulfate in the upper part of the river. In addition to these natural
processes, past and ongoing mining activities expose sulfide waste de-
posits to the air (Olias and Nieto, 2015), further exacerbating the
already extreme conditions of the river.

The geochemistry of the river becomes even more complex and
unique when the acidic water mixes with the saltwater due to tidal in-
fluence. The saltwater influx causes a drastic change in the geochemistry
of the last 50 km (up to the city of Niebla) of the river by increasing the
PpH of the water up to circumneutral conditions (Olias et al., 2020), thus,
affecting the solubility of Fe and HMs in the river water on a daily basis.
The precipitation of Fe(III) (oxyhydr)oxides in the presence of Oy at
circumneutral pH is a well-known abiotic process (Stumm and Morgan,
1996) but can also be biotically mediated by planktonic microaerophilic
Fe(ID)-oxidizing microorganisms such as Mariprofundus and Mar-
inobacter, which are neutrophilic bacteria (active during high tide), and
by Acidihalobacter, an acidophilic halotolerant bacterium (active during
low tide) thriving in the upper estuary of the river (Abramov et al.,
2021). Both biotic and abiotic Fe(II) oxidation pathways contribute to
the formation of suspended particulate matter (SPM) composed of mi-
crobial cells, Fe(III) minerals such as schwertmannite and ferrihydrite,
and co-sorbed HMs. These components aggregate and settle over time to
the river bottom and floodplains, forming a thick reddish sediment layer
enriched in Fe(III) minerals, organics and HMs (Abramov et al., 2020).

Within this top reddish sediment layer, Fe mineral transformation is
promoted by diurnal fluctuations in pH, salinity and redox conditions
induced by tidal activity. Within the sediment, Fe(IlI)-reducing micro-
organisms, sulfate-reducing bacteria (SRB) and microaerophilic Fe(I)-
oxidizing microorganisms are the main contributors to the Fe cycle
(Abramov et al., 2021). However, one metabolism that has been over-
looked is nitrate reduction coupled to the oxidation of dissolved Fe?* or
Fe(I)-bearing minerals (NRFeOx). Nitrate is in fact present in the water
and the dissolved concentrations (0.05-0.5 mM) can vary depending on
the season and high/low tidal activity (Abramov et al., 2020). NRFeOx is
a well-known process widespread in many different environments such
as rice paddy soils (Tong et al., 2023), freshwater lake sediments (Li
et al., 2023), saltwater sediments (Huang et al., 2022a), groundwaters
(Smith et al., 2017) and wastewater sludges (Nielsen and Nielsen, 1998).
This process occurs under anoxic conditions, where NRFeOx microor-
ganisms are able to use inorganic C such as CO, (Huang et al., 2021) or
organic compounds such as acetate (Muehe et al., 2009) as carbon
sources.

Most of the previous studies at the Rio Tinto focused on the char-
acterization of the microbial community in the subsurface (Amils et al.,
2023; Sanchez-Andrea et al., 2012) and the upper part of the river where
the pH is constantly acidic (Gonzalez-Toril et al., 2003; Sanchez-Andrea
et al., 2011). Particularly, Amils et al. (2023) detected NRFeOx micro-
organisms such as Pseudomonas and Acidovorax in the subsurface of the
Iberian Pyrite Belt (where the Rio Tinto originates) suggesting that
NRFeOx could contribute to the underground Fe(II) oxidation. However,
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much less is known about how the microbial community influences the
Fe cycle in the anoxic sediment of the upper estuary, where extreme pH
and salinity fluctuations occur daily. To the best of our knowledge,
NRFeOx microorganisms have not been yet studied in such saline and
simultaneously extremely acidic environments. Furthermore, an inte-
grated geochemical, mineralogical, and in-situ microbial community
characterization of these sediments is still missing, limiting our under-
standing of NRFeOx processes under such extreme conditions. There-
fore, studying NRFeOx in the estuarian sediment of the Rio Tinto could i)
identify the microorganisms capable of using nitrate to enzymatically
oxidize Fe(II) and produce Fe(Ill) minerals with co-sorbed HMs,
potentially acting as an in-situ natural bio-remediation process within
the anoxic sediment of the Rio Tinto, ii) provide an understanding of the
enzymatic and abiotic pathways involved in NRFeOx by enriching and
isolating new model organisms, and iii) set the basis for future bioen-
gineering applications for the simultaneous removal of NO3 and HMs in
AMD-like contaminated water bodies. Therefore, based on the knowl-
edge gaps mentioned above, the aims of this work were i) to identify
mineralogical and hydrogeochemical parameters of the sediments
collected from the upper estuary of the river to assess the availability of
electron donors and acceptors required for NRFeOx microorganisms, ii)
to address if nitrate reduction can be coupled to Fe(Il) oxidation in
sediment microcosm experiments with or without the addition of C
sources, iii) to identify the microorganisms capable of NRFeOx both in
the in-situ community and in the microcosm experiments.

2. Materials and methods
2.1. Field site and sampling procedure

River water and 6 sediment cores were collected between the
September 30, 2022 and October 03, 2022 (dd.mm.yyyy) from the
upper estuary of the Rio Tinto river near the city of San Juan Del Puerto.
Salinity (WTW; TetraCon92), pH and temperature (WTW; SenTrix),
oxygen saturation (WTW; FDO925) of river water samples were simul-
taneously monitored (WTW; Multi 3430) in-situ from the river tidal flat
(37°18'39.0"N 6°49'23.0"W) between 11:30 a.m. and 4:30 p.m. on the
01.10.2022 to assess hydrogeochemical fluctuations during high and
low tidal activity (Fig. S1). At the same time, triplicate river water
samples were filtered with 0.45-pm-pore-size membrane filters
(HAWGO050S6; Merck) and stored at 4 °C in the dark. The samples were
used for dissolved organic carbon (DOC) analysis by pre-acidification
with 2 M HCI (to remove inorganic carbon) followed by combustion at
750 °C (Elemental Analyzer, multi N/C 2100S, Analytik Jena GmbH,
Germany). Fatty acid concentrations of the filtered samples were
quantified by High Performance Liquid Chromatography (HPLC; class
VP with a refractive index detector [RID] 10 A and photo-diode array
detector SPD-M10A VP detectors; Shimadzu, Japan). Additionally, dis-
solved NH4, NO3 and NO; were quantified by a segmented flow
analyzer (AutoAnalyzer3, SEAL Analytical, Germany) equipped with a
dialysis membrane for Fe removal to prevent side reactions during
measurement. Filtered river water samples were stabilized with 1 M HCI
for Fe speciation analysis by ferrozine assay (Stookey, 1970) and with 2
% (v/v) analytical grade HNOs for total element analysis by inductively
coupled plasma mass spectrometry (ICP-MS Agilent 7900). Six different
cores were collected during a low tidal event (3:00 pm) using 60 cm long
PVC liners (90 cm diameter, UWITEC GmbH, Germany) along the river
tidal flat in a non-vegetated area (37°18'37.2"N 6°49'20.7"W for cores 1,
2, 4, and 5 collected within a 10 m? area) and shrub vegetated area
(37°18'38.7'N 6°49'23.7"W for cores 3 and 6 collected within a 5 m>
area). The PVC cores were washed three times with 80 % ethanol,
subsequently rinsed three times with sterile double-deionized water
(DDI, Green Pure Pro UV, >18,2 MQ/cm, ThermoFisher Scientific) and
sealed from both ends with butyl stoppers once dried until core collec-
tion. Butyl stoppers were washed with 80 % ethanol and boiled three
times in DDI. Holes for microrhizon insertion (0.4 cm diameter) and
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sediment collection (1 cm diameter) were pre-drilled in the PVC cores to
depth resolution of 5 cm and sealed with gas-tight tape prior to ethanol
and DDI washing. Porewater samples were collected in the field imme-
diately after the extrusion of each core by cutting the gas-tight tape (that
was sealing the pre-drilled hole) and inserting microrhizons (0.15 pm as
effective pore size; Rhizosphere Research Products, Netherlands). Each
microrhizon was attached to 10 mL gas-tight syringes via a bivalve
connector. We ensured anoxic porewater collection by flushing each
syringe (and the attached bivalve connector) three times with Njy. The
syringes and bivalve connectors were then immediately attached to the
inserted microrhizons and all were evacuated four times to ensure even
porewater suction. Porewater collection was initiated by opening all the
bivalves simultaneously. All the microrhizons were stored in Nj-flushed
Schott bottles prior to insertion in the sediment core. The cores were
kept in a vertical position during porewater and sediment sampling. For
each porewater sample, the first collected milliliter was used for pH
measurement. An additional aliquot (1 ml) was immediately stabilized
with 1 M HCI for Fe speciation analysis and stored in the dark at 4 °C.
The rest of the collected porewater was directly injected from the
gas-tight syringe into sterile anoxic serum bottles and stored in the dark
at 4 °C for inorganic N species, DOC, fatty acids and total element
analysis (all measured as previously described). Correlation analysis
between different porewater geochemical parameters were also per-
formed: p values and correlation coefficients (r) were calculated using
RStudio 4.4.0 with the Hmisc package. Pairwise Pearson correlation
coefficients were calculated using the rcorr() function, which also pro-
vided associated p-values for significance testing. The dataset comprised
40 samples, corresponding to 38 degrees of freedom in the correlation
calculations. Additionally, sediment samples were collected in triplicate
at each depth using a sterile, nitrogen-flushed 3 ml syringes with pre-cut
tip. The cut syringe was inserted into the pre-cut PVC liner and the
sediment was collected at the same depth as the porewater samples. The
sediment was then directly extruded under a flame into sterile anoxic
(flushed with Nj) serum bottles, crimped, immediately frozen using dry
ice and kept at —80 °C prior to DNA and RNA extraction or stored in the
dark at 4 °C for mineralogical analysis. Bulk sediment from the top
oxic-reddish layer was collected from the river tidal flat (where cores 5
and 6 were sampled) using sterile spatulas and stored oxically (at 4 °C in
the dark) in a sterile Schott bottle for microcosm experiments (section
2.3).

2.2. Mineralogical analysis of sediment samples

Sediment samples collected in the field (as described in section 2.1)
were manually homogenized by mixing and dried in the glovebox (100
% N atmosphere) immediately after the field campaign until no further
weight loss was observed (2 days). All further steps were performed in
triplicate in the glovebox. Two milliliters of anoxic 0.5 M HCI were
added to 200 mg of dried sample to target the poorly crystalline Fe
mineral phases (Moeslundi et al., 1994). The samples were shaken for 1
h and then centrifuged at 5,300g for 10 min. The supernatant was
collected, and 1 ml was stabilized with 1 M HCI (1:1) for further Fe
speciation analysis. Then, 2 ml of anoxic 6 M HCl were added to the
pellet for the determination of more crystalline Fe phases (Roden and
Zachara, 1996). During this step, the sediment was shaken for 24 h and
the supernatant was sampled as described above, followed by 1:6 dilu-
tion with 1 M HCl in order to avoid Fe(II) oxidation by O at extremely
acidic conditions (Porsch and Kappler, 2011). Fe(II) and total Fe con-
centrations were determined immediately after stabilization of the
anoxic samples using the ferrozine assay (Stookey, 1970). Speciation
and oxidation state of solid-phase Fe for two representative sediment
samples was analyzed by bulk Fe K-edge (7112 eV) XAS at the XAFS
beamline of ELETTRA (Trieste, Italy). For these analyses, dried samples
were pressed into 0.7 cm pellets and sealed with Kapton tape in the
glovebox (100 % N3 atmosphere). X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) spectra
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were recorded in transmission mode at ~80 K using a Nj(l) cooled
cryostat. The Si(111) monochromator was calibrated to the
first-derivative maximum of the K-edge absorption spectrum of a
metallic Fe foil (7112 eV). The foil was continuously monitored to ac-
count for small energy shifts (<1 eV) during the sample measurements.
Higher harmonics in the beam were eliminated by detuning the mono-
chromator to 30 % of its maximal intensity. Two scans per sample were
collected and merged. All spectra were energy calibrated, pre-edge
subtracted, and post-edge normalized in Athena (Ravel and Newville,
2005) with the edge energy, Eo, defined as the zero-crossing in the
second XANES derivative. To determine spectral contributions from Fe
(II) and Fe(IlD), linear combination fit (LCF) analyses were performed
over the energy range —20 to 30 eV (E - Ep) with no constraints. Initial fit
fractions (99 + 1 %) were recalculated to a component sum of 100 %.
Linear combination fit (LCF) analyses of k3-weighted EXAFS spectra
were performed in Athena over a k-range of 2-12 A~! with the Ey of all
spectra and reference compounds set to 7128 eV. To narrow down the
number of possible references, each sample was least-squares simulated
in Athena (Ravel and Newville, 2005) by calculating all single to five
component fits. This approach identified three consistently contributing
references (chlorite, schwertmannite, goethite). From there, the number
of components included in the fit was successively increased and each
additional component was retained in the fit when the NSSR value
decreased by at least 10 % and contributed to >5 % of total Fe. Refer-
ences considered are listed in Table S1. No constraints were imposed on
the fits, and initial fit fractions were recalculated to a component sum of
100 %.

2.3. Microcosm experiments setup and sampling

The bulk top sediment layer collected during the 2022 field
campaign was stored in the dark at 4 °C for 6 months prior to setting up
the microcosms. The collected bulk sediment (430 g) was mixed 1:1 with
sterile anoxic low-phosphate medium buffered with 22 mM bicarbonate.
The content of the low-phosphate medium is shown in the supporting
information (Table S2) and the pH of the medium was adjusted to 6
using sterile anoxic 1 M HCI before mixing it with the sediment. All the
salts used to prepare the low-phosphate medium were dissolved in DDI
water. The obtained slurry was purged with a mixture of N5/CO for 1 h.
The water content of the slurry (50 %) was then quantified. Subse-
quently, 100-ml serum bottles were filled with the 16 ml of slurry (with
constant stirring) and additional 64 ml of low-phosphate medium to
obtain a final dry sediment-to-water ratio of 10 %. All the electron do-
nors/acceptors and C sources were added individually to each bottle
depending on the setup on the bench by using a Nj flushed gas-tight
syringe under the flame. Each setup had four replicate bottles. Four
bottles were amended with 1 mM lactate as NaC3HsO3 (referred in the
text as lactate-amended setup) for a total of three times after every
complete lactate consumption. In four additional bottles (acetate-/
NO3 —/Feﬁ -amended setup), 0.5 mM acetate (as CoH3NaOy), 1.5 mM
NO3 (as NaNO3) and 2 mM Feﬁ (as FeCly) were initially added but only
NOs3 and acetate were re-added three times after full consumption as
Feﬁé was never depleted during the experiment. In the setup where only
1.5 mM of NO3 and 2 mM of FeZ] were added (NO3-/FeZ; -amended
setup), the pH needed to be increased with 0.5 mM of Nay;CO3 (anoxic
sterile). In the NO§-/Fe§$ -amended setup, NO3 was added for a total of
three times while Fegar was added for a total of four times after full
consumption. Four bottles containing acetate, lactate, NO3 and Feig
were additionally amended with NaN3 to a final concentration of 160
mM (Otte et al., 2018) to inhibit microbial activity and used as abiotic
controls. Each preparation step was carried out under sterile conditions
(under a flame) while flushing the bottles headspace with N5/CO; gas
mixture. All microcosms were incubated at 20 °C in the dark for a
maximum of 114 days. All bottles used for the microcosm experiments
were briefly exposed to light (1 h) and each bottle was manually shaken
during each sampling event (as indicated in Fig. 4). The sampling was
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carried in an anoxic glovebox (100 % Ny atmosphere). At each sampling
event, between 1 and 2 ml (depending on the sampling) of the sediment
slurry was centrifuged for 10 min at 5,300g and the supernatant was
collected for determination of NO,, NOg3, total Fe, Fe(Il), acetate and
lactate, determination of DOC and total dissolved elements by ICP-MS.
In the acetate-/NO3 -/Feﬁ -amended setup, samples for the ferrozine
assay were stabilized with 1 M HCL containing 40 mM sulfamic acid in
order to prevent Fe(II) oxidation by nitrite (Schaedler et al., 2018). The
pellet remaining after centrifugation was dried anoxically and used for
sequential Fe extraction (as described in section 2.2). After each sam-
pling event, the sampled volume was replaced with the same amount of
N3/CO; gas mixture. A schematic of the microcosm experiment setups,
sampling and all the different amendments/controls can be seen in
Picture S1. To determine the microbial community at the beginning of
the experiment, three additional bottles were prepared as previously
described (without substrates addition) and used to sample 10 ml of
slurry for DNA/RNA extraction. At the end of the experiment, 10 ml of
slurry were also sampled for each setup in triplicate and immediately
frozen and stored at —80 °C until DNA/RNA extraction.

2.4. Microbial community analysis

Simultaneous extraction of total DNA and RNA from the sediment
cores and microcosm experiments was performed using a phenol-
chloroform extraction protocol (Lueders et al., 2004). The quantity
and quality of the extracted DNA and RNA were determined using Qubit
(Life Technologies, Carlsbad, CA, USA), NanoDrop (NanoDrop 1000,
Thermo Scientific, Waltham, MA, USA) and gel electrophoresis. DNA
was digested using the TURBO DNA-free™ Kit to obtain pure RNA
samples, followed by reverse transcription to obtain complementary
DNA (cDNA) using SuperScript™ III Reverse Transcriptase. The micro-
bial 16S rRNA (gene) was amplified using primers 515F (Parada et al.,
2016) and 806R9 (Apprill et al., 2015). Library preparation steps
(Nextera, Illumina) and sequencing were performed using Illumina
MiSeq sequencing system (Illumina, USA) at the Institute for Medical
Microbiology and Hygiene (MGM) of the University of Tiibingen. In total
7,329,009 paired-end reads with length 250 bp were obtained for 66
samples (70,964 to 161,214 read pairs per sample, in average 111,045).
Data processing, including quality control, reconstruction of sequences
and taxonomic annotation was done using nf-core/ampliseq version
2.9.0 (Straub et al., 2020) of the nf-core collection of workflows (Ewels
et al., 2020). The pipeline was executed with nextflow v23.10.1 and
singularity v3.8.7 (Di Tommaso et al., 2017; Kurtzer et al., 2017).
Primers were trimmed using Cutadapt v4.6 (Martin, 2011) and un-
trimmed sequences were discarded. Less than 27 % of sequences were
discarded per sample and 89.8 % of sequences passed the filtering on
average. Adapter and primer-free sequences were pooled with DADA2
v1.30.0 (Callahan et al., 2016) to eliminate PhiX contamination, trim
reads (forward reads at 225 bp and reverse reads at 55 bp), discard reads
with >2 expected errors, correct errors, merge read pairs, and remove
PCR chimeras. Ultimately, 11,864 amplicon sequencing variants (ASVs)
were obtained across all samples. Between 46 % and 60 % reads per
sample (average 57.8 %) were retained. ASVs with length lower than
240 or above 270 bp were removed (16 of 11,864). Taxonomic classi-
fication was performed by DADA2 and the database ‘Silva 138.1 pro-
karyotic SSU’ (Quast et al., 2013). Of 11,848 ASVs, 188 ASVs designated
as mitochondria or chloroplasts were removed within QIIME2 version
2023.7.0 (Bolyen et al., 2019), reducing reads by less than 8 % (average
1.9 %). Finally, 11,660 amplicon sequencing variants (ASVs) with be-
tween 35,608 and 79,813 reads (average 56,233) per sample were
obtained.
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3. Results and discussion

3.1. In-situ Fe mineral composition of the estuarine sediments at different
depths

The collected sediment cores showed alternating black and red layers
over depths as can be seen in Picture S2. Even though cores 1 and 2 were
collected only ~ 1 m apart from each other, substantial differences in the
sediment layering could be observed. In order to understand the changes
in Fe minerology between these black and orange layers, sequential
extractions targeting Fe phases with different crystallinity were per-
formed (three different cores; see Fig. 1). Results showed that the
extractable Fe concentrations (as the sum of Fe extracted sequentially
with 0.5 M and 6 M HCI for each depth) within the sediment reached up
to 300 mg Fe/g dry sediment (30 wt% Fe). Fe concentrations generally
decreased in the deeper sediment layers (Fig. 1C). The high Fe content
was overall comparable to values obtained in previous studies (Abramov
et al., 2020). Fe(II)/Fey values (Fig. 1B), calculated based on acidic Fe
extractions, and pH values (Fig. 1A) showed a significant positive cor-
relation for both poorly crystalline (Fe extractable with 0.5 M HCI) and
more crystalline (extractable with 6 M HCl) Fe phases (higher Fe
(II)/Feyo ratios at pH ~ 7; the respective correlation coefficients were: r
= 0.64, p < 0.0001 and r = 0.4, p < 0.05). The data also indicated a
negative correlation between poorly crystalline Fe(III) phases and pH
(higher Fe(II)/Fey ratio at higher pH values; r = —0.65, p < 0.0001;
Fig. S2). Note that the mineralogical data obtained from sequential Fe
extractions of three additional sediment cores were also used for the
correlation analysis between pH and Fe minerals (shown in Fig. S3).

These mineralogical data suggest that at depths characterized by
acidic pH, the sediment was mainly composed of Fe(III) minerals, while,
at circumneutral pH, poorly crystalline Fe(II) mineral phases were more
abundant. Specifically, Fe extraction data obtained from core 1 at 15 cm
depth (pH = 5.7) showed that the Fe(II)/Fe ratio for the poorly crys-
talline Fe phases and more crystalline Fe phases were 0.06 and 0.14,
respectively (Fig. 1B). These low Fe(II)/Fe values indicated that the
sediment was mainly composed of Fe(III) minerals. Mineralogical data
obtained by synchrotron-based Fe K-edge EXAFS analysis of the same
sediment (Fig. 1D) confirmed the presence of Fe(III) minerals as the only
detectable Fe phases, comprising of ferrihydrite (22 %), goethite (37 %),
schwertmannite (24 %) and jarosite (17 %). At 10 cm depth (pH 6.3), the
Fe(II)/Feyy ratio for the poorly crystalline Fe phases and the more
crystalline Fe phases increased to 0.6 and 0.4, respectively, indicating a
higher Fe(II) mineral content compared to 15 cm depth. Fe K-edge
EXAFS analysis also confirmed the presence of Fe(II) mineral phases at
10 cm depth (~25 %, matching the results obtained by sequential Fe
extraction) including mackinawite (14 %) and chlorite (13 %). Fe(IIl)
minerals were still present as goethite (19 %) and schwertmannite (21
%) while other Fe(IIl) phases such as lepidocrocite (9 %) and Fe(III)
complexed to organic compounds (24 %) were identified. These
mineralogical differences between these two sediment layers could also
be visually observed (Fig. 1E).

We found that the reddish “oxidized” sediment (at 15 cm depth) was
characterized by acidic pH and the presence of mainly Fe(III) minerals
whereas the blackish “reduced” sediment (10 cm depth) had higher
porewater pH values and higher Fe(II) mineral content. From the ob-
tained mineralogical data it can be concluded that Fe cycling, i.e.,
oxidation of Fe(II) and reduction of Fe(IIl), is likely to occur within the
estuarian sediment. However, to reveal the main processes driving the
formation and transformation of Fe mineral as well as the coupling of the
Fe to the N cycle, both river and porewater geochemistry together with
the composition and activity of the in-situ microbial community needed
to be evaluated.

3.2. Hydrogeochemical fluctuations in river water and porewater samples

The monitored hydrogeochemical parameters of the river water
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Fig. 1. Geochemical and mineralogical data for sediment cores collected in the upper estuary of the Rio Tinto near the city of San Juan Del Puerto (A) pH
profile of three representative sediment cores (cores 1, 2 and 3). Porewater geochemical profiles of the same cores and their sampling locations are shown in Fig. 2A.
(B) Fe(Il)/Fe, ratios based on sequential extraction of poorly crystalline Fe minerals (extractable with 0.5 M HCI) are shown in light brown while crystalline Fe
phases (extractable with 6 M HCl) are shown in dark brown. (C) Total amount of Fe(III) (shown in light orange for the 0.5 M HCl extraction and in dark orange for the
6 M HCI extraction) and Fe(II) (shown in light grey for the 0.5 M HCI extraction and in dark grey for the 6 M HCI extraction). (D) Results of Linear Combination
Fitting (LCF) of Fe K-edge EXAFS spectra of sediment collected from core 1 at two different depths (10 and 15 cm). Fe K-edge EXAFS linear combination fit, standards
and spectra are shown in Fig. S4. (E) Examples of reddish sediment (15 cm depth) and black sediment (10 cm depth) collected from core 1. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

(Fig. S1A) indicated a constant influx of seawater during the sampling
event in the late summer. Na concentrations (13 g/L during low tide and
15 g/L during high tide) and salinity values (between 35 g/L during low
tide and 40 g/L during high tide) were comparable to seawater values
and showed minimal variations during the low tide (at 2:30 p.m.) and
high tide (at 1:00 and 5:00 p.m.) events. Total dissolved solids (TDS)
decreased during low tide while pH values fluctuated between 7 (high
tide) and 5.5 (low tide). The lower TDS concentrations during the low
tide were likely due to the decreased SPM formation (as discussed in the
introduction) under the more acidic conditions. Total S concentrations
(between 1 and 2 g/L) were always high since seawater and the Rio
Tinto river are both characterized by elevated sulfate concentrations
(Olias et al., 2020). Dissolved organic carbon (DOC) values (mean value
of 13.6 mg C/L) showed minor fluctuations over time. Dissolved NO3
increased during the low tide event (to values up to 2.5 mg/L). Fegq+ was
detected at low concentrations (between 5 and 7 mg/L), while Feig was
below the detection limit, most likely due to the oxic conditions of the
river water (average O, concentrations and temperature were 13 mg/L
and 22 °C, respectively) leading to Fe(II) oxidation and precipitation of
Fe(III) minerals (as discussed in the introduction). Such Fe(III) minerals
could also have been present in the river water as nanoparticles smaller
than 0.22 pm (Mansor et al., 2021; Neil et al., 2016) and therefore
detected in the dissolved phase even at circumneutral pH.

Dissolved HMs showed different behavior over time. Zn, Cu and Pb
increased (concentrations were 6.9 mg/L, 355 pg/L and 230 pg/L,
respectively) whereas Cr and As concentrations were at the lowest
during low tide (concentrations were 300 and 5 pg/L, respectively)
when the sediment cores were sampled (Fig. S1). Overall, diurnal fluc-
tuations of hydrogeochemical parameters were less pronounced
compared to a previous sampling campaign performed in spring
(Abramov et al., 2020) due to stronger tidal activity in the late summer

months.

We compared the river water geochemistry to geochemical data
obtained from porewater samples collected from six different sediment
cores during the low tide event. Fig. 2A shows geochemical profiles of
three representative cores (core 1 to core 3). The data for 3 additional
cores are shown in Fig. S5. Porewater Na concentration (on average 15
g/L), as well as other major cations, did not differ from river water
concentrations. However, other hydrogeochemical parameters showed
higher fluctuations in the sediment compared to the river water. Pore-
water samples had significantly lower or higher pH values (depending
on the depth) compared to the river water (pH 5.5) during the low tide
core sampling event. pH values showed fluctuations of up to 1 or 2 pH
units within 5 cm depth (Fig. 2A) and overall ranged from 3.5 to 6.5
within the sediments. Feﬁ concentrations showed a significant positive
correlation with depth (Fig. 2C) and increased up to 0.5 g/L in the
deeper sediment layers (Fig. 2B). DOC and NH4 showed significant
positive correlations with Fef,ar (Fig. 2C) and both increased up to 40
mg/L and 19 mg/L, respectively. NO3 and lactate were detected at low
concentrations (with a maximum of 2.5 and 2.6 mg/L, respectively) in a
few porewater samples. Therefore, it was not possible to perform any
statistical analysis or show correlations with other geochemical
parameters.

The main HMs detected in the sediment porewater were Zn, Cu, Pb
and As and their concentrations increased within the sediment up to 8,
2.4, 0.5 and 0.68 mg/L, respectively. Cu and Zn negatively correlated
with pH and depth indicating that these elements were probably
immobilized at higher pH and deeper within the sediment. Arsenic
behaved differently and seemed to be mobilized with increasing pH,
depth and Feﬁ porewater concentrations. The different behavior of Cu,
Zn and Pb compared to As, also observed in the river water data, has
already been reported in previous publications (Canovas et al., 2014)
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Fig. 2. Sampling site overview and porewater geochemistry of sediment cores collected in the upper estuary of the Rio Tinto river near the city of San
Juan Del Puerto (A) Porewater geochemical profiles of pH, Feﬁq+ , dissolved organic carbon (DOC), NH;, NO3 and lactate (C3HgOs3) over sediment depth of three
representative cores indicated as cores 1, 2 and 3. (B) Graphical cartography of the Rio Tinto basin with the selected coring site in the upper estuary of the river (red
square) with its areal overview (sampling overview) and close-up on the actual cores sampling spot (sediment core sampling). (C) Correlation analysis between
different porewater geochemical parameters, p < 0.0001 (***), p < 0.001(**) and p < 0.05 (*). Correlation coefficients that were not significant were not included
(grey boxes). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

and is due to the different geochemical behavior of the HMs. Since As
tends to sorb to Fe(III) minerals it can subsequently be released due to
mineral dissolution (at acidic pH) or during Fe(III) mineral reduction
and dissolution (Al-Abed et al., 2007; Glodowska et al., 2020). This
would therefore explain the positive correlation between As and Fegg .In
contrast, Cu, Zn and Pb tend to precipitate and be immobilized as metal
sulfides within the sediment at circumneutral pH (Estay et al., 2021).
HM mobilization/immobilization processes in the Rio Tinto sediment
are further discussed in section 3.4. Overall, Fe**, DOC, NHJ and HMs
concentrations were on average higher in the sediment porewater
compared to the river water and pH showed higher fluctuations within
the sediment compared to the river water.

Based on the collected porewater data, Fe(III) reduction seemed to
play an important role within the deeper sediment layers since Fegg (up
to 0.5 g/L) was the most abundant element after S (up to 2 g/L) and the
major cations and anions. Fe(III)-reducing microorganisms, active in the
deeper anoxic sediment layers, are probably responsible for the increase
of pH (Jimenez-Castaneda et al., 2020) and simultaneous release of
organic carbon (OC) trapped and co-sorbed to the Fe(III) minerals
(Patzner et al., 2020; Peiffer et al., 1999). This would explain the
concomitant increase of Fe2* and DOC with depth which were up to 100
times and 4 times higher in the porewater compared to river water
concentrations, respectively. Sulfate-reducing microorganisms, which
are abundant in the Rio Tinto sediments (Sanchez-Andrea et al., 2012),
can also increase the porewater pH (Yuan et al., 2015). The increase of
ammonia with sediment depth is generally related to dissimilatory ni-
trate reduction to ammonium (DNRA) (Giles et al., 2012). This could
explain the 20-fold increase of ammonium within the deeper layers
compared to the river water, indicating ongoing N cycling within the
sediment.

Despite the low NO3 concentration and its detection in only a few
porewater samples, this does not rule out the possibility that NRFeOx
microorganisms could be active within the sediment. It has been shown
that concentrations of NO3 can vary seasonally, reaching up to 29 mg/L

during the spring months (Abramov et al., 2021). Therefore, NO3 as an
electron acceptor could be constantly supplied by the river due to
agricultural activities or could potentially be produced within the
sediment by nitrifying microorganisms (Mortimer et al., 2004) while
Fe?T, as an electron donor, can be produced within the sediment by Fe
(III) reduction. The NO3 can undergo a rapid turnover within the sedi-
ment under anoxic conditions (Bowles and Joye, 2011; Pan et al., 2022),
especially when present in lower concentrations. It could be therefore
possible that “cryptic Fe cycling” occurs within the Rio Tinto sediment
due to the simultaneous activity of Fe(Ill)-reducing, sulfate-reducing
and NRFeOx microorganisms ( (Kappler and Bryce, 2017; Peng et al.,
2019; Reyes et al., 2016). In order to understand which microorganisms
could perform NRFeOx processes within the estuarine sediment of the
Rio Tinto, we examined the in-situ microbial community at different
sediment depths.

3.3. In-situ microbial community composition and potential activity of the
estuarian sediment

Abundances of specific phyla or genera are expressed as DNA-based
relative 16S rRNA gene abundances (shortened to % DNA-based in the
text) while RNA-based relative 16S rRNA gene abundances (shortened to
% RNA-based in the text) indicate their potential activity. RNA extrac-
tions from sediments collected at 5 and 10 cm depth were not successful,
therefore, conclusions on RNA-based data are only drawn from samples
collected at 15, 20, 25 and 30 cm depth. The bacterial community data
described in this chapter refer to sediment samples collected from core 1
at different depths (the corresponding mineralogical and geochemical
characteristics of this specific core were already described in sections 3.1
and 3.2, respectively). We found that within the first top 15 cm of the
core, the Proteobacteria were the most abundant phylum (32.55 + 1.38
% at 5 cm, 16.54 + 0.23 % at 10 cm and 27.27 + 2.36 % at 15 cm depth)
(Fig. 3A). RNA analysis indicated that they were especially active at 15
cm depth (30.49 + 4.55 %) (Fig. S6A). In the deeper layers, the
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Fig. 3. Microbial community of sediment core 1 (A) DNA-based relative 16S rRNA gene relative abundances of the main phyla at different depth of core 1. (B)
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Proteobacteria decreased both in terms of relative abundance (11.24 +
0.60 % at 20 cm, 11.99 + 0.78 % at 25 cm and 4.02 4 0.15 % at 30 cm
depths; DNA-based) and potential activity (10.49 + 0.98 % at 20 cm,
9.18 £ 0.53 % at 25 cm and 3.48 & 0.35 % at 30 cm; RNA-based) while
the Desulfobacterota and the Bacteroidota overall became the most
abundant phyla. The Desulfobacterota members, known to be involved
in sulfur cycling (Sun et al., 2023), were shown to be abundant (up to
15.78 + 0.19 % at 10 cm and 16.95 + 0.40 % at 30 cm depths;
DNA-based) and potentially active (RNA-based) in all the investigated
sediment layers and especially at 30 cm depth (27.47 + 0.64 %).
Abundances of the Bacteroidota phylum were above 14 % (DNA-based)
at 5, 10, 20, 30 cm depths but decreased to 8 % at 15 and 25 cm depth,
which were the depths characterized by a lower pH (pH 5.7 at both
depths, see section 3.1). The potential activity (RNA-based) of the Bac-
teroidota phylum overall increased over depth (from 4.67 + 1.41 % at
15 cm depth to 18.64 + 0.90 % at 30 cm depth) possibly indicating
increased importance of fermentation processes in the deeper part of the
sediment (Tang et al., 2010). Members of the Firmicutes phylum, typi-
cally involved in fermentation (Huang et al., 2023) and Fe(III) reduction
(Dong et al., 2020) processes, were also of higher relative abundance at
higher depths (from 2.1 4 0.14 % at 15 cm depth to 7.08 + 0.25 % at 25
cm depth DNA-based) but their potential activity (between 2.5 and 4 %)
did not significantly increase over depth. The members of the Actino-
bacteriota phylum, also known to be involved in Fe(III) reduction (L.

Zhang et al., 2019), were detected and probably active only at 15 and 25
cm depth (DNA-based: 3.21 + 0.74 % and 2.33 + 0.06 %; RNA-based:
2.38 £+ 0.46 % and 2.81 £ 0.27 %). Such Fe(IIl)-reducing microorgan-
isms could be favoured by the acidic conditions and abundance of
poorly-crystalline Fe(IIT) minerals (Kiisel et al., 1999).

Since most of the existing Fe(I)-oxidizing microorganisms (Hedrich
et al., 2011), N-cycling microorganisms (Isobe and Ohte, 2014; Li et al.,
2023) and NRFeOx isolates and enrichment cultures are members of the
Proteobacteria (Straub et al., 2004; Kappler et al., 2005; Huang et al.,
2022b), we described this phylum further at the genus level (Fig. 3B,
DNA-based and Fig. S6B, RNA-based). Mariprofundus, a known hal-
otolerant microaerophilic Fe(II)-oxidizing microorganism (K. Laufer
et al., 2017), was the most abundant (5.67 + 0.05 %) and potentially
active (9.40 + 0.88 %) genus at 15 cm depth. Less abundant and
potentially active microaerophiles such as Marinobacter (up to 0.87 +
0.08 % DNA-based 5 cm depth) and Acidihalobacter (up to 0.08 + 0.001
% DNA-based; 5 cm depth) were also present (Khaleque et al., 2020; Jain
et al., 2021). Mariprofundus, Marinobacter and Acidihalobacter were also
previously detected in the estuarine sediment and water column of the
Rio Tinto (Abramov et al., 2021).

Known NRFeOx microorganisms such as Thiobacillus (detected only
at 20 and 30 cm depth, respectively, with 0.10 + 0.01 % and 0.09 +
0.01 %; DNA-based) and Pseudomonas (detected only at 20 cm depth
with 0.20 + 0.20 %; RNA-based) were present in the deeper sediment
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layers, while Rhodanobacter (detected at 5 cm depth with 0.082 + 0.01 Rhodanobacter, Thiobacillus and Pseudomonas. Therefore, to target spe-

%; DNA-based) was present and potentially active within the surface cific NRFeOx microorganisms tha are active in the “reddish-oxidized
sediment (Das et al., 1998; Schalk and Perraud, 2023; Hao et al., 2024). sediment” under fully anoxic conditions (that could be induced during
Moreover, the genus Marinobacter was previously shown to be also high tide), laboratory incubation experiments (microcosm experiments)

potentially capable of NRFeOx (Huang et al., 2022a). Our data also were performed.
indicated that the genus 9M32 was the most relative abundant (up to 5.1
+ 0.51 % DNA-based) and probably active (up to 4.5 + 0.44 %
RNA-based at 25 cm depth) at different depths (Fig. 3). This genus be-
longs to the Acidithiobacillaceae family, which hosts bacteria involved in
N and Fe cycling (Moya-Beltran et al., 2021) as chemolithoautotrophic
acidophilic bacteria are able to oxidize Fe(Il) (Kelly and Wood, 2000).
Hence, members of this genus may also contribute to Fe(II) oxidation
(Boase et al., 2024) in the Rio Tinto sediments. Other genera of the
Proteobacteria phylum present within the sediments and known to be
involved in Fe cycling processes, specifically Fe(IIl) reduction, were
Rhodobacter (up to 1.05 + 0.08 % DNA-based at 5 cm depth) (Dobbin
etal., 1996), Acidibacter (up to 1.1 + 0.22 % DNA-based at 15 cm depth)
(Falagan and Johnson, 2014) and Acidiphilium (up to 0.41 + 0.01 %
DNA-based at 15 cm depth) (Kiisel et al., 1999). Some members of the
genus Rhodobacter are also capable of phototrophic Fe(II) oxidation
(Poulain and Newman, 2009), potentially explaining why their relative
abundance was higher in the top layer (5 cm depth).

Overall, we observed that in the “reddish-oxidized sediment”,
microaerophilic and phototrophic Fe(I)-oxidizers (such as Mar-
iprofundus and Rhodobacter, respectively) are the main microorganisms
involved in Fe(II) oxidation especially when oxic/microoxic conditions
are established during low tide (when the sediment core was sampled).
The establishment of anoxic conditions during high tide could induce a
shift in the sediment mineralogy (formation of “black-reduced layer™)
and microbial community favouring fermenting microorganisms Fe(III)
reducers, sulfate reducers and NRFeOx microorganisms such as

3.4. Evaluation of Fe(I) oxidation coupled to nitrate reduction in
microcosm experiments —geochemistry

To investigate the activity of NRFeOx favoured by the establishment
of anoxic conditions in the sediment during high tide, the “reddish-oxic”
sediment was mixed with anoxic medium to achieve brackish water
conditions with a slightly acidic pH of 6, simulating the influx of saline
water and the increase in pH (as discussed in the introduction). The
elemental composition of the final liquid phase in the sediment micro-
cosms is shown in Table S3. Different combinations of Fega’ (as electron
donor), NO3 (as electron acceptor) and C sources (lactate or acetate)
were added to each setup and re-spiked when fully consumed for a total
of 3-4 times. A biotic control (no amendments) and an abiotic control
(addition of NaN3) were followed over time and compared with the
other setups.

One set of microcosms was amended with lactate only (2 mM added
in total) since lactate was detected in-situ in few porewater samples
(Fig. 2A cores 1 and 2, Fig. S5 core 4). In this lactate-amended setup,
some acetate was produced (up to 0.3 mM) after full lactate consump-
tion, and Fegq increased up to 11.4 + 0.8 mM within 44 days of anoxic
incubation (Fig. 4A). The rate of Feig release was almost 4 times higher
(0.26 mM FeZ//day) compared to the biotic control (0.07 mM Fez]/
day). The pH increase was also higher 42 days after addition of lactate
(from 6.0 £+ 0.0 to7.0 £ 0.0) compared to the biotic setup (from 6.0 +
0.0 to 6.2 £ 0.0, Fig. S7A) and abiotic setup (from 6.0 + 0.0 to 6.0 +
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Fig. 4. Geochemistry and minerology of microcosm experiments (A) Changes in Fe?,; (in blue), lactate (in red), acetate (in yellow) and pH (in grey) over 44 days
in the microcosm setup amended only with lactate. The dashed lines a. and b. indicate the re-addition of lactate. (B) Changes in NO3 (in green), Feﬁ (in blue) and
acetate (in yellow) concentrations and pH over 44 days in the acetate-/NO3-/Fe®*-amended microcosm. The dashed lines a., b. and c. indicate the re-addition of
acetate and NO3. (C) Changes in NO3 (in green) and Feﬁér (in blue) concentrations and pH in the NO§—/Fe2+—amended microcosm over 114 days of incubation. The
dashed line a. indicates the time-point of pH adjustment while dashed line b. indicates the time-point of Feﬁ re-addition. Dashed lines c. and d. indicate re-addition
of both Feﬁ and NO3. The abiotic control (amended with NaN3) data are shown in lighter colour with dashed lines. Acidic sequential Fe extractions targeting the
poorly crystalline Fe phase (0.5 M HCl), performed for each setup at the beginning and end of the experiment, are shown in the bottom part of the respective graph.
Orange bars indicate the 0.5 M HCI extractable mg Fe(III)/g of dry sediment while grey bars indicate the 0.5 M HCI extractable mg Fe(II)/g of dry sediment. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



M. Bottaro et al.

0.0). Furthermore, almost complete transformation of poorly crystalline
(bioavailable) Fe(III) minerals into poorly crystalline Fe(II) minerals
(increase of Fe(II) minerals from 1.0 + 0.3 to 49.5 + 14.0 mg Fe(1I)/g
dry sediment) was observed within 44 days. By using 0.5 M HCI both
sorbed Fe(II) and poorly crystalline Fe(II) mineral phases can be targeted
(Fredrickson et al., 1998), therefore, the amount of extracted Fe(II) with
0.5 M HCl will be referred as solid-associated Fe(II) in the text. However,
a clear mineralogical transformation was also observed visually since
the originally reddish sediment turned completely black (Picture S3).

Altogether, the increase of pH, Fegq , solid-associated Fe(II), as well
as the transformation of lactate to acetate, strongly suggested that Fe(III)
reduction took place during anoxic incubation in the lactate-amended
setup (O’loughlin et al., 2021). Since the production of acetate, in-
crease of pH, Fega’ and increase of solid-associated Fe(II) were not
observed in the abiotic setup (Fig. S7C), Fe(IlI) reduction was most likely
a biotic process catalyzed by sulfate-reducing and Fe(IIl)-reducing mi-
croorganisms. Assuming that all lactate (2 mM) was converted to acetate
during Fe(IIl) reduction (releasing 4 electrons), the theoretical amount
of the released Feﬁ should correspond to 8 mM at the end of the
experiment. However, this value is lower than what we measured at the
end of the incubation period (11.4 mM Fegq+ ). This difference could be
due to the activity of Fe(Ill)-reducing microorganisms, which can also
use the produced acetate as electron donor (Finneran et al., 2003; Tor
et al., 2001) or from the oxidation of additional organic carbon mobi-
lized during Fe(III) mineral reduction. Indeed, the setup amended with
lactate showed the highest increase of DOC (from 17.8 + 7.2 mg/L to
54.1 + 3.8 mg/L) (Fig. S8). This could result from fermentation pro-
cesses of particulate organic matter (Zhu et al., 2020) or from the release
of OC previously bound to Fe(IIl) minerals during biotic/abiotic Fe(III)
reduction and Fe(III) mineral dissolution (Patzner et al., 2020). SRB can
also convert lactate to acetate (Luptakova et al., 2015) and be involved
in Fe(Ill) reduction abiotically via sulfide-mediated Fe(II[) mineral
dissolution ()M.dos and Stumm, 1992. Fermentation, SRB and Fe(III)
reduction are generally co-occurring processes (Lentini et al., 2012)
since the fatty acids produced during fermentation could be directly
used by Fe(Ill)-reducing and sulfate-reducing microorganisms (Lovley,
1987). In the biotic setup without amendments (biotic control), the same
geochemical trends (increase of pH, Fegar , DOC and solid-associated Fe
(ID) were observed but to a lesser extent (Fig. S7A,B and Fig. S8).

An additional setup was amended with acetate, NO3 and Feié{ to
target NRFeOx microorganisms favoured by the influx of NO3 (as
electron acceptor supplied by the river), by the release of Feﬁ from Fe
(I11) reduction (as electron donor) and the presence of acetate (as carbon
source). In this setup, we observed that both acetate and nitrate were
fully consumed within a week. Nitrate reduction rates were 0.31, 0.43,
0.25 and 0.52 mM NO3/day during the first, second, third and fourth
amendments, respectively. The consumption of acetate and nitrate
coincided with an initial (within the first 7 days) slight decrease of
aqueous Fegq+ during the first, third and fourth amendment (consump-
tion of 0.38 + 0.21, 0.44 + 0.45 and 0.62 + 0.18 mM Fe§q+, respectively)
(Fig. 4B). However, when acetate and nitrate were fully consumed, from
day 7 to day 30, the Feﬁ concentration increased from 1.01 + 0.21 to
3.6 £ 0.7 mM (0.11 mM Feg‘;r /day). This rate was approximately two
times higher than the one calculated for the non-amended biotic
microcosm during the same time (0.07 mM Fegar /day) but almost 2 times
lower than the rate calculated for the lactate-amended setup. In the
acetate-/NO§-/Fe2+-amended setup, the solid-associated Fe(II) pool
(extractable with 0.5 M HCI) showed a higher increase compared to the
biotic control (from 1.6 4+ 0.1 to 8.2 + 1.4 for the acetate-/NOg/Fe2+-
amended setup and from 1.1 + 0.3 to 3.5 = 0.3 mg Fe(I)/g of dry
sediment for the biotic control within 44 days). In the acetate-/NO3-/
Fe?"-amended setup, the pH and DOC increased over time from 6.0 +
0.03 to 6.5 + 0.0 and from 12.3 + 2.1 to 38.8 &+ 1.6 mg/L, respectively.
Altogether, the increase of pH, DOC, solid-associated Fe(II) and Feig in
the acetate-/NO3 /Fe>"-amended setup (after nitrate consumption), also
observed in the biotic control and in the lactate-amended setup, were
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most likely the result of biotic Fe(III) reduction fuelled by the addition of
acetate as previously discussed.

Despite the overall pH increase, the final value in the acetate-/NO3 -/
Fe?"-amended setup was ~ 0.2 units lower (pH of 6.53 + 0.04 after 44
days) than in the biotic control (pH of 6.69 + 0.01 after 44 days). This
could be an indication that NRFeOx, a known acidifying process (K. L.
Straub et al., 1996), could have been taking place. It has been shown that
the presence of NO3 and NO3 can decrease Fe(IlI) reduction rates
(DiChristina, 1992; S. H. Zhang et al., 2009) and therefore favouring
NRFeOx processes (Laufer et al., 2016b). This explains the concomitant
decrease of Feﬁ , nitrate and acetate. During NO3 consumption, NO3
was produced (up to 0.1 mM) and then subsequently consumed
(Fig. S9). A similar appearance and disappearance of nitrite was re-
ported by several studies on NRFeOx enrichment cultures (Bayer et al.,
2023; Jakus et al., 2021). The NO3 formed initially can be further
consumed during denitrification processes or by reacting with Fe(II) in
an abiotic process known as chemodenitrification (Klueglein and Kap-
pler, 2013). Chemodenitrification may have a stronger contribution to
Fe(II) oxidation in salt water environment, especially in the presence of
acetate (Huang et al., 2022a). Due to the fact that organic compounds
such as acetate can also stimulate different microbial processes such as
Fe(IIl) reduction and heterotrophic denitrification (Fu et al., 2022), it
was not possible to determine whether NRFeOx unambiguously
occurred based solely on this geochemical data.

In addition to the microcosms amended with acetate, Fegq+ and NO3,
we also prepared setups with NO3 and Feﬁé (no acetate) to target mi-
croorganisms able to reduce NO3 and oxidize Fe?* under lower OC
conditions. In this setup, nitrate consumption rates were initially 10
times lower (0.03 mM NOg3/day in the first and second amendments)
than the rates obtained for the acetate-/NOg3 /Fet setup (Fig. 4C).
However, after the third amendment, nitrate reduction rates in the NO3 /
FeZ* were three times higher (0.09 mM NO3/day) compared to the
initial rates. NO2 was not detected at any time point. Furthermore, the
NO3-/Fe?*-amended setup was the only microcosm in which a decrease
of pH was observed over time. The pH decreased from 6.0 + 0.0 to 5.4
=+ 0.0 during the first amendment and was subsequently re-adjusted to
6.5 + 0.1 to match the pH values of the other setups and initial condi-
tions (Fig. 4C). The pH kept decreasing during the incubation, reaching a
value of 5.7 + 0.0 at the end of the experiment (114 days).

Following the stoichiometric equation that couples nitrate reduction
to Fe(Il) oxidation proposed by Straub et al. (1996), the activity of
autotrophic NRFeOx microorganisms favours the production of H* and
therefore acidification. Further evidence for NRFeOx in the
NO3-/Fe?*-amended setup was the increase of 5.95 + 0.91 mg Fe(III)/g
dry sediment in bioavailable Fe(IIl) minerals (extractable with 0.5 M
HCI). This value was consistent with the theoretical value (5.76 mg Fe
(I11)/g dry sediment) calculated based on the total amount of Feﬁ added
throughout the experiment, assuming complete oxidation. This
confirmed that all the Fegq+ added was completely oxidized to poorly
crystalline Fe(III) minerals which was previously observed in other
NRFeOx enrichment cultures (Jakus et al., 2021; Pantke et al., 2012).
DOC fluctuated during the experiment (Fig. S8) but overall did not
change significantly within the 114 days of incubation (from 8.7 + 0.7
at the beginning of the experiment to 7.7 + 1.0 mg/L at the end). The
decrease of DOC (especially after re-addition of Fe?*, Fig. 4C time-points
a, b, ¢ and d) could be linked to the formation OC-Fe(Ill) aggregates
(sorption of OC to and co-precipitation of OC with Fe(III) minerals)
which usually occurs during and after Fe(II) oxidation. The presence of
OC-Fe(IlI) minerals was also observed within the in-situ sediment
(Fig. 1D). The increase of DOC and Feﬁ observed after full NO3 con-
sumption (and before the next Fe2* and NO3 re-addition) suggests the
occurrence of Fe(III) reduction.

Since our geochemical data strongly suggested the presence of
NRFeOx in the NO3-/Fe?"-amended microcosm, NOgduced: Fe(IDoxidized
ratios could be calculated and compared to the theoretical value of 0.2
assuming autotrophic NRFeOx and formation of Ny as the end product
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(not considering the electrons from Fe(II) oxidation needed for CO,
reduction). After each amendment period, the calculated NOggyced:Fe
(IDoxidized ratios were higher than the theoretical value (1.70 during the
first, 1.46 during the second and 0.76 during the third amendment,
respectively) meaning that more NO3 was reduced than Fe(II) oxidized.
This indicates that other processes such as heterotrophic denitrification
or mixotrophic NRFeOx occurred (Laufer et al., 2016a,b). It has to be
noted that simultaneously occurring Fe(III) reduction could also impact
these calculations. Another type of microorganism that could compete
with NRFeOx are dissimilatory nitrate reduction to ammonium (DNRA)
microorganisms (Tiedje, 1988). In environments both rich in organic
carbon and nitrate, DNRA microorganisms may outcompete other de-
nitrifies such as NRFeOx microbes for nitrate (van den Berg et al., 2016).
Therefore, the presence of DNRA microorganisms, together with het-
erotrophic denitrifying microorganisms, could result in an over-
estimation of NRFeOx contribution.

In conclusion, our microcosm experiments data suggested that Fe(III)
reduction was the main processes occurring when the oxidized sediment
was made anoxic (without nitrate being present as electron acceptor),
especially, when readily metabolizable OC compounds produced by
fermenters (such as lactate or acetate) were present. The release of Fegar
and OC during Fe(IlI) mineral reduction, the increase of pH and the
conversion of lactate to acetate could favour mixotrophic NRFeOx mi-
croorganisms when NO3 is transported from the river to the sediment.
Meanwhile, autotrophic NRFeOx microorganisms thriving under low OC
conditions (when NOj3 is present) can induce geochemical changes such
as porewater acidification and production of poorly crystalline Fe(III)

[a]
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minerals. To provide clear evidence of ongoing NRFeOx we analyzed the
microbial composition and activity of our microcosms.

3.5. Evaluation of Fe(Il) oxidation coupled to nitrate reduction in
microcosm experiments —microbial community

Sediment sampling for DNA and RNA extraction at the beginning of
the experiment (referred to as “initial” in Fig. 5) was conducted on three
additional bottles that were set up simultaneously and identically to the
other setups (as described in section 2.3) but without any amendment.
Sediment sampling for DNA and RNA extraction from the actual setups
and controls was conducted only at the end of the experiment, with
timing varying depending on the specific setup. The non-amended setup
(-biotic control), the NaNs-amended setup (abiotic control) and the
NO3-/Fe?*-amended setups were sampled after 114 days while the
lactate-only and acetate-/NO3-/Fe**-amended setups were sampled
after 44 days since the substrates were consumed faster.

The initial bacterial community was dominated by Proteobacteria
(49.9 £ 0.5 % DNA-based and 48 + 2 % RNA-based) (Fig. 5A and B).
Within this phylum, the most abundant genera involved in Fe cycling
were: Fe(IlI)-reducers such as Acidibacter (1.4+% DNA-based and 1.76
+ 0.06 % RNA-based) and Acidiphilium (0.5 % and 0.88 + 0.08 % RNA-
based), phototropic Fe(Il)-oxidizers such as Rhodobacter (0.96 + 0.5 %
DNA-based and 3.26 + 0.64 % RNA-based), microaerophilic Fe(II)-
oxidizers such as Mariprofundus (1.09 + 0.55 % DNA-based and 1.79
+ 0.05 % RNA-based) and Marinobacter (0.92 + 0.11 % DNA-based and
1.93 £ 0.06 % RNA-based) and potential NRFeOx microorganisms such
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as Rhodanobacter (1.12 £+ 0.21 % DNA-based and 1.71 + 0.08 % RNA-
based) (Fig. 5B and C). These genera were also present in the in-situ
bacterial community of the “oxic layer sediment” (chapter 3.3). Overall,
the microbial community of the sediment used for the microcosm
experiment was not significantly different from the in-situ microbial
community of core 1 (Fig. S10 A and C). The microbial community of the
abiotic control and lactate-amended setups did not show any significant
changes after 114 days and 44 days of incubation respectively compared
to the initial conditions.

The setups with NO3 addition (acetate-/NO3-/Fe**- and/NO3-/
Fe?*-amended setups) were shown to be significantly different from the
initial conditions (Fig. S10 B and D). Specifically, the Proteobacteria
decreased over time in all the setups, except for the abiotic control,
while the Bacteroidota became the most abundant phylum (up to 42.08
4+ 0.21 % DNA-based and 37.7 + 3.1 % RNA-based in the NO3-/Fe?*-
amended setup after 114 days). Additionally, when Fe(III) reduction was
observed (biotic control, lactate-only and acetate-/NO3 -/Fe**-amended
setups; section 3.3), the abundance and potential activity of the Firmi-
cutes (with the highest increase in the lactate-amended setup) and
Desulfobacterota phyla increased over time (especially in the acetate-/
NO3-/Fe?*-amended setup). The decrease of Proteobacteria and
concomitant increase of the Bacteroidota, Desulfobacterota and Firmi-
cutes phyla (both in terms of abundances and potential activities) was
also observed in the deeper sediment layers of core 1 (a described in
section 3.2). The overall shift in the bacterial community, compared to
the initial conditions, was most likely induced by the establishment of
anoxia during the incubation period. In fact, the activity of fermenting
microorganisms belonging to the phyla Firmicutes and Bacteroidota is
generally favoured under anoxic conditions (Huang et al., 2023). More
specifically, Lutibacter was the main fermenting microorganism
(Wissuwa et al., 2017) enriched in the biotic, NO3 /Fe’-amended setup
and acetate-/NO3-/Fe*"-amended setup, while Ignavibacterium was the
most abundant fermenter (Bei et al., 2021) in the lactate-amended setup
and in the biotic control (Fig. S11A.). The addition of C sources (in the
only lactate- and acetate-/NO3-/Fe?"-amended setups) increased the
abundance and activity of the Desulfobacterota phylum. Such microor-
ganisms are known to perform dissimilatory sulfate reduction under
anoxic conditions (Diao et al., 2023) facilitating Fe(III) mineral reduc-
tion processes within the sediments (Coleman et al., 1993). Geotalea
(Fig. S11B.) was the most abundant genus belonging to the Desulfo-
bacterota enriched in the acetate-/NO3-/Fe?"-amended setup. Consid-
ering the similarities between the genus Geotalea and Geobacter, these
microorganisms could be mainly responsible for Fe(III) reduction pro-
cesses (Xie et al., 2023). Additionally, Fe(Ill) reduction in the
lactate-amended setup could be potentially carried by both the genera
Geotalea and Clostridium (Wang et al., 2023). Overall, the increased
activity of Fe(III)-reducing microorganisms (such as the Geotalea and the
Clostridium genera) explained the increase of Fe?g , Fe(Il) minerals and
PH observed in the setups with addition of acetate and lactate. Addi-
tionally, the increased activity of fermenting microorganisms as the
Lutibacter and the Ignavibacterium genera (also observed in the biotic
setup) justified the increase of DOC values observed in the biotic control,
only lactate- and acetate-/NO3-/Fe?"-amended setups. Similar
geochemical trends (such as the increase of pH, Fe(II) minerals, Feig s
DOC as described in chapter 3.2) and microbial community composition
changes (such as the decrease of Proteobacteria and concomitant in-
crease of the Bacteroidota, Desulfobacterota and Firmicutes phyla
observed in the sediment core 1, described in section 3.3) were also
observed in the deeper “reduced black sediment layers” of the Rio Tinto
sediment.

In contrast, in the setup with the addition of nitrate (NO3 -/Fe*t-and
acetate-/NO3-/Fe?-amended setups), abundances and potential activ-
ities of the Proteobacteria (23.36 &+ 1.23 % DNA-based and 17.26 +
0.71 % RNA-based for the NO3-/Fe?*-amended setup; 15.97 + 1.82 %
DNA-based and 14.42 + 2.17 % RNA-based for the acetate-/NO3-/Fe?"-
amended setup) phylum were higher than the setups without NO3
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addition. Specifically, when nitrate was added, the genus Rhodanobacter
became the most abundant genus within the Proteobacteria phylum,
increasing from 1.12 + 0.05 % (DNA-based) to 8.99 + 1.66 % (DNA-
based) in the acetate-/NO3-/Fe?*-amended setup and to 10.75 + 0.88 %
(DNA-based) in the NO3 _/Fe**-amended setup after 44 and 114 days of
incubation respectively. Members of the Rhodanobacter genus, which
were already present in the upper layer (5 cm) of core 1 (as discussed in
section 3.3), were reported to thrive both in acidic and circumneutral
nitrate-rich conditions and described as slow-growing microorganisms
capable of full denitrification (Green et al., 2012). Additionally, meta-
genomic analysis of the NRFeOx enrichment culture KS highlighted that
Rhodanobacter possess transcript and proteins involved in Fe(II) oxida-
tion and denitrification. However, in this specific enrichment culture, Fe
(II) oxidation is carried out by Gallionella while Rhodanobacter completes
denitrification (Huang et al., 2021). Nonetheless, Rhodanobacter could
also be capable of carrying NRFeOx in different bacterial consortia as
recently shown by Hao et al. (2024). In that study, the addition of Fe(II)
source stimulated the expression of denitrification genes and upregula-
tion of the feoB gene facilitating the entry of Fe(II) into the periplasm for
reaction with NOx-N carried out by Rhodanobacter. The potential ac-
tivity of Rhodanobacter was higher in the setup amended with acetate
compared to the one without (11.15 + 2.24 % and 5.40 + 0.30 %
RNA-based in the acetate-/NO3-/Fe?"-amended setup and
NO3-/Fe**-amended setup, respectively). The higher potential activity
of Rhodanobacter could be due to the presence of acetate since NRFeOx
microorganisms are known to gain more energy and replicate faster
under mixotrophic conditions (Muehe et al., 2009). This would there-
fore explain why nitrate reduction rates were slower without the addi-
tion of acetate, as described in the previous section. Moreover, in the
acetate/NO3 /Fe*"-amended setup, the potential activity (RNA-based)
of the genus Rhodanobacter was on average higher than its relative
abundance (DNA-based) after 44 days of incubation, suggesting that the
addition of acetate effectively stimulated both the growth and metabolic
activity of this genus. In contrast, in the NO3/Fe?*-amended setup
(without acetate), DNA-based relative abundances of Rhodanobacter
were consistently higher than RNA-based ones. This would further
confirm that while Rhodanobacter was present, its activity was limited in
the absence of an external organic carbon source. Members of the
uncharacterized phylum DTB120 (1.22 + 0.21 % DNA-based and 4.31
+ 0.40 %RNA-based), present only in the NO3-/Fe?*-amended setup,
were recently shown to also be capable of NRFeOx processes (McAllister
et al., 2021). This suggests the potential of finding novel, uncharac-
terized NRFeOx bacteria which do not belong to the Proteobacteria
phylum (as for all the other microorganisms capable of this metabolism)
in the estuarian sediment of the Rio Tinto. Furthermore, in the
NO3-/Fe?*-amended setups, members of the Firmicutes and Desufo-
bacterota phyla did not increase in abundance nor activities over time
indicating that Fe(III) reduction processes were inhibited in this setup
due to the continuous supply of nitrate and low OC concentrations.
However, we acknowledge that our data interpretation was solely based
on geochemical analysis and 16S rRNA gene abundances while lacking
more direct functional genes evidence (e.g. nir or feoB genes). Future
studies integrating metagenomics and transcriptomics analysis will be
essential to confirm the NRFeOx capability of Rhodanobacter and
members of the DTB120 phylum.

In summary, the microbial community changes complemented the
observed geochemical trends (section 3.4) in each microcosm experi-
ment confirming that the exposure of the oxidized (orange) sediments to
anoxic conditions initially favoured fermentation and Fe(IIl) reduction.
However, the supply of nitrate by the river and by-products of lactate-
based Fe(IIl) reduction (Feﬁ and acetate), stimulated NRFeOx micro-
organisms such as Rhodanobacter and allowed cryptic Fe cycling within
the Rio Tinto sediment. NRFeOx microorganisms such as Rhodanobacter
and potentially also members of the uncharacterized phylum DTB120,
could have a higher contribution to Fe cycling within low-OC sediment
microinches. Our results further highlight the capability of members of
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the Rhodanobacter genus to carry out NRFeOx and reveal their adapt-
ability to acidic and high salinity environments.

4. Environmental implications and conclusions

The potential activity of NRFeOx microorganisms within the Rio
Tinto sediments, as demonstrated in the previous chapters, could favour
nitrate pollution attenuation and simultaneously immobilize HMs
within the sediment. Considering the elevated concentrations of HMs
both in the sediment and in the Rio Tinto water, NRFeOx microorgan-
isms could support in-situ remediation by biotically producing Fe(III)
(oxyhydr)oxides and co-precipitating HMs (Xiu et al., 2019), which are
then immobilized within the anoxic sediment. Geochemical data ob-
tained from the microcosm experiments (described in section 3.4)
demonstrated that, after 114 days of incubation, the Zn, As and Cr
concentrations increased in the biotic control (the overall increase
compared to the initial conditions was 16.3 & 0.1 mg/L for Zn and 50.0
+ 10.0 pg/L for As and 20 + 10.0 pg/L for Cr, Fig. S12). An even higher
increase of Zn and As (the overall increase compared to the initial
conditions was 4.7 + 0.6 mg/L for Zn and 110.0 + 30.0 pg/L for As) was
observed in the lactate-amended setups. In the acetate-/-
NO3-/Fe?*-amended setups, the increase of As was observed in only one
replicate (the increase compared to the initial conditions was of 150
pg/L) after 44 days of incubation. A different trend was observed for the
NO3-/Fe?*-amended setups since As was not mobilized and Zn
increased comparably to the abiotic control during the 114 days of in-
cubation. These results could indicate that when anoxic conditions are
established within the sediment and nitrate is not present, Fe(IIl)
reduction could favour As and Zn release from the sediment to the
porewater. The production of acetate and lactate by fermenting bacteria
can increase the activity of Fe(IIl)-reducing microorganisms enhancing
As and Zn mobilization by biotic reductive Fe(III) mineral dissolution
(Kontny et al., 2021). In contrast, the presence of nitrate could stimulate
the activity of NRFeOx microorganisms minimizing As and Zn mobili-
zation under anoxic conditions induced by high tidal activity. Consid-
ering these results, further efforts on the enrichment and isolation of
NRFeOx microorganisms thriving in such an extreme environment,
along with assessments of their pH and salinity tolerance, could offer
new bioengineering applications for simultaneous removal of NO3 and
HMs in AMD-like contaminated water bodies.
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