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GRAPHICAL ABSTRACT

Acidophilic Fe(II) oxidizers form cell-Fe
(III) mineral aggregates consisting of
schwertmannite and ferrihydrite.
Sedimentation of suspended particulate
matter lead to burial of heavy metals in
the river and estuarine sediment.

Up to 100% of As and Cr can be
transported to the estuary of the Rio
Tinto by suspended particulate matter.
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Oxidation of sulfide ores in the Iberian Pyrite Belt region leads to the presence of extremely high concentration of
dissolved heavy metals (HMs) in the acidic water of the Rio Tinto. Fe(II) is microbially oxidized resulting in the
formation of suspended particulate matter (SPM) consisting of microbial cells and Fe(IIl) minerals with co-
precipitated HMs. Although substantial amount of HM-bearing SPM is likely deposited to river sediment, a por-
tion can still be transported through estuary to the coastal ocean. Therefore, the mechanisms of SPM formation
and transport along the Rio Tinto are important for coastal-estuarine zone. In order to reveal these mechanisms,
we performed diurnal sampling of Rio Tinto water, mineralogical and elemental analysis of sediment from the
middle course and the estuary of the river. We identified two divergent but interrelated pathways of HM transfer.
The first longitudinal pathway is the transport of SPM-associated metals such as As (6.58 pg/L), Pb (3.51 pg/L) and
Cr (1.30 pg/L) to the coastal ocean. The second sedimentation pathway contributes to the continuous burial of
HMs in the sediment throughout the river. In the middle course, sediment undergoes mineralogical transforma-
tions during early diagenesis and traps HMs (e.g. 1.6 mg/g of As, 1.23 mg/g of Pb and 0.1 mg/g of Cr). In the es-
tuary, HMs are accumulated in a distinct anoxic layer of sediment (e.g. 1.5 mg/g of As, 2.09 mg/g of Pb and
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Estuary

0.04 mg/g of Cr). Our results indicate that microbially precipitated Fe(Ill) minerals (identified as ferrihydrite and

schwertmannite) play a key role in maintaining these divergent HM pathways and as a consequence are crucial
for HM mobility in the Rio Tinto.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The Rio Tinto in the province of Huelva, Spain, is of great interest as it
is one of the most heavy metal (HM) contaminated fluvial-estuarine
systems in the world (Amils et al., 2007). This is largely due to the un-
derlying geology of the area, as the Rio Tinto flows through the mining
region of the Iberian Pyrite Belt (Olias and Nieto, 2015). Open-pit mines,
waste-rock piles and tailings as well as naturally exposed outcrops of
sulfides located along the northern zone of the river are subject to
high levels of weathering, partly controlled by microorganisms
(Ferndndez-Remolar et al., 2003). Microbial oxidation of sulfide ores
leads to release of HMs (e.g. Fe, Al, Zn, Cu, Cd, Cr, As, Pb and Co) into
the Rio Tinto. Part of the HM load is deposited in river and estuarine sed-
iments. However, a significant portion of HMs eventually enters the
coastal ocean (Elbaz-Poulichet et al., 2000; Fernandez-Remolar et al.,
2003; Periafiez, 2013). For example dissolved Zn and Cu transported
by the Rio Tinto to the ocean constitute from 0.69% to 9.4% and from
0.3% to 3.7% of the global gross river fluxes of these metals, respectively
(Braungardt et al., 2003; Nieto et al., 2007; Nieto et al., 2013).

In addition to aqueous species, the river can also transport HMs as
solids, such as those that are associated with suspended particulate
matter (SPM; Canovas et al,, 2012a; Mosley and Liss, 2019). The forma-
tion of SPM is caused by the unique Fe-based hydro(bio)geochemistry
of the river (Espafia et al., 2005; Sanchez Espafia et al., 2006). Ongoing
microbial oxidation of dissolved Fe(II) in the water column leads to a
pH increase due to consumption of H' according to Eq. (1)
(Campaner et al., 2014; Siew et al., 2020). However, following precipita-
tion of Fe(Ill) (oxyhydr)oxides (Eq. (2)) or hydroxysulphates (Eq. (3)),
the H pool in the river water is replenished and the pH is kept low
(Dold, 2014; Song et al., 2018; Siew et al., 2020). Precipitated Fe(III)
minerals with co-precipitated HMs can remain suspended in the
water column and eventually enter the coastal ocean (Canovas et al.,
2012a).

4Fe’* 4 0, + 4H">4Fe®" 4 2H,0 (1)
4Fe** + 7H,02Fe,05 x 0.5(H,0) + 12H* 2)
16Fe3* + 25042~ + 28H,0-Fe5016(0H),,(S04), + 44H" (3)

Although some of the transported HMs such as Fe, Mn, Cu, Ni and Zn
are essential biological micronutrients and required for growth of many
aquatic organisms at high concentrations they can also become toxic
(Zhang et al., 2018). Other metals, such as As, Cr, Pb and Cd, are not nec-
essary for growth and even trace amounts of these can be toxic to ma-
rine organisms (Neff, 2002; Yilmaz et al., 2018). Therefore, the
mechanisms of SPM formation in the water column of the Rio Tinto
and subsequent transport of SPM along the Rio Tinto are important for
ecology of coastal-estuarine zone (Elbaz-Poulichet et al., 2001;
Achterberg et al., 2003; Braungardt et al., 2003; Canovas et al., 2012b;
Mosley and Liss, 2019).

Consequently, the aim of this work was to evaluate the impact of Fe
(I)-oxidizing microorganisms on SPM formation and HM transport
along the Rio Tinto. Detailed water sampling in the middle course and
in the estuary in June/July 2017 and the analysis of in vivo processes
of microbially supported SPM formation in the presence of HMs allowed
for a better understanding of the fate of HMs in the Rio Tinto system.

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

The Rio Tinto basin is divided into two main zones based on topolog-
ical, geological and geochemical characteristics: the northern zone
(consisting of headwaters and the middle course of the river) and the
estuary. The northern zone is characterized by acidic pH (mean value
2.3). The estuary is located along a mesotidal coast, with a mean tidal
range of 2.1 m and a daily pH gradient of 2.1-6.9 (Davis et al., 2000;
Borrego et al., 2002; de la Torre et al., 2010; Hierro et al,, 2014).

Samples were collected from 29.06.2017 to 02.07.2017 during the
dry season with low flow rate in the middle course of the Rio Tinto
near Berrocal village (field site 1; 37°35/36.0”N 6°33'04.5"W) and in
the estuary under the bridge in San Juan del Puerto (field site 2;
Fig. 1a-c; 37°18’40.3"N 6°49'22.4"W). River water was sampled in trip-
licate every 2 h for two days (29.06.2017-31.06.2017) at field site 1 and
for one day (01.07.2017-02.07.2017) at field site 2. During the sampling
event directly in the field, 2 L of water at field site 1 and 1 L at field site 2
were pre-filtered with 8 um pore-size membrane filters (SCWP04700;
Merck) to collect coarse-grained particles and then filtered with
0.45 pm pore-size membrane filter (HAWG050S6; Merck) for collection
of fine-grained particles. Filters were subsequently placed in 2 mL cen-
trifuge tubes and kept dark and at room temperature for further analy-
sis. Filtered water was collected, stabilized and stored for the HM and
anion analysis as described in the Appendix A (Section 1.1). Sediment
samples were collected from the bank of the river at both field sites as
described in the Appendix A (Section 1.2). The temperature, Ej,, pH, sa-
linity, and oxygen saturation of the water were determined in situ at
both sites as described in the Appendix A (Section 1.3).

2.2. Cultivation of a Fe(II)-oxidizing microbial consortium

In this study, an acidophilic chemolithoautotrophic Fe(Il)-oxidizing
microbial consortium was established aerobically using river water
from field site 1 in a modified basal salts/trace elements medium
(Nancucheo et al,, 2016) supplemented with a Fe(ll) sulfate. Basal salt
solution consisted of 0.15 g/L Na;SO4 x 10H,0, 0.45 g/L (NH,4)2SO4,
0.5 g/L KCl, 0.5 g/L MgSO, x 7H,0, 0.5 g/L KH,PO,, and 0.014 g/L Ca
(NO3), x 4H,0. The volume of the medium was adjusted up to 1 L
with MQ-H,0. The pH of the medium was adjusted with 10% H,SO,4 to
the in situ pH (i.e. pH 2.3). The medium was transferred into 1 L glass
bottles, heat-sterilized (120 °C for 20 min), and supplemented with
1 mL of stock solution of trace elements consisting of 10 g/L
ZnS04 x 7H,0, 1 g/L CuSO4 x 5H,0, 1 g/L MnSO4 x 4H,0, 1 g/L
CoSO4 x 7H,0, 0.5 g/L Cry(S04)3 x 15H,0, 0.6 g/L H3BOs, 0.5 g/L
N82M004 X 2H20, 1 g/L NISO4 X 6H20, 1 g/L NaZSeO4 X lono, 0.1 g/L
Na;WO,4 x 2H,0, 0.1 g/L NaVOs. Then, the medium was transferred
into a conical flask and supplemented with 1 M filter-sterilized
FeSO4 x 7H,0 solution to the final concentration 2.5 g/L. Cultivation
was carried out in triplicate on a shaker at 150 rpm at 26 °C in the
dark. Cultivation medium was sampled daily for one or two week for de-
termination of cell numbers, pH, total Fe, Fe(Il) and visual observations
by light microscopy. Cells harvested at the exponential growth phase
were used for quantification of Fe(II) oxidation rates as described in
the Appendix A (Section 1.4).

Cultivation of a Fe(Il)-oxidizing consortium under high HM load was
carried out in basal salt medium supplemented with 12.7 g/L Al5(SO4)s3,
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Fig. 1. Location and main hydro(bio)geochemical characteristics of the water at field site 1 (middle course) and field site 2 (estuary) of the Rio Tinto (June/July 2017). a, b, c. Location map
and general view showing the middle course and estuary along the Rio Tinto. d, e. Diurnal dynamics of Eh, pH, O, content, salinity and temperature (T) of the river water at field site 1
(sampled 29.06.2017-31.06.2017). f, g. Tidal range (TR) fluctuation and diurnal dynamics of Eh, pH, O, content, salinity and T of the estuarine water at field site 2 (sampled

01.07.2017-02.07.2017).

625 mg/L ZnCl,, 730 mg/L CuSO4 x H,0, 50 mg/LCoNO; x 6H,0, 3 mg/L
NaAsO,, 2.8 mg/L Pb(NOs),, 3.9 mg/L Cd(NOs), x 4H,0 and 3.1 mg/L
CrCls. Experiments were carried out in triplicate, in the dark at 26 °C.
Cultivation medium was sampled daily for determination of cell num-
ber, total Fe, Fe(Il), HMs and for light and electron microscopy.

2.3. DNA extraction and 16S rRNA gene amplicon sequencing

For collection of free-living and particle-associated cells, we filtered
2 L of river water through 8 um (SCWP04700; Merck) and 0.22 pm
(GSWG047S6; Merck) pore size mixed cellulose ester (MCE) filters on
site. Cells from the enriched microbial consortium were collected by fil-
tration of cultivation medium through 0.22 pm pore size MCE filters
(GSWG047S6; Merck). All filters were placed in sterile 2 mL centrifuge
tubes and stored at —20 °C for further analysis. Total DNA was extracted
according to Lueders et al. (2004). Microbial 16S rRNA genes were am-
plified using primers 515F and 806R targeting the V4 region (Caporaso
et al,, 2010). Subsequent library preparation steps (Nextera, [llumina)
and 250 bp paired-end sequencing with MiSeq (Illumina, San Diego,
CA, USA) using v2 chemistry were performed by Microsynth AG
(Switzerland) and between 50,000 and 210,000 read pairs were ob-
tained for each sample. Sequence analysis, phylogenetic analysis and
statistical analysis was performed as described in the Appendix A
(Section 1.5).

2.4. Quantification of cell number

To quantify cell number, 200 pL of the microbial culture were trans-
ferred into 2 mL centrifuge tube and mixed with 600 pL of oxalate solu-
tion (28 g/L ammonium oxalate and 15 g/L oxalic acid, pH 3). The
centrifuge tube was incubated for 4 min at room temperature shaken
periodically, mixed with 1200 pL of 22 mM bicarbonate buffer (pH 7)
and centrifuged with maximum speed (16,873 xg) for 5 min. The super-
natant was discarded, and the cell-containing pellet was resuspended in
800 pL of 22 mM bicarbonate buffer (pH 7), mixed with 0.8 pL of

BacLight dye (ThermoFisher, USA), vortexed and incubated for 15 min
in the dark, shaken periodically. This cell suspension (600 pL) was
then transferred into three wells of a 96-well plate (200 L each) and
the cell number in each well was quantified with a flow cytometer (At-
tune NxT, ThermoFisher, USA).

2.5. Light and electron microscopy

For fluorescence microscopy, samples were stained with SYTO 9
stain (BacLight, Invitrogen, Carlsbad, CA) before analysis with a Leica
DM 5500 B microscope (Leica Microsystems, Germany). For scanning
electron microscopy (SEM), cell-Fe(Ill) mineral aggregates from the Fe
(I)-oxidizing culture or SPM from the river were fixed in 2.5% glutaral-
dehyde and stored in a cold room overnight. The next day, samples were
prepared on poly-L-lysine (TED PELLA, INC.) glass slides and then taken
through a dehydration series consisting of 30, 70, 95 and 100% ethanol
and two final steps with hexamethyldisilazane before samples were
allowed to air dry. Finally, all samples were placed on aluminum stubs
with carbon tape and sputter-coated with platinum (6-8 nm, SCD005,
BAL-TEC, Liechtenstein, 35 mm working distance, 30 mA, 60 s). SEM mi-
crographs were recorded with a secondary electron detector of a Leo
Model 1450VP SEM (Carl Zeiss SMT AG, Germany).

2.6. Elemental analysis of liquid samples

The concentration of HMs in the cultivation medium of Fe(II)-oxidiz-
ing microorganisms, in the river and estuarine water (filtered with a
0.45 um pore size syringe filter and stabilized with HNO3) was analyzed
with inductively coupled plasma - optical emission spectrometry (ICP-
OES; SPECTROBLUE TI, Ametek). Dissolved Fe(II) and total Fe in the mi-
crobial cultures were quantified by the ferrozine assay using spectro-
photometric plate reader (FlashScan 550; Analytic, Jena, Germany;
Stookey, 1970). For calculation of Fe(IIl), the concentration of Fe(II)
was subtracted from the total Fe concentration. Dissolved anions (Cl~,
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PO3~ and SO3 ™) in the water samples were quantified using a Dionex
DX-120 Ion Chromatograph (Thermo, USA).

2.7. Elemental analysis of SPM and sediment samples

Closed microwave digestion was performed in a microwave system
(Anton Paar Ltd. mod. multiwave GO Microwave digestion system). For
analysis, each membrane filter or 0.125 g of powdered sediment were
placed into a PTFE-TFM-digestion vessel. To each digestion vessel,
7.5 mL 37% HCl and 2.5 mL 65% HNO5; were added. Two blank vessels
without samples but with equal volumes of HCl and HNO3 were also
prepared for each digesting run. The following temperature gradient pa-
rameters were applied: step 1 (ramping for 20 min to max. 175 °C;
8.75 °C/min), step 2 (hold for 30 min at 175 °C), step 3 (ventilation for
20 min to 50 °C). After digestion, samples were adjusted to 50 mL
with MQ-H,0 and stored in the dark prior to analysis.

The content of HMs in the digests of SPM and sediment samples was
analyzed with ICP-OES (SPECTROBLUE TI, Ametek). In addition, the ele-
mental composition of sediment samples was determined by X-ray
fluorescence (Bruker AXS S4 Pioneer XRF device, equipped with a
4 kW Rh-tube).

2.8. Mineralogical analysis of solid samples

For quantification of Fe minerals, the dried SPM, cell-Fe(IIl) mineral
aggregates and sediment samples were diluted with polyvinylpyrroli-
done (ratio 2 to 1, respectively) and pressed into 7-mm pellets using a
KBr pellet press (International Crystal). All pellets were sealed in Kapton
tape during analysis. X-ray absorption spectroscopy was performed at
the Advanced Photon Source (APS) Materials Research Collaborative
Access Team (MRCAT) beamline 10-BM-B and beamline 10-ID-B at Ar-
gonne National Laboratory. Beamline 10-BM-B employs a bend magnet
source and a Si(111) monochromator and beamline 10-ID-B employs an
undulator source and a Si(111) monochromator. Spectra were collected
at the Fe K-edge (7.11 keV) in the range of k = 0-12 A~!. Data reduc-
tion, normalization and calibration were performed using the ATHENA
program in the Demter software package (Ravel and Newville, 2005).
Spectra were calibrated to a Fe reference foil spectrum collected during
measurements. Principal component analysis (PCA) was used to esti-
mate an appropriate number of standards needed to fit the spectra of
the samples (Fig. A.1). Linear combination fitting (LCF) of k> weights
Fe extended X-ray absorption fine structure (EXAFS) spectra was per-
formed from k = 2-12 A~! using standards collected at beamline 10-
ID-B. This type of fitting offers a semi-quantitative approach to describe
the composition of the Fe phases in the samples. SIXpack and ATHENA
were used to perform PCA and LCF analysis (Ravel and Newville,
2005; Webb, 2005). Reference spectra used in fitting included goethite,
ferrihydrite, hematite, pyrite, and schwertmannite. The reduced chi-
squared from each fit as well as the error associated with each phase
used during fitting can be found in Table A.1.

3. Results and discussion

3.1. Hydro(bio)geochemical characteristics of the middle course and estu-
ary of the Rio Tinto

Mean values of pH and Ej, at field site 1 were 2.1 and 787.7 mV, re-
spectively. Sulfate concentration was 4.3 g/L while the salinity was
5.7 g/L (Table A.2). We observed minor diurnal fluctuations of pH, tem-
perature and O, content caused by day/night cycles (Fig. 1d, e). The sun-
light led to the activation of photosynthetic activity and O,
accumulation followed by microbial aerobic Fe(Il) oxidation resulting
in H* consumption (Eq. (1)). These processes could be responsible for
the pH increase during the daylight hours. At field site 2, we observed
clear fluctuations of hydro(bio)geochemical parameters, caused by sea-
water inflow (Fig. 1f, g). The mean pH value was 3.2 and ranged from 2.4

to 3.8 during 6 h, meaning that the upper estuarine environment was
still acidic despite the mixing events with seawater, which led to an al-
most 3-fold increase in salinity (19.4 g/L with fluctuations in the range
from 11.4 to 28.0 g/L). Considering the low concentrations of Na and
Cl at field site 1 (below 40 mg/L and 150 mg/L, respectively) and the
high concentration in seawater (10.8 and 19.4 g/L, respectively; Altaee
etal., 2018), both elements can be used as an indicator of river water di-
lution. Based on this, seawater was calculated to account for 83% and
34% of estuarine water at high and low tide, respectively. Inflow of sea-
water contributed to the increase of mean pH and decrease of mean Ej,
(601.6 mV; fluctuations from 515 to 657 mV during 6 h). Sulfate was
replenished by both sea and river water; therefore, it fluctuated only
in the range from 2.3-3.2 g/L (mean of 2.7 g/L). Temperature and O, in-
creased during daylight hours and decreased during the night. How-
ever, tidal cycles also had an impact on the water geochemistry. Thus,
the high tide correlating with a decrease in water temperature and an
increase in O, even at night (Fig. 1f, g). The tidal range (ca. 1.5 m) also
contributed to the formation of floodplain areas where the precipitation
of evaporites was observed.

3.2. Concentration of heavy metals in the dissolved and SPM-associated
fractions

The river water in the middle course was characterized by the lack of
serious fluctuations in the concentrations of dissolved and SPM-
associated Fe, Al, Zn, Cu, Cd, Cr, As, Pb and Co (Fig. 2a). Two days of
water sampling in the middle course allowed us to calculate mean con-
centration values of HMs for both fractions (Table 1). Obtained results
demonstrate that dissolved Fe (2003.3 mg/L), Al (718.5 mg/L), Zn
(279.2 mg/L) and Cu (149.7 mg/L) prevailed in the acidic water while
dissolved Cd (0.99 mg/L), Cr (0.003 mg/L), As (1.43 mg/L), Pb
(0.04 mg/L) and Co (5.02 mg/L) were identified in trace quantities.
Fine-grained and coarse-grained SPM (0.45-8 pm and >8 um, respec-
tively) sampled from the water in the middle course were predomi-
nantly associated with solid phase Fe (2.1 mg/L), Al (2.4 mg/L), Zn
(0.125 mg/L) and Cu (0.067 mg/L). SPM-associated Cd (0.59 pg/L), Cr
(0.65 pg/L), As (3.41 pg/L), Pb (8.7 pg/L) and Co (2.49 pg/L) were deter-
mined in trace concentrations (Table 1).

The mean concentration values of HMs listed in Table 1 were used
for calculation the percentage of metal distribution between fine-
grained and coarse-grained SPM. The fine-grained SPM contained
higher quantities of Al (91.24%), Zn (66.56%), Cu (69.58%), Cd
(73.00%), Cr (75.47%) and Co (68.52%) while As (71.39%) prevailed in
the coarse-grained particles. Iron (51.31%) and Pb (56.96%) were almost
equally distributed between both grain size fractions of SPM. Using an
identical approach, we calculated percentage of metal distribution be-
tween dissolved and SPM-associated fractions (Table 1). Obtained re-
sults suggest that in the upper, highly acidic part of the river, the main
fractions of Fe (99.92%), Al (99.67%), Zn (99.96%), Cu (99.95%), Cd
(99.94%), As (99.76%) and Co (99.95%) were dissolved in the water.
Consequently, ca. 20.51% and 17.38% of the amount of Cr and Pb were
associated with SPM.

In the estuary, we observed a clear correlation of the concentrations
of dissolved Fe, Al, Zn, Cu, Co, Cd and Pb as well SPM-associated Zn and
Co with the tidal cycles (Fig. 2b). The content of these metals in the
water increased during low tide and then decreased during high tide.
The mixing with seawater in the estuary led to consistent diminution
of dissolved Fe (from 2003.3 to 11.2 mg/L), Al (from 718.5 to
32.4 mg/L), Zn (from 279.2 to 7.2 mg/L), Cu (from 149.70 to
5.04 mg/L), Cd (from 0.99 to 0.03 mg/L), Cr (from 0.003 mg/L to
below detection limit; 0.5 pg/L), As (from 1.43 to below detection
limit; 5 pg/L) and Co (from 5.02 to 0.12 mg/L; Tables 1 and 2). An oppo-
site pattern was observed for dissolved Pb; the mean concentration
(0.06 mg/L; Table 2) was slightly higher in the estuarine water than in
the water of the middle course (0.04 mg/L; Table 1). This pattern can
be explained by release of Pb from Pb sulfates (e.g. anglesite) under
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Fig. 2. Diurnal dynamics of dissolved and suspended particulate matter (SPM)-associated Fe, Al, Zn, Cu, Cd, Cr, As, Pb and Co (a) at field site 1 (middle course; sampled

29.06.2017-31.06.2017) and (b) at field site 2 (estuary; sampled 01.07.2017-02.07.2017). Diurnal dynamics of SPM-associated HMs represented by content of metals quantified in

fine-grained particles (0.45-8 um), coarse-grained particles (>8 um) and in their sum (>0.45 pm). Error bars represent standard deviations of triplicate water samples.
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Table 1

Concentration of Fe, Al, Zn, Cu, Cd, Cr, As, Pb and Co determined in fine-grained suspended particulate matter (SPM; 0.45-8 um), in coarse-grained SPM (>8 um), in sum of fine- and coarse-
grained SPM (>0.45 um) and in dissolved state at field site 1 (middle course). Data shown as minimum, mean and maximum values and represent fluctuation in concentration of heavy

metals within 48 h of sampling (29.06.2017-31.06.2017).

Heavy metal SPM-associated (ug/L) Dissolved (mg/L)
0.45-8 pm >8 pum Sum (>0.45 pm)

Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max.
Fe 548.86 787.75 1001.16 555.18 829.97 1364.04 1305.76 1617.71 2148.24 1645.8 2003.28 2250.8
Al 1587.5 2201 2725 146.48 211.33 341.35 17703 2412.33 2991.35 589.6 718.48 787
Zn 65.76 83.29 99.38 34.19 41.85 55.83 103.68 125.14 150.19 212 279.18 347.2
cd 0.22 0.43 2.15 0.13 0.16 0.21 0.37 0.59 2.33 0.85 0.99 1.08
Cr 0.03 0.49 1.53 0.07 0.16 0.59 0.14 0.65 1.89 0.001 0.003 0.006
Cu 24.96 47.02 60.16 17.2 20.58 25.28 455 67.57 85.44 124 149.7 1714
As 0.69 0.97 1.42 1.03 243 5.6 2.21 3.41 6.3 1.23 143 1.61
Pb 1.68 3.74 13.31 1.36 494 16.86 333 8.68 21.25 0.03 0.04 0.05
Co 1.24 1.7 249 0.64 0.78 1.07 1.99 2.49 3.46 431 5.02 5.47

the influence of chlorine ions entering the estuary with seawater (Byrne
et al., 2010; Rumin and Mironkina, 2013). In comparison with the river
water, the estuarine water was also characterized by a decrease of SPM-
associated Fe (from 1617.7 to 370.6 pg/L), Al (from 2412.3 to
152.4 pg/L), Zn (from 125.1 to 11.81 pg/L), Cu (from 67.6 to 8.16 pg/L),
Cd (from 0.59 to 0.02 pg/L), Pb (from 8.7 to 3.51 pg/L) and Co (from
2.49 to 0.07 pg/L; Tables 1 and 2). However, the decrease in HM content
was less pronounced for SPM-associated fraction. Furthermore, the con-
centrations of SPM-associated Cr (1.30 pg/L) and As (6.58 ng/L) were
even higher in the estuary (Table 2).

The mean concentration values of HMs listed in Table 2 were used
for calculation the percentage of metal distribution between fine-
grained and coarse-grained SPM in the estuary water. The coarse-
grained particles contained higher quantities of Fe (91.30%), Al
(80.82%), Zn (65.33%), Cu (74.47%), As (96.16%) and Pb (89.87%). Cad-
mium (56.36%), Cr (51.87%) and Co (59.34%) were almost equally dis-
tributed between coarse-grained and fine-grained particles. We
applied an identical approach for calculation the percentage of metal
distribution between SPM-associated and dissolved fractions
(Table 2). Obtained results suggest that in the estuary of the Rio Tinto,
Fe (96.78%), Al (99.53%), Zn (99.84%), Cu (99.84%), Cd (99.93%), Pb
(94.13%) and Co (99.94%) were predominantly dissolved in the water
while up to 100% of As and Cr were associated with SPM during the
whole tidal cycle. Thus, fluctuations of hydrochemical parameters con-
tribute to essential removal of As and Cr from the estuarine water. Sim-
ilar patterns were demonstrated earlier for the Rio Tinto and
neighboring Odiel river (Canovas et al., 2012a; Hierro et al,, 2014).

The observed decrease in concentrations of dissolved Fe, Al, Zn, Cu,
Co, Cd, As and Cr at field site 2 in comparison to field site 1 could be
due to a combination of processes, including the dilution of the river
water with the seawater upon mixing, leading to changes in salinity,
Eh, bicarbonate content and consequently pH. These changes in

Table 2

geochemistry likely lead to the precipitation of HMs. Additionally,
HM s can be precipitated due to evapoconcentration on the floodplain
surrounding the estuary. The flocculation of solutes during rising of
water salinity leads to enrichment of SPM-associated fraction with
HMs (Mosley and Liss, 2019). Therefore, the content of SPM-
associated HMs in the estuary water remained comparatively stable de-
spite the seawater entering the estuary (Fig. 2b). Thus, tidal activity of
the ocean contributes to periodical removal of solutes from the river
water and either depositing them in the sediment or contributing to
their washout as particles into the coastal ocean.

3.3. Mineral identity and elemental composition of SPM in the middle
course of the Rio Tinto

The mineralogical analysis of coarse-grained SPM showed the pres-
ence of both schwertmannite (Fe;¢0;6(OH)2(S04)2) and ferrihydrite
(Fe;03 x 0.5(H30); Fig. 3a, f) which typically formed in mine impacted
water bodies (Sanchez Espaiia et al., 2006). Linear combination fitting
revealed that these two minerals accounted for 69.3% and 30.7% of the
Fe minerals, respectively (Table A.1). Based on the Fe content in SPM
(98 mg/g; Table 3) and the molar weight of schwertmannite and ferri-
hydrite (with Fe representing 57.81% and 66.21%, respectively), the
SPM contained ca. 117.5 mg/g of schwertmannite and 45.4 mg/g of fer-
rihydrite. Among the other main elements in the SPM, we identified Al
(146.2 mg/g of SPM; Table 3), which could be either incorporated into
the structures of schwertmannite and ferrihydrite or form poorly crys-
talline aluminosilicates and Al (oxy)hydroxysulfates (Sanchez Espafia
et al,, 2006; Manceau and Gates, 2013; Sanchez-Espaiia et al., 2016a).
The high surface areas and a positive surface charge at low pH of these
minerals can greatly impact the adsorption capacity of SPM towards cat-
ions and oxyanions such as SO3~, As(Ill) and As(V) and therefore the
transport of such metals (Cravotta, 2008; Campaner et al., 2014).

Concentration of Fe, Al, Zn, Cu, Cd, Cr, As, Pb and Co determined in fine-grained suspended particulate matter (SPM; 0.45-8 um), in coarse-grained SPM (>8 um), in sum of fine- and coarse-
grained SPM (>0.45 um) and in dissolved state at field site 2 (estuary). Data shown as minimum, mean and maximum values and represent fluctuation in concentration of heavy metals

within 24 h of sampling (01.07.2017-02.07.2017).

Heavy metal SPM-associated (ug/L) Dissolved (mg/L)
0.45-8 um >8 um Sum (>0.45 pm)

Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max.
Fe 16.25 32.25 60.07 230.7 33832 714.8 250.54 370.58 774.87 6.12 11.15 17.96
Al 14.52 29.23 65.71 63.46 123.17 22415 82.83 152.4 248.13 16.88 3241 45.76
Zn 1.93 4.09 7.2 493 7.72 13.93 7.65 11.81 21.13 3.64 7.16 10.6
Cu 13 2.08 3.47 4.55 6.08 8.14 6.73 8.16 11.61 292 5.04 6.84
Ccd <0.005 0.01 0.05 <0.005 0.01 0.04 <0.005 0.02 0.08 0.02 0.03 0.05
Cr 0.54 0.63 0.74 0.29 0.68 2.36 0.87 13 3.07 <0.0005 <0.0005 <0.0005
As 0.06 0.25 0.42 2.03 6.32 15.75 22 6.58 15.98 <0.005 <0.005 <0.005
Pb 0.11 0.36 1.03 0.72 3.16 2317 1.02 3.51 242 0.03 0.06 0.1
Co <0.005 0.04 0.1 <0.005 0.03 0.12 <0.005 0.07 0.22 0.05 0.12 0.24
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Fig. 3. Content of Fe minerals in the coarse-grained suspended particulate matter (SPM; >8 pm), microbially produced cell-Fe(Ill) mineral aggregates (CMAs) and sediments collected at
field sites 1 and 2. a. Coarse-grained SPM sampled from field site 1. b. In vivo produced CMAs. c. Layered sediment with five distinct layers (L 1-L 5) from field site 1 (FS1). d. Underlying
consolidated sediment (CS) sampled from field site 1. e. Layered sediment with two distinct layers (L 1 - orange layer and L 2 - black layer) sampled from field site 2. f. Results of the LCF of
Fe K-edge EXAFS spectra for all samples. Fe K-edge EXAFS spectra plotted in k space and the corresponding linear combination fits are shown in the Fig. A.2. Standards used in LCF and
principle component analysis are shown in the Fig. A.3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

However, these ions can be remobilized later due to microbial reduction
or photoreduction of particulate Fe(IIl) minerals (Gonzalez-Toril et al.,
2003; Diez et al., 2009; Egal et al., 2009). The release of Fe(Il) from
SPM can be a relevant in the control of Fe(II) content along the Rio
Tinto and therefore support activity of Fe(Il)-oxidizing microorganisms
at the distance from open-pit mines, waste-rock piles, tailings and nat-
urally exposed outcrops of sulfides.

3.4. Formation of Fe(lll) minerals mediated by acidophilic Fe(Il)-oxidizing
microorganisms

The precipitation of minerals in the northern zone of the Rio Tinto
occurs after microbially modulated oversaturation of the water with
Fe(III). In the river water, >60% of 16S rRNA gene sequences belonged
to Fe(Il)-oxidizing Acidithiobacillus spp. and Leptospirillum spp. while
>10% belonged to Fe(Ill)-reducing Acidiphilium spp. and Acidibacter
spp. (Fig. 4a). These Fe-metabolizing acidophiles are the main organ-
isms responsible for Fe cycling in the river (Gonzalez-Toril et al., 2003;
Méndez-Garcia et al., 2015). Acidithiobacillus spp. and Leptospirillum

Table 3

spp. mediate Fe(Il) oxidation in the oxic zones of the river, while
Acidiphilium spp. and Acetobacter spp. are responsible for Fe(IIl) reduc-
tion in the oxic and anoxic zones, as well for consumption of organic
matter, which can inhibit chemolithoautotrophic growth of
Acidithiobacillus spp. and Leptospirillum spp. (Liu et al., 2011; Johnson
et al.,, 2012; Falagan and Johnson, 2014). The same microorganisms
were found associated with coarse-grained particles, suggesting that
Fe(IIl) could also be precipitated at the cell surface or in close vicinity
of the cells leading to the formation of cell-Fe(Ill) mineral aggregates
(CMAs).

In order to evaluate the formation of CMAs and their impact on HM
mobility, an Fe(Il)-oxidizing microbial consortium from the river water
was isolated and further investigated. DNA extraction followed by 16S
rRNA gene sequencing showed that this consortium is dominated by
Acidithiobacillus spp. and the Acidiphilium spp. (87.3% and 11.6% of
total sequences, respectively; Fig. 4a). Cultivation of this consortium in
acidic medium (pH 2.3) containing 2.5 g/L of Fe(II) led to complete ox-
idation of the Fe(II) within 4 days, reaching 1.7 x 107 cells/mL (Fig. 4b)
with an oxidation rate of 25.6 ug Fe(II)/min x 10° cells (Fig. A.4). The Fe

Weight distribution of Fe, Al, Zn, Cu, Cd, As, Cr, Pb, Co, and Si between suspended particulate matter (SPM) and sediment at both field sites. Data shown as mean value of triplicate samples
for sediment layers and consolidated sediment (CS) and as a mean value of 24 samples for SPM from field site 1 and 12 samples from field site 2. BDL - below detection limit; na — not

applicable.
Field site Sample Elemental content
Fe (mg/g)  Al(mg/g)  Zn(mg/g)  Cu(mg/g)  Cd(ug/g) As(mg/g) Cr(ug/g) Pb(mg/g)  Co(ug/g)  Si(mg/g)

Middle course SPM 98.1 146.2 7.6 4.1 40 0.21 40 0.53 150 na
Layer 1 501 39.1 0.8 0.67 7 9.1 60 12.3 23 117.2

Layer 2 406.4 1074 2.07 1.77 10 16.4 90 30.8 23 49.2

Layer 3 623.5 174 0.32 0.23 6 5.69 15 4.04 BDL 233

Layer 4 540.3 44.9 0.39 0.44 5.5 4.2 25 4.29 13 99.3
Layer 5 504.3 62.6 0.66 0.59 5.7 6.9 43 7 16 105.7

(& 295.6 155.3 0.21 0.32 13 1.6 110 1.23 BDL 40.4

Estuary SPM 7.12 293 0.23 0.16 0.4 0.13 30 0.07 13 na
Layer 1 219.1 163.1 0.659 1.29 3 1 20 1.6 10 227

Layer 2 1429 217.3 6.2 6.1 35 1.5 40 2.088 60 226
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Fig. 4. Taxonomic identification, growth parameters and heavy metal immobilization potential of the Fe(II)-oxidizing microbial consortium, isolated from the water of the middle course of
the Rio Tinto. a. DNA-based 16S rRNA gene sequence abundance of microbial taxa, identified as free-living (collected with 0.22 pm pore size filter) and particle-associated (collected with
8 um pore size filter) microorganisms in the river water at field site 1 and from the Fe(II)-oxidizing microbial consortium. b. Dynamics of Fe(II) oxidation and cell number in a growing Fe
(I1)-oxidizing culture. c. Light microscopy image of cell-Fe(IIl) mineral aggregates formed during oxidation of Fe(II) by the microbial consortium stained with SYTO 9. Green color
represents cells of the enrichment culture associated with mineral particles (grey/black). White bar corresponds to 25 um. d. Dynamics of Fe(1l) oxidation in a growing Fe(Il)-oxidizing
culture in the presence of Al, Zn, Pb, Cd, Cu, As, Co and Cr. e. SEM image showing individual schwertmannite globules (ca. 2 pm in diameter). White bar corresponds to 5 pm. f.
Behavior of Al, Zn, Pb, Cd, Cu, As, Co and Cr in a growing Fe(II)-oxidizing culture. Uninoculated control samples for both cultivation experiments were incubated at the same
geochemical conditions (Fig. A.5). Error bars in b, d and f diagrams represent standard deviations of triplicate bottles. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

(I) content in abiotic (i.e. uninoculated) controls remained constant
since abiotic Fe(Il) oxidation at pH values lower than five is kinetically
inhibited (Morgan and Lahav, 2007). Microbial oxidation of Fe(II) led
to an oversaturation in Fe(Ill) and a consumption of H* by O, reduction
(Eq. (1)), causing a pH increase to 2.7. The precipitation of 0.69 g of the
Fe(Ill) (27% of the total Fe) led to H™ release and to a pH stabilization at
around 2.2 (Egs. (2) and (3)). The cell surfaces may have accelerated Fe
(III) mineral precipitation by providing nucleation sites which lower the
activation energy kinetically, facilitating mineral cluster nucleation at
the cell surface (Duquesne et al., 2003; Sanchez-Espaiia et al., 2016b).
Precipitation of Fe(Ill) minerals associated with cells led to the forma-
tion of CMAs (Fig. 4c). Mineralogical analysis of the CMAs revealed a
combination of schwertmannite and ferrihydrite (Fig. 3b, f).

3.5. Co-precipitation of heavy metals by microbially produced Fe(III)
minerals

The formation of CMAs can play a key role for immobilization of
HMs. In order to evaluate this contribution, the Fe(Il)-oxidizing consor-
tium was incubated in medium supplemented by in situ concentrations
of Al, Zn, Cu, Co, Pb, As, Cd and Cr. The cell yield in the stationary growth
phase was ca. 10-fold lower in the presence of the HMs (Fig. 4d) com-
pared to medium without HM load (Fig. 4b) due to partial consumption
of energy by HM detoxification mechanisms instead of biosynthesis
(Dopson et al., 2003; Navarro et al., 2013). The oxidation of 1.4 g/L of
Fe(II) led to an oversaturation of the medium with Fe(IIl) followed by
precipitation of 0.3 g (11.8%) of the Fe(Ill) as minerals (Fig. 4e). It was
ca. 2-fold lower in absolute amount than in the medium without HMs.
The reason for the lower amount of Fe(IIl) precipitation in the HM-
amended medium could be the 10-fold lower cell number caused by
toxicity and, therefore, the lower number of available nucleation sites.

During microbial Fe(Il) oxidation, the HMs present were co-
precipitated to various degrees depending on the Fe(Ill) mineral

precipitation and on identity of the HM (Fig. 4f). Dissolved concentra-
tions of Pb and As (1.7 mg/L each) as well as Cr (0.1 mg/L) remained al-
most unchanged for the first 3 days of cultivation when no Fe(III)
mineral precipitation was observed. Precipitation of Fe(Ill) minerals
on days 4-5 was accompanied by removal of Pb and Cr from solution.
The complete removal of Pb and Cr in agreement with the high content
of these metals in the SPM sampled from field site 1 (Table 1). Arsenic
concentration was reduced to 0.98 mg/L by day 6 (when Fe(II) oxida-
tion was complete) and then remained almost stable until the end of in-
cubation (day 14). Precipitation of As is common for acidic
environments (Paikaray, 2015; Park et al., 2016). The predominant
aqueous species of As and Cr are anions (AsO3~ and CrO3 ™). In these
forms they can be sorbed by positively charged surfaces of Fe(Ill) min-
erals or can substitute SO~ in schwertmannite due to similar tetrahe-
drally coordination and ionic radius (Regenspurg et al., 2004; Espafia
et al., 2005; Regenspurg and Peiffer, 2005; Sanchez Espafia et al.,
2006; Burton et al., 2009). Although the critical pH range for sorption
of Pb is commonly comprised between 3 and 5, it can react with SO~
and precipitate as Pb sulfates (e.g. anglesite; PbSO,4) which has low sol-
ubility in low-pH, SOZ~-rich solutions (Smith, 1999; Wang et al., 2013).

In contrast to Cr, Pb and As, the dissolved concentrations of the Co
and Cd were only affected to a small extent by Fe(IIl) mineral precipita-
tion. Cobalt (initial concentration of 21.28 mg/L) decreased slightly to
20.70 mg/L at the end of Fe(II) oxidation while Cd was reduced from
1.39 mg/L to 1.35 mg/L. Similarly, appreciable removal of Cu and Zn
from solution during the incubation was not observed. For Al, the initial
concentration of 0.98 g/L decreased to 0.93 g/L during incubation, show-
ing that ca. 50 mg/L was co-precipitated. Aluminum, Cu, Zn, Co and Cd
behave conservatively under acidic conditions and therefore remained
dissolved even in the presence of available nucleation sites (Espafia
et al,, 2005). Thus, noticeable removal of these metals occurred during
Fe(Ill) mineral precipitation but not after this precipitation. This trend
suggests that the low pH of the medium prevented later sorption of
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cations to the surface of the Fe(Ill) minerals, due to the electrostatic re-
pulsion between the metal cations and the positive surface charge of the
CMaAs (e.g. Fe(OH)?™; Bonnissel-Gissinger et al., 1998; Sanchez Espafia
et al.,, 2006).

3.6. Contribution of SPM to sediment formation and heavy metal burial

Depending on river flow rate, grain size and density, SPM consisting
of minerals, organic matter and HMs are either deposited in the sedi-
ment (at low flow rate) or circulated up from the sediment (at high
flow rate). In case of deposition of SPM, the sediment can be considered
as an important sink for HMs and the further fate of HMs depends on bi-
ological processes (e.g. remobilization of HMs due to microbial Fe(III)
reduction) and physical processes (e.g. mineral transformations, sedi-
ment mixing; Kiisel et al., 1999; Lynch et al., 2014). To examine the
fate of HMs in sediment, specimens were collected from field site 1. In
order to determine the mineral identity and elemental composition of
the sediment, the specimen was sliced into five distinct layers formed
under different hydro(bio)geochemical conditions (Fig. 3c). Mineralog-
ical analysis revealed a gradual transformation of metastable
schwertmannite and ferrihydrite to more crystalline goethite and he-
matite in different sediment layers and more consolidated sediment un-
derneath (Fig. 3d, f). This mineralogy suggests that SPM consisting of
schwertmannite and ferrihydrite form the primary sediment, where de-
hydration and recrystallization likely led to the progressive transforma-
tion of poorly ordered phases into more crystalline Fe(Ill) minerals
(Fernandez-Remolar et al., 2003; Jiménez et al., 2019). High concentra-
tions of Si and Al in the sediment (Table 3) suggest the presence of alu-
minosilicates, which likely have undergone a similar crystallization
process (Gonzalez-Toril et al., 2003). Crystallization of minerals and
their following compaction potentially led to the formation of more
consolidated sediment, mainly consisting of schwertmannite and

Ri6 Tinto

goethite. Schwertmannite could have been protected from the transfor-
mation to more crystalline minerals by stabilization via sorption of sul-
fate, protons, silicate or natural organic matter to the mineral surface
(Collins et al., 2010). During crystallization of sediments, part of the
HMs remained associated with the bulk minerals, as evidenced by the
analysis of trace metals in SPM. These HM-rich SPM eventually contrib-
ute to the formation of the more consolidated sediment, where constant
pathways of Cr, Al and to a lesser extent As, Pb, Zn, Cu and Cd were iden-
tified (Table 3).

In contrast to field site 1, in the estuary of the river massive sediment
deposition characterized by layered structures with distinct orange and
black zones was observed (Fig. 3e). We identified schwertmannite, goe-
thite and ferrihydrite as the main Fe minerals in both zones (Fig. 3f).
Based on the high Fe content in the sediment (219.1 mg/g in orange
and 142.9 mg/g in black material) it is plausible that schwertmannite,
goethite and ferrihydrite are the main constituents of this sediment
transported to the estuary with a river flow. Additionally, a high content
of Al (163.1 and 217.3 mg/g) and Si (227 mg/g and 226 mg/g) in both
layers suggests the presence of aluminosilicates which could be
transported from the northern zone or be flocculated directly in the es-
tuary due to the increase of pH and salinity values. The black zone of the
sediment can be inhabiting by sulfate-reducing bacteria (SRB) responsi-
ble for sulfide formation and Fe(IIl) mineral transformation (Velasco
etal, 2011). Attachment of SRB to the mineral and formation of biofilms
can help to reduce HM toxicity (Lin et al., 2013; Castro et al., 2019). For
example, release of extracellular polymeric substances can complex and
detoxify HMs (e.g. Cu). The complexed metals can be then precipitated
as metal sulfides (Sani et al.,, 2001).

Abiotically induced precipitation of minerals in the estuary as well as
deposition of SPM transported from the northern zone led to an accu-
mulation of HMs in the top sediment layer (Table 3). However, the con-
centration of all HMs, except Fe, was found to be higher in the black
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Fig. 5. Simplified model of heavy metal (HM) behavior in the middle course and estuary of the Rio Tinto demonstrating the role of the suspended particulate matter (SPM) in transport of
HMs into the coastal ocean (longitudinal pathway; yellow arrows) and into the river sediment (sedimentation pathway; red arrows). a. Oxidation of Fe(II) leads to oversaturation of Fe(1II)
in the water of the middle course of the river and precipitation of microbially produced Fe(III) at the nucleation sites (e.g. extracellular polymeric substance) at the surface of microbial cells
and to formation of cell-Fe(Ill) mineral aggregates (CMAs). Part of the CMAs finally precipitates contributing to formation of layered sediment and burial of HMs while another part
remains suspended in the water column. b. SPM consisting of CMAs is transported to the estuary, where tidal mixing events (blue arrows) lead to abiotic precipitation of Fe(III)
oxyhydroxides and co-precipitation of HMs. All newly formed mineral particles associated with HMs as well microbial and microalgal cells replenish the pool of SPM. A part of SPM
ends up in the fluvial-estuarine sediment, while another part eventually enters the coastal ocean. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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zone (i.e. below 2 cm) than in the top orange layer. Diurnal and seasonal
hydrogeochemical fluctuations could facilitate the recrystallization of
metastable minerals and the partial remobilization of HMs in the top
sediment. Sulfate-reducing bacteria inhabiting the anoxic, sulfate- and
organic matter-rich zones probably caused the conversion of sulfate to
sulfide, which reacted with the HMs and precipitated them as metal sul-
fides or immobilized them on Fe(II) sulfides (Ayangbenro et al., 2018).
These stable metal sulfides could therefore serve as a sink for HMs, as
it was observed for example, for Pb, As, Cd and Zn (2.09 mg/g, 1.5 mg/
g, 35 ng/g and 6.2 mg/g, respectively).

4. Environmental implications

Detailed water analysis demonstrated that HMs (e.g. As, Pb and Cr)
were associated with suspended schwertmannite- and ferrihydrite-
containing particles, constantly forming in the water column due to mi-
crobial Fe(II) oxidation. After formation, SPM maintains two divergent
but interrelated pathways of HMs. The first, longitudinal pathway pro-
vides continuous transport of SPM-associated HMs into the river estu-
ary where SPM is enriched with floccules, evaporites and marine
phytoplankton (Fig. 5). From the estuary, tidal water can transport
SPM-associated HMs to the ocean, where they could end up in the
coastal sediment or could be spread with sea currents across the Gulf
of Cadiz. The second, sedimentation pathway provides continuous
burial of HMs in the sediment throughout the river. In the middle
course, the sediment is progressively transforming into more consoli-
dated material and traps HMs within the structure of minerals while
in the estuary HMs are retained in anoxic clay minerals. These two
SPM-associated pathways play an important role for the mobility of
HMs (particularly Pb, As and Cr) in the Rio Tinto.
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