
minerals

Article

Contamination Alters the Physicochemical and Textural
Characteristics of Clays in the Sediments of the Peri Urban
Reconquista River, Affecting the Associated
Indigenous Microorganisms

Ana E. Tufo 1, Susana Vázquez 2,3 , Natalia F. Porzionato 1 , María Celeste Grimolizzi 1, María Belén Prados 4 ,
Mauricio Sica 4 and Gustavo Curutchet 1,*

����������
�������

Citation: Tufo, A.E.; Vázquez, S.;

Porzionato, N.F.; Grimolizzi, M.C.;

Prados, M.B.; Sica, M.; Curutchet, G.

Contamination Alters the

Physicochemical and Textural

Characteristics of Clays in the

Sediments of the Peri Urban

Reconquista River, Affecting the

Associated Indigenous

Microorganisms. Minerals 2021, 11,

242. https://doi.org/10.3390/

min11030242

Academic Editors: Binoy Sarkar and

Javier Cuadros

Received: 23 November 2020

Accepted: 31 January 2021

Published: 26 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Instituto de Investigación e Ingeniería Ambiental-IIIA, UNSAM, CONICET, Campus Miguelete,
San Martín 1650, Argentina; atufo@unsam.edu.ar (A.E.T.); nporzionato@gmail.com (N.F.P.);
mcgrimolizzi@gmail.com (M.C.G.)

2 Facultad de Farmacia y Bioquímica, Universidad de Buenos Aires, Buenos Aires 1113, Argentina;
svazquez@ffyb.uba.ar

3 Instituto de Nanobiotecnología (NANOBIOTEC), CONICET-Universidad de Buenos Aires,
Buenos Aires 1113, Argentina

4 Instituto de Energía y Desarrollo Sustentable, Centro Atómico Bariloche, Comisión Nacional de Energía
Atómica, Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET),
San Carlos de Bariloche R8402AGP, Argentina; pradosmb@gmail.com (M.B.P.); mp.sica@gmail.com (M.S.)

* Correspondence: gcurutchet@unsam.edu.ar

Abstract: The physicochemical and textural characteristics of river sediments and, essentially, their
clays, are at the center of a network of biological and geochemical factors that are mutually modifying.
Therefore, the contamination, the characteristics of the clays, and the associated microorganisms
strongly influence each other. In this work, sediments from two sites of the urban Reconquista River,
near Buenos Aires City, Argentina, exposed to different environmental contexts were characterized.
The huge differences in the organic matter content in the vertical profile between both sediments
strongly evidenced the polluted status of San Francisco (SF) site as opposed to the Dique Roggero
(DR) site. Thorough physicochemical and textural characterization of the sediments and their clay
fraction performed by pH, Oxidation-reduction potential (ORP), spectrophotometry, XRD, laser
diffraction, N2 adsorption–desorption isotherms, EDS, and SEM measurements revealed that organic
matter (DR: 41 ± 5 g kg−1; SF: 150 ± 30 g kg−1) intervened in the retention of heavy metals (DR:
5.6 mg kg−1 Zn, 7 mg kg−1 Cu, 3.1 kg−1 Cr; SF: 240 mg kg−1 Zn, 60 mg kg−1 Cu, 270 mg kg−1 Cr)
and affected the level of association and the formation of mineral–organic aggregates (DR: 15 ± 3 µm;
SF: 23 ± 4 µm). This can be decisive in the surface interaction required for the establishment of
bacterial assemblages, which determine the biogeochemical processes occurring in sediments and
have a key role in the fate of contaminants in situ and in the remediation processes that need to be
applied to restore the anoxic contaminated sediments.

Keywords: Reconquista River; contamination; sediments; clays; microorganisms; biofilms

1. Introduction

The biogeochemical processes that occur in river sediments are mainly determined
by the type of substrate, the electron acceptors, and other environmental parameters that
together shape the indigenous microbial communities. These processes are responsible
for ecosystem health and are affected by human activity, which introduces pollution into
the waters. These contaminants accumulate in the sediments, drastically modifying these
parameters and affecting the composition and functionality of the sediment microbiota.
This is the case of many rivers and streams near Buenos Aires City in Argentina, such as
the Reconquista River, where this study was focused.
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Studying the interaction of microorganisms with the sediment clays and of both,
in turn, with the contaminants, contributes to the understanding of the self-purification
processes and the fate of the different pollutants discharged into the river. These pollutants
(i.e., heavy metals, polycyclic aromatic hydrocarbons (PAHs), organic chlorine pesticides,
phenols, inorganic N compounds) are composed of untreated domestic and industrial
effluents [1–6]. The understanding of such dynamics is essential for the design of processes
in bioreactors that are efficient for the on site remediation of the contaminated sediments [7].
In this sense, it is important to know how contamination affects the textural properties of
the sediment, especially clays, and how this modifies the adherence of microorganisms,
especially bacteria, for the initial formation of biofilms, which are relevant to the riverine
biogeochemical cycles.

In highly contaminated environments, exobiological factors such as temperature, pH,
the concentration of ions and organic compounds, the sediment type, and the sizes of the
sediment particles determine the adsorption and loading of heavy metals in sediments [8].
In this sense, Saeddi et al. (2011) [9] reported that heavy metal sorption is mostly related to
the load of organic matter (OM) in the Jajrood River sediments. In addition, when soils
and sediments contain more than 25% of clay minerals, they are great adsorbents of heavy
metals [10]. Particularly, montmorillonite is reported as a good adsorbent because of the
existence of several types of active sites on the surface and ion-exchange sites [11]. Clay
minerals influence the physical environment where microorganisms thrive, as certain char-
acteristics of clay minerals such as a small particle size, large surface area, and combined
hydrophilic and hydrophobic properties are necessary for the formation of organo-mineral
aggregates and biofilm–mineral structures [12]. Several reports have described the idea
that, in contaminated environments where the concentration of OM is very much higher
than in other natural systems and the activity of iron reducing bacteria increases markedly,
mineral transformations could be dramatically accelerated [7,13–17]. Furthermore, it is well
documented that OM influences the structure of the minerals present in sediments [18–24]
and the clay–microorganism interactions [25–30], but only few studies have been carried
out to gain insights into the modifications that occur in the structure of natural clays under
conditions of strong organic contamination [5,7]. The influence of the OM on the structure
of sediments must be analyzed considering the indigenous microbial assemblages and the
level of pollution as these can influence the mineral composition of sediments and their
clays. Reciprocally, the type of clays and their physicochemical characteristics can favor
the retention of heavy metals (zinc, copper, chromium, and lead, among others) and the ag-
glomeration of particulate organic material in a highly contaminated environment [9,31,32],
thus conducive to the development of characteristic microbial assemblages.

For all the above stated, the aim of this work was to characterize the sediments and
clays extracted from different depths in the sediment vertical profile at two sites with
different levels of pollution in the urban Reconquista River, and to understand if and how
contamination affects the structure of the sediment and the interaction of microorganisms
with their clays, a key factor for the establishment of stable biofilms. In this sense, studying
the formation of biofilms by the indigenous microbes on reference natural clays was a
starting point for the further comprehension of their interaction with sediment clays.
Montmorillonite and illite, the reference clays included in this work, were the major
components of the clay minerals in the sediments studied here and therefore, this study
makes a notable contribution to the understanding of the influence of contamination on
the physicochemical characteristics of sediments and clay particles and to the development
of the microbial assemblages present in the sediments of the Reconquista River. These
assemblages are in part determined by the sediment properties and are the main drivers
of the biogeochemical processes, playing a crucial role in the fate of the contaminants
discharged into watercourses.
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2. Materials and Methods
2.1. Description of the Study Sites

The sediments studied here were collected from two sites (DR and SF, 24 km apart)
of the peri-urban Reconquista River, Buenos Aires, Argentina (Figure 1). The region
is characterized by a temperate humid climate with an annual average temperature of
18 ± 1 ◦C and a rainfall of 1231 mm [33]. The Reconquista River is entrenched in a thick
mantle of semi-consolidated Quaternary sediments called loess pampeano [34], where the
La Plata Formation, Luján Formation, Buenos Aires Formation, and Ensenada Formation
emerge [31,35]. Three areas (upper, middle, and lower) can be defined in its basin. Some
aspects like land use, population density, urbanization, and industrialization, among
others, vary between these areas, determining marked differences in the degree and type
of their associated contamination. Site DR is located at the Dique Ingeniero Carlos F.
Roggero (34◦40′51.4” S; 58◦51′36.7” W) in the proximities of a protected natural area, one
of the places with the least anthropogenic impact along the riverbed. This site is in the
upper basin, an area of agricultural use with a low population density and has a low
degree of contamination. Therefore, for comparison purposes, it will be considered here
as the uncontaminated control site. Conversely, the site SF is located at San Francisco
Park, William Morris town (34◦34′42.3” S; 58◦40′12.8” W). This site is in the middle basin,
nearby the lower basin, a heavily polluted area of the river, since it is a densely urbanized
and industrialized area with a high population density (Figure 1). In this context, the
middle and lower areas of the Reconquista River Basin receive untreated sewage and
toxic effluents from the industrial belt and, as a consequence, a high content of heavy
metals has been found in the waters at various points. Nader (2015) [2] reported values
of 6 µg L−1 of chromium, 5 µg L−1 of copper, and 700 µg L−1 of zinc in the middle area
(km 25.5, downstream Moron River) and 8 µg L−1 of chromium, 10 µg L−1 of copper, and
200 µg L−1 of zinc in the lower area (37.8 km). These metals arrive mainly as waste from
industries such as electroplating, electrical materials, paints, etc., which are abundant in
this region [36] as well as from untreated sewage from a variety of industries such as food,
tanneries, chemical, and nonferrous smelting.
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Figure 1. Satellite images of the peri urban Reconquista River location (a) and the two sampling
sites (b): DR, Dique Ingeniero Carlos F. Roggero (34◦40′51.4” S, 58◦51′36.7” O) and SF, Parque San
Francisco, William Morris, (34◦34′42.3′′ S, 58◦40′12.8′′ W) Buenos Aires, Argentina. Enlarged satellite
images for each site: DR is located in the surroundings of a protected natural area (c), whereas SF is
located in a densely populated area (d). North is at the top in all images.
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In a previous own study [37], the bacterial communities from the two sites were
also found to differ in their structure, which can lead to differences in their functional-
ity. Through 16S rRNA gene amplicon sequencing (V4 variable region, Illumina MiSeq
platform), it was found that the bacterial assemblages from both sites did not differ sub-
stantially in their richness and diversity, which were slightly higher in SF than in DR.
Nevertheless, both sites harbored very different bacterial assemblages in terms of compo-
sition and were highly dominated by a few, mostly unshared, populations (identified as
operational taxonomic units, OTUs, clusters of similar 16S rDNA gene sequence variants
defined here at 97% identity, intended to represent taxonomic units of bacteria at the
genus level) accompanied by a high number of OTUs with very low abundance. The most
abundant phylum found in both sites was Proteobacteria, a group with a great metabolic di-
versity including aerobic and anaerobic bacteria, which are mostly heterotrophs, although
it also includes anoxygenic photosynthetic groups that use sulfide, sulfur, or hydrogen.
At DR, the phyla Nitrospirota (aerobic chemolithoautotrophic nitrite-oxidizing bacteria),
Acidobacterota (a physiologically diverse group of mostly aerobic chemoheterotrophs but
including oligotrophic and acidophilic bacteria), and Cyanobacteria (oxygenic photosyn-
thetic, mostly autotrophic bacteria) were highly abundant. On the contrary, different phyla
were abundant in the SF microbiota: Bacteroidota (anaerobic chemoorganotrophs with a
high nutritional flexibility, able to produce exoenzymes and use carbohydrates via a series
of metabolic pathways), Chloroflexi (a physiologically diverse group of filamentous aerobic
and anaerobic bacteria, some able to adapt to oligotrophic conditions including mostly
heterotrophs, but also lithotrophs and anoxygenic phototrophs), and Desulfobacterota
(anaerobic sulfate or sulfur reducing bacteria utilizing organic acids, with some groups
occurring in methanogenic environments growing in syntrophic association with hydrogen
or formate-utilizing microorganisms). The genus Nitrospira (aerobic nitrite and hydrogen
oxidizer, able to fix carbon or use organic compounds) was dominant in DR assemblages,
whereas SF was dominated by an unclassified member of the Comamonadaceae family
(a diverse clade including aerobic organotrophs, anaerobic denitrifiers and iron-reducing
bacteria, hydrogen oxidizers, and fermentative bacteria, with some able to use hydrocar-
bons). The versatile fermentative anaerobic bacterial Clostridium genus was detected in
both assemblages, at times becoming a very abundant component. These differences in
the bacterial communities from both sites led to the obtention of enrichment cultures to
study their response in terms of biofilm formation and adherence to the clays from both
uncontaminated and contaminated sediments.

2.2. Sampling

Water and sediment samples were taken on November 2016 at the DR and SF sites
(Figure 1), when the precipitation recorded was about 113 mm and the mean temperature
20 ± 1 ◦C [34].

Surface water samples were collected in plastic bottles, transported with ice packs,
and stored in the laboratory at 4 ◦C in the dark. An aliquot of each water sample was
filtered through a 0.45-µm pore cellulose acetate membrane and the major conservative
ions were quantified using a Dionex DRX-100 ion chromatography system (Dionex, Man-
asquan, NJ, USA) equipped with an AG22-AS22 column, conductivity detector, and a
25 µL injection loop [38]. For anion quantification (chloride and sulfate), a mixture of
4.5 mM Na2CO3 and 1.4 mM NaHCO3 was used as an eluent at a flow of 1 mL min−1.
For cation quantification (sodium, potassium, magnesium, and calcium), a mixture of
40 mM HCl and 4 mM DL-2,3-aminopropanoic acid was used at a flow of 2 mL min−1. The
uncertainty in the measurements was around 10% for each of the quantified ions. Nitrate
and phosphate concentrations were determined by UV–Visible spectrophotometry using a
PG70 UV-VIS spectrophotometer (T70+UV/Vis, PG Instruments Ltd., Leicestershire, UK).
Physicochemical parameters were measured with a Horiba U-50 multiparametric probe for
water analysis.
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Sediment samples were manually collected from both the DR and SF sites in November
2016, at an ~50 cm water depth and close to the shore. At each site, one sediment core was
extracted with a PVC push corer and transported to the laboratory at 4 ◦C, where the cores
were carefully drilled every 5 cm to measure the oxidation-reduction potential (ORP) along
the same sediment profile without altering its structure by using the HI 2211 pH/ORP
Hanna Instruments equipment (Hanna Instruments Ltd., Bedfordshire, UK). After that, the
cores were sliced into 5 cm sections from top to bottom, resulting in six sections for SF: SF1
(0–5 cm), SF2 (5–10 cm), SF3 (10–15 cm), SF4 (15–20 cm), SF5 (20–25 cm), SF6 (25–30 cm),
and only four for DR: DR1 (0–5 cm), DR2 (5–10 cm), DR3 (10–15 cm) and DR4 (15–20 cm),
as the rocky sediment prevented deeper coring. The bulk sediment samples (obtained from
each core sections) were divided in two. On one fraction, pH, OM, acid volatile sulfide
(AVS), and sulfate were measured (see below). The other fraction was air-dried, ground
with an agate mortar and pestle, mixed to homogenize, passed through a 75 µm sieve
(U.S. STD. Sieve N◦ 200), and split in sub-samples, which were kept at −80 ◦C for subse-
quent analyses. Clay-sized fraction (<2 µm) and coarse clay, silt, and sand-sized fraction
(between 2 and 2000 µm) were separated by gravitational sedimentation in Atterberg
tubes [39,40]. For this, the dry solids were resuspended in double-distilled water, dispersed
by using an ultrasound probe, and sieved again to obtain the particles with a grain size
lower than 75 µm. The suspension was placed into an Atterberg tube and the tube was
filled up to 25 cm with double-distilled water, at 23 ◦C. The particles were left to settle
for 18 h and the supernatant containing the clay-sized particles (<2 µm) was separated
and allowed to evaporate (40 ◦C) until the volume was reduced by 90%. From the DR
site, the clay-sized particles were extracted from the superficial, DR1 (0–5 cm) and deep,
DR4 (15–20 cm) sections and from the SF contaminated site, from superficial, SF1 (0–5 cm);
intermediate, SF3 (10–15 cm), and deep, SF6 (25–30 cm) sections. An identical procedure
using Atterberg tubes was performed to separate the grain size <2 µm from natural clays
that were tested in parallel as reference materials because they were the most abundant clay
minerals in the studied sediments. Two reference clays were analyzed: a natural sample of
montmorillonite (M) as a representative of the smectite group and a sample of illite (I) as
representative of the micas group. The montmorillonite used was from Patagonia, Rio Ne-
gro Province, Argentina and was provided by Castiglioni Pes y Cia. and the illite was from
the Tandilia System in the central area of Buenos Aires Province, Argentina, provided by
the Centro de Tecnología de Recursos Minerales y Cerámica (CETMIC, UNLP-CONICET).

2.3. Sediment and Clay Characterization

Characterization of the sediments sampled at the DR and SF sites was performed both
on the bulk sediment and the clay fraction obtained from each core section.

The pH, organic matter (OM), acid volatile sulfides (AVS), and sulfate contents were
measured within 48 h after the sediment cores arrived at the laboratory. A suspension
of 1 g of bulk sediment in 2 mL of distilled water was prepared, shaken vigorously, and
left to settle for 2 h before the pH was measured using a Cole Parmer pH electrode. The
OM content in the bulk sediments was determined as the gravimetric loss-on-ignition
produced by ashing the samples (previously dried in an oven at 105 ◦C until reaching a
constant weight) in a muffle furnace for 9 h at 550 ◦C. The AVS content was measured using
the purge and trap method [41]. The sulfide content in the trap solution was determined
colorimetrically at 670 nm using the methylene blue conversion method [42], with an overall
measurement uncertainty of 5%. The sulfate content was determined by the turbidimetric
method of the dissolved sulfate reaction with BaCl2 in excess [43] after extraction with HCl
1:20 (1 g of sediment in 15 mL), with an overall measurement uncertainty of around 3%. For
both spectrophotometric determinations, a PG70 UV–Vis spectrophotometer (T70+UV/Vis,
PG Instruments Ltd., Leicestershire, UK) was used. The methods used are described in
Porzionato et al. (2017) [6].

The standard metal sequential BCR (Community Bureau of Reference, Commission of
the European Communities) extraction procedure [44] was performed on each section of
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the bulk sediment. This sequential extraction avoids determining the concentration and
distribution of metals like copper (Cu), zinc (Zn), and chromium (Cr) in different compo-
nents of the sediment (fraction 1: exchangeable and water-acid-soluble-like carbonate- and
silicate-associated metals; fraction 2: Mn oxide- and Fe oxide-bound metals; fraction 3:
sulfides and OM-bound metals; fraction 4: residual fraction). Heavy metal concentration
in each fraction was measured by atomic absorption spectrophotometry (AAS) with an
EAA SenseAA (GBC Scientific Equipment, State St Hampshire, IL, USA), with an average
uncertainty of 5% in each measurement as calculated from the calibration curves for each
quantified metal.

X-ray diffraction (XRD) patterns were obtained with a Cu-Kα radiation filtered with
a graphite monochromator (Siemens D5000). XRD patterns of the bulk sediments were
measured in the 2θ range of 10–70◦, in 0.02◦ steps, and using 3 s per step counting time. A
voltage of 40 kV and a current of 35 mA were used. The bulk samples were packed into a
20 mm × 18 mm frame by side loading [41] to create a random preparation. Furthermore,
a total of 60 mg of the clay-sized fractions (<2 µm) was mixed with 5 mL of deionized
water and then deposited on a 25 × 50 mm2 slide glass to obtain an oriented slide. A
representative air-dried oriented (N), glycolated (EG), and heat-treated (HT) of the clay-
sized samples were prepared and the XRD was measured under the same conditions for
that of the bulk sediments, but in the 2θ range of 3◦–35◦. The ethylene glycol solvation was
accomplished by exposure to vapor at 25 ◦C for 24 h, whereas the heat-treated samples
were kept at 550 ◦C for 1 h and, subsequently, examined by XRD. The data obtained
were analyzed using the JADE software X-ray Diffractometry Pattern Processing software
(Materials Data Inc. 2004, Livermore, CA, USA).

The specific surface area (SSA), the total pore volume (VTP), the mesopore volume
(Vmes), the micropore volume (VµP) and the modal pore size (wP) were determined by
N2 adsorption–desorption isotherms at 77 K, using a manometric adsorption apparatus
(AccuSorb 2100, Micrometrics Instrument Corporation, Norcross, GA, USA). To prevent
phase changes in the samples, the measurements were conducted on solids previously
outgassed at 60 ◦C during 15 h. The SSA values were obtained by the Brunauer–Emmett–
Teller method using a partial pressure range of 0.05–0.35 [45]. The VµP was estimated by
the αS plot method [46] using a naturally calcined aluminum-substituted clay as a reference
material [47]. The VTP was obtained by applying the Gurvich rule to the N2 adsorption
data at a partial pressure of 0.99 [48]. The Vmes was obtained by differences between VTP
and VµP. The pore size distributions (PoreSD) of the samples (micropores and mesopores)
were obtained with the Villarroel–Barrera–Sapag macroscopic method (VBS) [46,49,50]
using adsorption branch data and assuming slit pores. The particle size distribution (PSD)
of the bulk sediments and clay fractions was determined with a laser diffraction particle
size analyzer, SALD-3101, supplied by Shimadzu Corporation, Nishinokyo Kuwabara-
cho, Nakagyo-ku, Kyoto, Japan. The procedure was carried out by direct pumping of a
suspension of the clay-sized particles in distilled water under continuous sonication. No
dispersing agents were used. Additionally, the particle morphology was characterized
using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) on a drop of suspension dried onto a carbon tape placed on top of a metallic
aluminum support (ZeissSupra40 (field emission, gun scanning electron microscope),
ZEISS, Oberkochen, Germany).

2.4. Bacterial Cultures

Bacterial enrichment cultures were obtained from the DR and SF bulk sediments
under sulfate-reducing conditions (prevailing in the anoxic sediments affected by con-
tamination) using a modified Postgate C medium [Na2SO4 4.5 g L−1; NH4Cl 1.0 g L−1;
KH2PO4 0.5 g L−1; CaCl2·2H2O 0.04 g L−1; MgSO4.7H2O 0.06 g L−1; FeSO4.7H20 0.004 g L−1;
sodium citrate dihydrate 0.23 g L−1; yeast extract 0.25 g L−1; sodium lactate 6 g L−1; anaer-
obic solution (ascorbic acid 20 g L−1; thioglycolic acid 20 mL L−1) 5 mL L−1; pH 7.5]. For
the initial enrichment culture, an aliquot of bulk sediment was inoculated into 100-mL
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glass vials filled with 70 mL of anaerobically prepared medium, the vials were flushed with
N2 gas, closed tightly with a butyl-rubber stopper and an aluminum cap, and incubated at
25 ◦C until turbidity and a black precipitate was observed. Then, for subculturing, 1 mL of
enrichment culture was transferred to another vial using the same medium and incubation
conditions. This was repeated three times and the final enrichment subcultures were main-
tained at 4 ◦C. Bacterial isolates were obtained in pure culture from both the DR and SF
final enrichment cultures using a solid medium (Clostridium Differential Agar™, Britania,
Buenos Aires, Argentina) to allow separate colonies to be obtained. The composition of
this medium favors the growth of fermentative spore-forming anaerobes like members
of the Clostridium genus and allows for them to be distinguished by a black precipitate
produced due to their ability to reduce sulfite. An aliquot of each culture was heated
for 30 min at 85 ◦C to kill actively growing vegetative cells and activate bacterial spores.
Then, the aliquot was mixed in 100 mL glass vials with 30 mL of culture media preheated
to 50 ◦C. The vials were placed horizontally until solidification of the agar, sealed, and
flushed with N2 gas and incubated at 25 ◦C until colonies were observed. Isolated colonies
were picked with a loop and amplified in modified Postgate C medium at 25 ◦C. Taxonomic
identification of the isolates was achieved by partial sequencing of the 16S rRNA gene after
DNA extraction using the Wizard® Genomic DNA Purification Kit (Promega) and PCR
amplification with the universal primers 27F and 1492R.

2.5. Interaction of Microorganisms with Clays

The interaction of microorganisms with clays (adherence and biofilm formation) was
studied in vitro in two separate experiments using the clay-sized fractions (particles < 2 µm)
obtained from the DR and SF sediments or the reference natural clays (M and I) and the
sulfate-reducing microorganisms enriched from the contaminated SF sediments. This was
done assuming that the SF sediment was once like the DR sediment and that the differ-
ences in the dominant microbes at each site responded to a dynamic selective enrichment
process driven by fluctuations in the environment (here represented mainly by the organic
contamination). Considering the intrinsic characteristics of the clay-sized fractions from
each site (see the Results Section 3.4. Sediment and clay characterization) and to facilitate
the comparison with the reference clays, for these experiments, the clays obtained from
DR4 (15–20 cm) and SF6 (25–30 cm) were used. Control assays without microorganisms
were also performed.

2.5.1. Adherence of Microorganisms to Clays

To study the first step of biofilm formation on clays, an aliquot of the final enriched
culture from the SF sediment (Section 2.4) was grown anaerobically for three days at 25 ◦C
in 750 mL of modified Postgate C medium. Then, the cells were collected by centrifugation
at 3000 rpm for 15 min and the bacterial pellet was washed with distilled water and
resuspended in 30 mL of Postgate C modified medium without a carbon source to obtain a
suspension with 1 × 109 cells mL−1. Then, 100 mg of each clay were placed in two 100-mL
glass vials and suspended one fraction in 90 and the other in 99 mL of Postgate C without a
carbon source using an ultrasonic bath and a volume of 10 mL or 1 mL of the cell suspension
were added to each vial, respectively. After two hours of occasional manual shaking, the
clays were separated from the supernatant by centrifugation (4000 rpm for 40 s), washed
with 10 mL of fresh medium, and the cells that remained in the supernatant media were
counted using a Petroff Hausser counting chamber and contrast phase microscopy. A small
sample of the clays was deposited over coverslips and prepared for observation by scanning
electron microscopy. For this, the sample was first dried at room temperature, then fixed in
glutaraldehyde 2.5% overnight, dehydrated by immersion in a series of ethanol solutions
(40, 60, 80, and 100% ethanol in ultra-pure water), air dried, and sputtered with gold for
the observation in a FEI-Inspect S50 SEM (Thermo Fisher Scientific, Hillsboro, OR, USA) at
an accelerating voltage of 5 kV.
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2.5.2. Bacterial Growth and Biofilm Formation

To detect further biofilm formation after the initial adherence of microorganisms
to clays, 100 mg of the different clays were suspended in 100 mL of modified Postgate
C medium within independent hermetically sealed glass vials. Four parallel replicate
vials were prepared for each clay. An ultrasonic bath was used to allow a homogeneous
suspension of clays before the addition of microorganisms. Then, the vials were inoculated
with 2 × 106 cells mL−1 of the enriched culture, which was previously grown for three
days at 25 ◦C in modified Postgate C medium and incubated at 25◦C for nine days. A
series of vials without microorganisms were also performed for each system as a control.
Every 24 h, aliquots of 1 mL were taken from each vial after mixing by manual shaking
and centrifuged to separate the cells. pH and lactate concentration were measured in
the supernatant. When the lactate added as a carbon source was consumed, indicating
that the microorganisms had grown sufficiently, an aliquot of clays was taken from the
bottom of one of the replicate vials of each clay, and this vial was discarded. These samples
were observed by SEM and performed as described above. In the remaining vials, 80% of
the carbon-depleted medium was replaced with fresh medium to provide the cells with
an additional carbon source and allow for another round of growth. Three rounds were
performed, resulting in samples of clays at 6 (Cycle I), 8 (Cycle II), and 9 (Cycle III) days of
culture including samples of their respective non-inoculated controls.

3. Results
3.1. Surface Waters and Sediments Characterization

The physicochemical parameters measured in the waters and sediments from the
DR and SF sites are shown in Table 1. Water pH and conductivity were similar at both
sites. Nevertheless, from the oxidation-reduction potentials and the dissolved oxygen, a
marked difference between both sites was made evident since the surface waters at DR had
oxidizing characteristics (ORP > 0) whereas the SF waters had a remarkably lower dissolved
oxygen and reducing characteristics (ORP < 0). In addition, the concentrations of inorganic
ions measured in both superficial waters confirmed the differences between both sites:
nitrate, phosphate, potassium, and calcium were higher at SF, whereas sulfate, sodium and
magnesium were higher at the uncontaminated site DR. Moreover, the differences between
DR and SF were also reflected by some parameters measured in the surface sediments,
with a negative ORP and a high content of OM, AVS, and sulfate in SF and a positive ORP,
a lower content of OM and sulfate, and no AVS in DR.

3.2. Organic Matter, Acid Volatile Sulfide and Sulfate Content

The OM, AVS, and sulfate contents varied greatly between the DR and SF sediments
(Table 2). The AVS content was zero in the DR sediments but in SF1 (0–5 cm), it reached
a value of 2700 ± 600 mg kg−1, which decreased up to 1100 ± 200 mg kg−1 in the deep
section SF6 (25–30 cm). Sulfate content in all sections of the DR core was similar (in the
range of 150 ± 30 to 190 ± 20 mg kg−1). Conversely, in the SF core profile, the sulfate
content was lowest in SF1 (2900 ± 30 mg kg−1) and increased with depth until reaching the
highest value in the SF6 section (4750 ± 15 mg kg−1). The OM content was rather similar
along the analyzed profile of the DR core. In contrast, the superficial section SF1 had an
OM content of 180 ± 50 g kg−1, which decreased to 80 ± 4 g kg−1 in the deep section SF6,
representing a reduction of approximately 60% along the stratified sediment core.

3.3. Zinc, Copper, and Chromium Content

The total heavy metal content for all sections from both sediment cores is shown
in Supplementary Materials Table S1. The Zn, Cu, and Cr contents were low in the DR
uncontaminated sediments, but considerably higher in all sections of the SF contaminated
sediment. In Figure 2, the depth distribution profiles of the heavy metal contents are
shown along with the OM content for both cores. The total Cr concentration decreased
substantially in SF, but increased slightly in the deeper sections of the DR core. Despite
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the low content of OM, its distribution profile followed a trend like that observed for Cr
(Figure 2a). Instead, for Zn and Cu, a marked decrease was observed from the surface up
to 20 cm in DR and 25 cm in SF, and in the deepest section, a slight increase was observed
(Figure 2b). In addition, the heavy metal profile distribution in both sites was similar to
that followed by the OM content.

Table 1. Physicochemical parameters measured in the surface waters and sediments of the Dique
Ingeniero Carlos F. Roggero (DR) and San Francisco Park, William Morris town (SF) sites.

Matrix Parameters DR SF

Surface water

Temperature (◦C) 28.7 27.0
pH 8.5 7.4

Conductivity (µS) 1046 1500
Dissolved oxygen (DO, mg L−1) 9.8 1.2
Oxidation-Reduction Potential

(ORP, mV) +278 −41

Chloride (mg L−1 of Cl−) 75.2 74.3
Phosphate (mg L−1 of PO4

3−) 2.1 5.45
Sulfate (mg L−1 of SO4

2−) 50.9 40.4
Nitrate (mg L−1 of NO3

−) 3.1 23.25
Sodium (mg L−1) 227.1 189.4

Potassium (mg L−1) 9.1 10.1
Magnesium (mg L−1) 38.3 14.4

Calcium (mg L−1) 24.8 38.3

Surface sediment

pH 9.2 8.3
Organic Matter (OM, g kg−1) 41 ± 5 150 ± 30

Oxidation-Reduction Potential
(ORP, mV) +160 −280

Acid Volatile Sulfide (mg kg−1 of
S2−)

0 1800

Sulfate (mg kg−1 of SO4
2−) 170 ± 20 3000 ± 600

Nitrate (mg kg−1 of NO3
−) 14 ± 3 16 ± 3

Zn (mg kg−1) 5.6 ± 0.4 240 ± 20
Cu (mg kg−1) 7 ± 1 60 ± 10
Cr (mg kg−1) 3.1 ± 0.2 270 ± 20

Table 2. Organic matter, acid volatile sulfide, and sulfate content in the vertical profile of the sediments collected at the DR and SF
sites, Reconquista River.

Site Sample Organic Matter
(g kg−1)

Acid Volatile
Sulfide

(mg kg−1 of S2−)

Sulfate
(mg kg−1 of SO42−)

DR

DR1 (0–5 cm) 43 ± 3 0 180 ± 70
DR2 (5–10 cm) 37 ± 2 0 150 ± 30

DR3 (10–15 cm) 35 ± 3 0 155 ± 1
DR4 (15–20 cm) 47 ± 2 0 190 ± 20

SF

SF1 (0–5 cm) 180 ± 50 2700 ± 600 2900 ± 30
SF2 (5–10 cm) 160 ± 30 1800 ± 600 2400 ± 200
SF3 (10–15 cm) 130 ± 20 2000 ± 500 3700 ± 500
SF4 (15–20 cm) 120 ± 50 1500 ± 400 3500 ± 90
SF5 (20–25 cm) 80 ± 20 330 ± 70 3300 ± 500
SF6 (25–30 cm) 80 ± 4 1100 ± 200 4750 ± 15
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Figure 2. Heavy metals (Zn, Cu, and Cr) and organic matter content distribution with depth in DR (a) and SF (b) bulk
sediment cores.

Accordingly, Figure 3 shows the metal concentrations within specific reservoirs as
determined with BCR sequential extraction along both bulk sediment vertical profiles
(Table S2). In the case of Zn in DR sediments, there was a differentiation between the first
10 cm (DR1 and DR2) and the deeper sections (DR3 and DR4), with this metal mostly
retained by the residual and oxidable fractions and, to a lesser extent, by the reducible
fraction in the surface, whereas in the deeper sections, Zn was almost totally associated
with the residual fraction (Figure 3a). On the other hand, the differentiation between the
fractions with respect to depth were not so marked for Cu (Figure 3b). In the SF core, the
Zn content decreased with depth in both the exchangeable and the reducible fractions.
Contrarily, a slight increase was observed in the oxidable fraction along the profile and
finally, in the residual fraction, the Zn content varied without a defined trend. Elevated
Zn concentrations were found in the surface sections (SF1 to SF3), where the Zn was
mostly extracted from the interchangeable and reducible fractions, but the residual fraction
remained within the same range for the deeper sections (Figure 3d). In contrast, the Cu
content did not vary considerably along the SF profile, but there was an enrichment in
the oxidable and residual fractions (Figure 3e). The high Cr content in the SF sediment
was mostly related with the oxidable fraction in the entire profile (Figure 3). However, the
association of this metal was not defined to a particular fraction in the DR sediment profile
(Figure 3c).
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Figure 3. Percentage distribution of Zn, Cu, and Cr from each of the reservoirs investigated in the sequential extraction of
the uncontaminated DR (a–c) and the contaminated SF, (d–f) sediment cores. The red line indicates the distribution of the
total content of each metal with depth.

3.4. Sediment and Clay Characterization
3.4.1. XRD Analysis of Bulk Sediments

The XRD patterns obtained from the bulk sediments of each profile section of the cores
taken from both the uncontaminated DR and the highly contaminated SF sites are presented
in Figure 4. In all samples of bulk sediments, the most intense peak was attributed to
quartz (Q) and peaks corresponding to feldspars (F) and albite (A) were also identified.
Faint peaks ascribable to clay minerals (Cl) (at ~10 and 4.5 Å) were also observed in all XRD
patterns. Once the quartz peaks were identified, they were manually removed from the
original diffraction pattern using the JADE software (Materials Data Inc. 2004, Livermore,
CA, USA) to facilitate the identification of other crystalline phases, as shown in Figure S2.
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Figure 4. X-ray diffraction (XRD) patterns of bulk sediments of the (a) DR and (b) SF cores for the superficial (DR1 and
SF1: 0–5 cm), intermediate (SF3: 10–15 cm), and deep (DR4: 15–20 cm and SF6: 25–30 cm) sections of each core. Main
minerals identified are marked as Q (quartz), F (feldspar), A (albite), and Cl (clay minerals). The numbers correspond to 2Θ
characteristic positions of some peaks for each mineral identified expressed in Armstrong (Å).

3.4.2. XRD Analysis of Extracted Clay Fractions

The diffraction patterns determined for the DR1 and SF6 clays after undergoing air-
drying (N), ethylene-glycol-solvated [46], and calcination at 550 ◦C (HT) treatments are
shown in detail in Figure 5. The corresponding diffractograms for the DR4, SF1, and
SF3 clays are shown in Figure S3. The joint analysis of these diffractograms allowed an
integrated qualitative interpretation of the mineral composition. In Figure 5a, a shoulder
around 3–7 ◦2θ (26–12 Å) for the air-dried surface sediment DR1 sample (N) was observed.
Under ethylene glycol treatment, this shoulder was shifted to angles lower than 6 ◦2θ
(higher than 16 Å) and after a high temperature treatment (HT), collapsed to 8.39 ◦2θ
(10.5 Å). Moore and Reynolds (1997) [41] mentioned that this shoulder is characteristic
of the smectite group. This is correlated with reflection (001), which generally appears at
5–8 ◦2θ (15–12 Å) in the N condition and after EG treatment shifted to a well-defined peak
around 5 ◦2θ (~17 Å). In the HT condition, the 001 smectite peak collapsed to around 9 ◦2θ
(10 Å), producing a diffraction pattern similar to that of illite. In our case, it was not possible
to clearly observe the peaks corresponding to the characteristic basal reflection (001) of
smectite in the air-dried and ethylene glycol treatments. However, slight changes were
observed in the very wide shoulder detected below 8 ◦2θ. Therefore, it can be interpreted
that the samples contained smectite, however, its presence cannot be assured. Furthermore,
the presence of random interstratified illite/smectite (I/Sm) cannot be ruled out because
in all cases, the peaks below 8 ◦2θ were very wide and there was a slight shift of the
peak at ~10 A after EG and HT treatments [41,51]. Illite was identified by the reflection
at 8.70 ◦2θ (10.2 Å) (001), which shifted slightly at 8.88 ◦2θ (9.9 Å) under EG treatment.
After calcination (HT), the characteristic peak of the illite phase at 8.39 ◦2θ (10.5 Å) was
identified. In addition, the peaks at 17.8 ◦2θ (5 Å) (002) and ~26.8 ◦2θ (3.33 Å) (003) did
not show any alterations after the EG and HT treatments. Once again, this indicates that
illite was present as both interstratified I/Sm and endmember mineral phases [46]. In
the N and EG patterns, low intensity peaks could be seen at 12.3 ◦2θ (7.21 Å) (001) and
24.99 ◦2θ (3.56 Å) (002), which collapsed after treatment at 550 ◦C. In this way, it is also
possible that kaolinite was interstratified with a few smectite layers. These reflections
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may also correspond to chlorite, or a mixture of chlorite (Ch) and kaolinite. However, the
disappearance of the diffraction peaks after the HT treatment is diagnostic of kaolinite [41].
Finally, traces of quartz and feldspar were also identified [52]. Qualitative mineral analysis
of the patterns for the deeper section of DR was virtually identical to that obtained for the
clays extracted from the upper section (Figure S3). However, the intensity of the diffraction
peak suggests slight increases in the content of quartz and feldspar. In SF fractions, a great
similarity between the diffraction patterns indicating similar mineral composition was also
observed. Like that detected for DR clays, the air-dried-oriented samples had a peak or
a shoulder at about 3–7 ◦2θ (26–12 Å), which under EG treatment shifted toward <5 ◦2θ
(~17 Å) (Figure 5b and Figure S3b,c). As with the DR clays, it was interpreted that smectite
was present, possibly as I/Sm [41]. The illite peaks were also identified in all clays from
the contaminated sediment. For both clays, the characteristic basal reflection (001) had a
slight shift around of ~9.9–10.2 Å, but the peaks corresponding to the reflections (002) at
17.8 ◦2θ (4.99 Å) and (003) at 26.8 ◦2θ (3.34 Å) did not shift with the different treatments or
between samples. The characteristic reflections for the identification of kaolinite, quartz,
and feldspar were also found.
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Figure 5. Diffractograms from the clay fractions (<2 µm) of (a) DR1 (0–5 cm) and (b) SF6 (25–30 cm). XRD patterns shown
were obtained after the samples were air-dried (N), ethylene-glycol-solvated (EG), or heat-treated at 550 ◦C (HT). The
main compounds identified are marked as Q (quartz), I (illite), Sm (smectite), K (kaolinite), A (albite), Cl (clay minerals),
and F (feldspar).

3.4.3. XRD Analysis of Reference Natural Clays

The XRD patterns of reference natural montmorillonite obtained under N, EG and HT
conditions are shown in Figure S4a. An intense peak at 7.05 ◦2θ (12.55 Å) was identified for
the oriented air-drying condition. After solvation with ethylene glycol, this peak shifted to
5.31 ◦2θ (16.67 Å) and an increase in intensity was observed, as with the other reflections.
Under the HT condition, a marked decrease in intensity was observed and the main peaks
shifted, indicating complete dehydration of the smectite interlayers. The low-intensity
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peaks in the N and HT diagrams are probably an artifact of the XRD analysis, representing
the cut-off of the diffracted beam at very low angle. In the case of illite, no relevant
changes were seen with the different treatments, because of its non-expandable nature
(Figure S4b). Some small peaks could be observed in all XRD traces at 19.9 ◦2θ (4.46 Å,
21.0 ◦2θ (4.23 Å) and 25.4 ◦2θ (3.50 Å) for illite and at 25.4 ◦2θ (3.50 Å) and 31.7 ◦2θ (2.82 Å)
for montmorillonite, which suggested the presence of other minerals such as kaolinite,
albite, clay minerals, quartz, or feldspars.

3.5. Grain Size, Surface, Textural, and Morphological Characterization
3.5.1. Grain Size

The particle sizes of the uncontaminated bulk sediments were smaller than those
of the contaminated ones and all of them tended to decrease with depth (Table 3). The
percentage of clay fraction extracted from the DR1 section was higher than that extracted
from the contaminated SF1 and SF3 (Table 4). Additionally, in both deeper sections, the
% of clay extraction was higher in DR4 than in SF6. It should be noted that for each
core, the percentage of clay-sized particles increased with depth. The particle size was
highest in surface section SF1 and showed a marked decrease with increasing depth. In
the uncontaminated clay fraction, the decrease of particle size with depth was still high
but less so (Table 3). This may be due to the agglomeration of the particles mainly related
to the OM content. The grain size obtained for the montmorillonite and illite references
are also presented in Table 4. Montmorillonite particles were larger than illite, but in both
cases, the values obtained were within the expected range.

Table 3. Particle size, surface (SSA), and textural properties (VTP; VµP; Vmes, and wp) of the sediments collected at the DR
and SF sites in Reconquista River.

Site Sample SSA
(m2 g−1)

VTP
(cm3 g−1)

VµP
(cm3 g−1)

Vmes
(cm3 g−1)

wp
(Slit Pore)

[40]

Particle
Size *
(µm)

DR

DR1 (0–5 cm) 59.2 ± 0.3 0.062 0.017 0.044 2.1 19.72
DR2 (5–10 cm) 66.9 ± 0.3 0.068 0.019 0.049 2.0 16.39
DR3 (10–15 cm) 65.0 ± 0.3 0.066 0.018 0.047 2.0 10.70
DR4 (15–20 cm) 63.8 ± 0.3 0.064 0.019 0.045 2.0 11.89

SF

SF1 (0–5 cm) 21.8 ± 0.1 0.044 0.005 0.039 4.0 27.42
SF2 (5–10 cm) 26.30 ± 0.04 0.049 0.006 0.043 3.7 25.83
SF3 (10–15 cm) 27.79 ± 0.05 0.051 0.006 0.045 3.7 26.58
SF4 (15–20 cm) 28.01 ± 0.04 0.050 0.007 0.044 3.6 27.16
SF5 (20–25 cm) 57.5 ± 0.1 0.065 0.016 0.049 2.3 11.98
SF6 (25–30 cm) 52.0 ± 0.2 0.057 0.014 0.043 2.2 16.36

* The particle size reported here was measured at 75% of the cumulative particle size distribution.

3.5.2. Surface Area and Textural Characteristics
Bulk Sediments and Clay Size Fractions

The textural characteristics were analyzed for all bulk sediment samples and the
results are presented in Table 3. N2 adsorption–desorption isotherms at 77 K for DR
and SF sediments are shown in Figure S5. In all cases, a type IV shape, and a type H3
hysteresis loop according to the International Union of Pure and Applied Chemistry
(IUPAC) classification were found [46,48], in agreement with the adsorption–desorption
curve previously reported for sediments from nearby sites on the same riverbed [6,7,32].
These features are typical of mesoporous materials and indicate that the particles are, in
general, agglomerated and with pores between parallel plates (slit-shaped) [46,48,53]. The
isotherms of bulk samples from both sediments also showed the “force closure” of the
desorption branch at 0.35 < P/Po < 0.55 due to the tensile strength effect, indicative of a
larger amount of small mesopores with a diameter of 4 nm [54] In both cases, the absence
of a plateau at high P/Po also indicated the presence of macropores and the volume uptake
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at P/Po near 1.0 showed that the total pore size of these materials was up to ~ 200-nm
range. According to the BET model, the SSA determined for the superficial uncontaminated
sediment was higher than that of the contaminated sediment, where a slight increase in
SSA with depth was observed (Figure 6a). The isotherms for all clay fractions were also
identified as type IV and hysteresis H3 in all sections (Figure S6). Nevertheless, some
characteristics were slightly different from those of the bulk sediments, showing an increase
of the volume of nitrogen adsorbed and the shape of the hysteresis loop observed at higher
p/p0 values. These changes indicated that, in the clay fractions, the interparticle porosity
changes with respect to the bulk sediment and increases the size of the mesopores in the
network. The SSA for DR clay fractions was rather similar, whereas SF clay fractions had a
substantially smaller SSA which increased with depth, being SF1 < SF3 < SF6 (Table 4).

Table 4. Particle size, surface (SSA), textural properties (VTP; VµP; Vmes and wp) and the percent mass of sediment of
reference clays and the clay fractions extracted from sediments collected at the DR and SF sites in Reconquista River.

Site/
Clay § Sample

Percent
Mass of

Sediment *

SSA
(m2 g−1)

VTP
(cm3 g−1)

VµP
(α-plot)

(cm3 g−1)

Vmes
(cm3 g−1)

wp
(Slit
Pore)
(nm)

Particle
Size **
(µm)

DR
DR1 (0–5 cm) 13.0 144.8 ± 0.1 0.173 0.039 0.133 2.4 2.78
DR4 (15–20

cm) 21.3 155.7 ± 0.1 0.165 0.044 0.121 2.1 2.42

SF
SF1 (0–5 cm) 8.1 22.1 ± 0.1 0.088 0.004 0.084 7.9 14.30

SF3 (10–15 cm) 8.7 40.0 ± 0.1 0.098 0.008 0.090 4.9 6.40
SF6 (25–30 cm) 18.1 84.1 ± 0.1 0.088 0.020 0.068 3.2 3.89

Sm M - 71.0 ± 0.1 0.099 0.020 0.079 3.0 2.50

Illite I - 34.0 ± 0.1 0.181 0.008 0.173 11.0 1.70

§ DR, SF (clay fractions from bulk sediments); Sm, Illite (reference clays). * Percent mass of sediment was defined considering the initial
mass of sediment and the final mass for particles smaller than <2 µm (clay-sized) obtained after two cycles. ** The particle size reported
here was measured at 75% of the cumulative particle size distribution.

The quantitative estimations of the micropore and mesopore volumes obtained from
the analysis of the isotherms showed similar values of VTP, Vmes and VµP for all DR
sediments core sections (Table 3). Table 4 shows that in DR clay fractions, the values were
higher than in bulk sediments. Also, the modal pore size (wP) had a constant value of
2 nm for all sections (in all sections from DR1 to DR4 of bulk sediments) and was slightly
higher than the value measured in their respective clays (approx. 2.3 nm), which indicates
that it is a material with very small mesopores, as occurs in clay minerals. In the case of
SF contaminated sediments, the VTP were relatively lower in the superficial than in the
deeper sections, but the Vmes values were similar along the vertical profile (Table 3). Like
that found for bulk sediments, in the SF clay fractions there was also a difference in the
first 20 cm (Table 4). Furthermore, the relationship between the VµP and VTP values for
these sections was the same as that found for the sediments. The VTP and Vmes in SF1, SF3
and SF6 was comparable, but SF1 and SF3 had a negligible VµP value which increased
slightly in the deeper SF6 fraction (Table 4). The wp for bulk sediment and clay fraction
decreased with depth (Tables 3 and 4). A linear relationship was observed between the
particle size and the modal pore size for both DR and SF clay fractions (Figure 6c). The
PoreSD for all sediments and their clay fractions, showed a broad PoreSD curve for both
sediments (Figure S7).
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surface area [(•) SSA, m2 g−1)] and (b) particle size [(•) µm], for SF bulk sediment and (c) relationship
between particle size (µm) and the modal pore size (wP, nm) for the clay fractions of DR (DR1:
0–5 cm and DR4: 15–20 cm) and SF (SF1: 0–5 cm, SF3: 10–15 cm, and SF6: 25–30 cm). The reference
clays are indicated as (�) illite (I) and (�) montmorillonite (M).

Reference Clays

The textural characteristics of the reference clays are shown in Table 4. According
to IUPAC classifications, a type IV shape and a H3 hysteresis loop was suggested for
montmorillonite (M) and a type II(b) isotherm with a narrow hysteresis loop, also type
H3, for illite (I) (Figure S8). The VµP of illite was low, but a relatively high VTP value was
measured, indicating that mesopores were prevalent. In contrast, the VµP of montmoril-
lonite was twice higher than that of illite but the VTP was lower. The differences between
the two reference clays were also reflected in the values of w, which were 3 and 11 nm for
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montmorillonite and illite, respectively. In Figure 6c, the relationship between the particle
size and wP for both reference clays were also included for comparison.

3.5.3. Morphological Characterization

The morphological features of mineral surfaces were investigated by scanning electron
microscopy. SEM micrographs of bulk sediment samples for sections DR1 (0–5 cm) and
DR4 (15–20 cm) (Figure 7a,b) showed a multitude of shapes and sizes. However, the
basic morphology is essentially given by clay plates, as was previously reported at nearby
sites [7]. On the other hand, SEM micrographs taken from SF sediments at different depths
revealed a greater heterogeneity (Figure 7d,e). Crystal morphologies for natural clays
from both uncontaminated and contaminated sites are shown in Figure 7c,f. Stacking
layers like those described in the literature as kaolinites can be observed and the illite
particles were revealed as platelike crystals stacked in the layer structure, which reflects the
typical features of sheet silicates [54–56]. Crystals of pyrite were found in the contaminated
sediments and the mineral composition was confirmed by EDS (Figure 7g). Moreover, the
EDS analyses from several images of both DR and SF sediments in Figure S9 suggested
the presence of minerals with the typical composition of phyllosilicates. SEM images of
the reference clays of montmorillonite and illite showed the typical morphology. Flake-
like structures and tightly interwoven flakes of smectite were observed and the mineral
composition was confirmed by EDS (Figure S10).
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Figure 7. Scanning electron microscopy micrographs for uncontaminated DR, (a–c) and contaminated SF, (c–f) sediments.
The arrows in (c,f) indicate features compatible with clay particles as kaolinite, illite, or smectite, but these could not be
confirmed by energy-dispersive x-ray spectroscopy (EDS). The presence of biological material cannot be ruled out. Crystals
of pyrite were found in the contaminated sediments (g) and the mineral composition was confirmed by EDS, since iron and
sulfur were detected as the main elements.



Minerals 2021, 11, 242 18 of 27

3.6. Interaction of Microorganisms with Clays

To study if the changes induced by contamination in the texture of the sediments
influenced the interaction of microorganisms with clays, we recovered bacterial cultures in
the sediment samples collected at both sites looking for those able to grow in the anoxic
and reducing conditions prevailing under contamination. Abundant bacterial growth
was observed from both SF and DR sediments, as indicated by the high turbidity of the
culture media. The presence of sulfate reducing bacteria was revealed by the distinct black
color of the FeS precipitate produced by the reaction of the sulfide released by bacterial
activity with the iron components of the culture media. The presence of accompanying
fermentative bacteria was confirmed by isolating pure cultures affiliated to the Clostrid-
ium sensu stricto 2 and Clostridium sensu stricto 3 clusters (closest type strain sequences:
C. cadaveris JCM 1392(T) (AB542932) and C. intestinale DSM 6191(T) (X76740)).

The initial adherence of microorganisms on the studied clays was low. The images
of the reference clay illite were not of sufficient quality as to clearly observe the scarce
microorganisms adhered and, therefore, in Figure 8, representative images of the reference
clay montmorillonite are shown, where scattered cells can be seen adhered to the surface
of the clay particles. In accordance with the existence of an electrostatic repulsion barrier
between the bacterial and clay surfaces at neutral pH, the initial adherence of bacteria to the
studied clays was low and could only be overcome by specialized structures (pili, flagella,
proteins) and a strong component of hydrophobic interactions [57–61] to allow biofilm
formation. The architecture of biofilms grown in culture is determined by biological, chem-
ical, and physical conditions, like the type of microorganisms, the presence of surfactants,
the medium composition, and perturbances like shaking or liquid addition or removal. In
this work, experiments of biofilm formation over different clays were carried out in batch,
employing in every case the same mixed bacterial culture and defined medium (described
in detail in the Materials and Methods Section), which included lactate as the carbon source.
Bacteria were able to grow and form distinct biofilms on all the clays assayed. Despite
the initial low microbial attachment to the montmorillonite reference clay, evidence of
incipient biofilm development was observed as determined by the presence of extracellular
polymeric substances (EPS) (Figure S11). Interestingly, the initial bacterial growth in the
presence of the natural clays of the bulk sediments from DR and SF was higher than that ob-
served with the reference clays, as determined by the percentage of carbon source (lactate)
consumption after three days of culture: montmorillonite 18%; illite 23%; DR 60% and SF
41%. No significant differences were observed between the biofilms grown over the refer-
ence clays tested. In Figure 9, the biofilm grown over montmorillonite at different cycles of
batch culture media refreshments are shown, where the typical flake-like structures become
more difficult to distinguish throughout the cycles. Furthermore, bacterial cells were seen
from cycle I (Figure 9b), and the surface was finally covered by a flat biofilm at the end of
cycle III (Figure 9d) where, in some cases, cell boundaries appeared diffuse, probably due
to the EPS matrix formed during bacterial growth. Cells were either embedded or on the
EPS matrix, probably because these substances are not equally produced by all members
of the community. Additionally, different cellular morphologies can be distinguished in
the biofilm, which was also the case with the natural clays extracted from SF and DR
(Figure 10). Here, the typical characteristics previously described for each clay could not be
easily distinguished due to the presence of the bacterial biofilm, which covered the surface
of the clays, where bacterial cells could be observed instead.
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of montmorillonite particles after eight days of culture (Cycle II) was covered by the biofilm (see the text for further
explanations). The arrows in (a–c) indicate different microbial morphologies (cocci and bacilli).
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4. Discussion

In this work, two regions of the Reconquista River immersed in different urban and
industrial environments were studied. The observed contrast between them was related to
relevant differences in the degree of contamination to which the watercourse is exposed.
Sediments act as a sink for a large part of the pollutants that are discharged into the
waters and, therefore, are greatly affected over time. The identification of point sources of
pollutants in these waters is difficult due to the intermittent and irregular discharges [62],
but the detection of heavy metal entry is feasible through the analysis of the anaerobic
sediments, where the metals are rapidly incorporated and accumulated. In accordance
with our previous reports [3,4,6,32,37,63], as shown in Table 1, the level of contamination
of the superficial waters at the SF site was much higher than in the DR site. The very low
values of DO and ORP, and high values of nitrates and phosphates measured in SF depict
the anaerobic state of the waters due to oxygen depletion by microbial activity on reduced
compounds. This contamination was also reflected in the sediments. Accordingly, we
found that most inorganic anions and cations as well as OM and sulfides were higher in
the SF contaminated site. Huge differences in the OM content were found at all depths
of the vertical profile of the sediments from the two studied sites, strongly indicating the
contaminated status of SF as opposed to DR. The decreasing content of OM in the vertical
profile (as seen in Table 2) suggests that the input of the contamination detected comes from
the waters. Although none of the measured parameters is a direct measure of the microbial
load, the oxygen depletion and the huge sulfide concentration at the SF site is typical and
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indicative of an enhanced microbial activity because of higher substrate (OM) availability.
In our previous research, we expanded the knowledge on the sediments of other sites in
this same basin, which supports the observation that under the anoxic conditions of SF
sediments, this microbial activity leads to the production of sulfides and probably also
carbonates (like siderite) [3,4,6,37]. The presence of these mineral compounds was not
confirmed here, but gave the SF sediments a black color and the appearance of a very
thick plastic sludge that differed significantly from that of DR, which had a brownish color
and a granular appearance, as seen in Figure S12. The main crystalline components here
identified in both DR and SF sediments were quartz, feldspar, albite, and clay minerals,
common in the outcrops of the riverbanks and found to also be present at other sites of
the same river [6,7,32]. This evidenced a substantial similarity in the mineral composition
of the pristine and contaminated sediments regardless of depth or contamination, with
no major differences found between their clay fractions either. The fact that sediment
samples from different riverbed sites have the same mineralogy indicates that there were
no relevant changes in the geology of the studied area, and that there were no mineralogical
modifications caused by contamination and microbial activity.

Regarding the content of heavy metals, as shown in Table 1 and Tables S1 and S2,
a marked difference between both sites was also found, with a clearly higher content of
Zn, Cu, and Cr in the entire vertical profile of the SF contaminated sediment (Figure 2).
Argentina does not have legislation on the maximum concentrations of heavy metals
in sediments, however, the total concentration of these metals in the upper 20 cm of
the SF sediments did exceed the permissible limits according to the sediment quality
guidelines from the Netherlands and Australia, which recommend maximum values of
Zn: 140 mg kg−1, Cu: 36 mg kg−1, and Cr: 100 mg kg−1. As can be seen in Table S1, the
maximum permissible content of Zn was exceeded with values of SF1: 260 ± 30, SF2:
200 ± 30, SF3: 190 ± 10, and right on the edge in SF4, with 140 ± 10 mg of Zn per kg
of sediment. In the case of Cu, the maximum permissible contents were also exceeded,
with values of SF1: 60 ± 9, SF2: 44 ± 4, SF3: 50 ± 10, and SF4: 40 ± 10 mg of Cu per
kg of sediment. Finally, the same situation was found for Cr, which was also exceeded
in the upper 20 cm of the SF sediments with values of SF1: 260 ± 20, SF2: 250 ± 30, SF3:
220 ± 50, and SF4: 120 ± 20 mg of Cr per kg of sediment. In contrast, the concentrations
measured in DR sediments were within the permissible limits of the Dutch and Australian
guidelines (Table S1). Interestingly, in the DR core, the total content of Cu and Zn decreased
with depth, while the content of Cr increased without a clear trend in the OM content.
Conversely, in the SF core, Zn, Cu, Cr, and OM all presented the same concentration trend
with depth (Figure 2), which agrees with that reported for the Jajrood River where the
adsorbabilities of heavy metals in sediments increased with increasing OM content [8]. All
of the above stated show a link between high contents of OM and high concentrations of
heavy metals in the sediments of the SF site, with average values of OM: 150 ± 30 g kg−1;
Zn: 240 ± 20 mg kg−1; Cu: 60 ± 10 mg kg−1 and Cr: 270 ± 20 mg kg−1. Conversely, DR
did not show the same, with average values of OM: 41 ± 5 g kg−1; Zn: 5.6 ± 0.4 mg kg−1;
Cu: 7 ± 1 mg kg−1, and Cr: 3.1 ± 0.2 mg kg−1), suggesting that metals and OM mainly
come from the contamination of superficial waters, emphasizing the risk that pollution
poses to the ecosystem [3,64].

These notable differences in OM content were also closely related to the size and tex-
tural characteristics of the sediment and their clay particles [23,24]. Kaiser et al. (2003) [65]
investigated the SSA from more of 100 mineral horizons of forest soils before and after
removal of organic matter and found that the sorption of organic matter reduced the
SSA, depending on the amount sorbed and the type of mineral. Therefore, the organic
compounds may adsorb onto the surface of the particles, leading to lower SSA values and
a greater particle size than expected.

As shown in Figure 6a,b, the SF sediments showed alterations in their characteristics
such as the grain size and SSA. The particle size in the SF bulk sediment was larger than
expected [24] and decreased with depth in the same way as the content of OM. Accordingly,
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an inverse tendency was observed for the SSA, which increased as the OM decreased,
suggesting a considerable particle agglomeration. On the other hand, the OM content was
rather similar along the analyzed profile of the DR core. The particle size of the DR bulk
sediment decreased with depth from DR1 (19.72 µm) to DR4 (11.89 µm), but there was no
clear trend for SSA (Table 3).

In the case of natural clays, the SSA values measured in the DR clay fractions were
consistent with the particle size and corresponded to values typically found in clays with a
mineral composition characterized by the presence of illite and smectite [7,32] and with a
low content of OM [16,66,67]. Concerning the clays extracted from SF, we found that the
upper section of the SF core (SF1: 0–5 cm) had particles of a smaller size than the respective
sediment particles. However, the SSA in this section SF1 was similar in both the sediment
and clay particles, suggesting that the differences could not only be determined by the
OM content, but that here, the mineral composition could play a key role. Again, this is in
agreement with that reported by Kaiser et al. (2003), who comment that the surface area as
well as the sorption of organic matter varies strongly between different mineral phases [65].
In the rest of the SF core, from SF2 (5–10 cm) to SF 6 (30–35 cm), the SSA of the clays was
higher than that of the sediments, although lower than expected.

Together with the aforementioned, we analyzed the porosity of the sediments and
their respective clays and found that the OM content could affect the porosity of sediment
particles and, as seen in Table 4, this was also observed in the clay particles of both cores
(DR and SF). Despite the differences in the content of organic matter in both bulk sediments,
the volume of mesopores in all sections of both cores was similar (the average values for DR
and SF were 0.046 ± 0.002 and 0.043 ± 0.003, respectively) but the volume of micropores
was notably lower in all sections of the SF core (see Table 3). This is interesting as it seems
that a high OM content led to a decrease only in the volume of micropores. As can be seen
in Table 4, this effect also occurred with the SF clay particles, since a slower volume of
micropores was also observed on the surface and increased with depth, in correspondence
with the decreased OM content. It should be noted that, according to Kaiser et al. (2003) [65],
the loss of the SSA from pores of different sizes on the sorption of organic matter is highly
variable even for the same mineral and that the micropores are also lost in the initial
stages of the surface accumulation of organic matter. Then, considering that the particle
size in the upper section of the core almost doubled that in the deeper section, it can be
argued that pores < 2 nm are occluded [66]. However, this cannot be assured because other
changes associated with the OM content could be taking place and lead to a decrease in
microporosity and to an increase in the number of mesopores (2–50 nm) [12].

In Figure 6c, a clear tendency was observed between the wp of the clay fractions,
which decreased with the particle size along the vertical profile of both sediments. Mont-
morillonite also followed this linear trend, with values like those obtained for the DR clay
fractions, whereas illite had the highest wP and the smallest particle size of all the clays
studied. Kuila et al. (2012) [66] demonstrated that depending on their maturity stage,
organic materials can act as a pore blocking material within a clay matrix. Then, Kuila and
Prasad (2013) [53] reported that, with similar mineral composition, the differences observed
in pore volumes were given by the OM content, acting as a pore-blocking material within
the clay package and reducing the fine mesopore volumes. All the above stated must be
considered together, since the textural characteristics observed should not be attributed
only to the content of OM and may also be associated with changes in the mineral compo-
sition, which is directly related to the geochemical conditions in which these clays formed.
Unfortunately, it was not possible to detect by the XRD analysis, and therefore we did not
confirm the existence of interstratified illite-smectites.

Organic matter is one of the most relevant factors shaping sediment microbial commu-
nities [1]. OM in river sediments is a complex mixture of different compounds originated
in situ via biological activity or coming from an external input. In the Reconquista River,
most of the OM is of anthropogenic origin and constitutes the main source of organic
contamination of waters and sediments, leading to the growth of microbial biomass mainly
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in the form of biofilms [5,6]. In the sediments, the OM is consumed and transformed mostly
through anaerobic processes mainly coupled to sulfur and iron reduction [3–5,64]. This
gives evidence of the presence of microorganisms able to take over in the community if the
status of the sediment shifts from pristine to polluted. Chemoheterotrophs (microorgan-
isms that use chemical compounds as carbon and energy source) are diverse in taxonomy
and metabolic function and play a key role in the initial degradation of the OM. In one of
our previous works, these types of microorganisms were found to be abundant components
of the bacterial assemblages in all the studied sediments [36]. Among them, Clostridium is
a ubiquitous genus well recognized for its chemoheterotrophic fermentative metabolism
and are relevant players in the degradation of organic macromolecules in anoxic sediments
and are usually recovered from enrichment cultures performed under sulfate-reducing
conditions [68], which was confirmed in this work.

When there is a large input of OM, it accumulates in the sediments and interacts with
clays and metal oxides, becoming less bioavailable for most of the organisms [7,12,63].
There, the initial degradation carried out by the chemoheterotrophs provides substrates
that are, in turn, used by sulfate and iron reducing microorganisms, ultimately leading to
the accumulation of large amounts of sulfides in the sediments. Sulfides can react with
metal ions, generating metal sulfides that are insoluble. Consequently, the combined inputs
of heavy metals and OM from water discharges are responsible for the accumulation of
heavy metals sulfides and the observed change in the visual appearance of the sediments,
which acquire a dense black color due to the sulfides (Figure S12). Considering that the
recycling of the OM determines the fate of persistent pollutants (i.e., degradation of toxic
organic compounds and immobilization of heavy metals) in situ, we enriched in culture
the sediment bacterial populations able to grow in the presence of the pollutants and under
sulfate-reducing anaerobic conditions to study their interaction with clays. These groups
of microorganisms and the way in which they interact with the sediment are crucial factors
to consider when designing treatments for the remediation of the anoxic contaminated
sediments and the leaching of heavy metals.

Initial adherence of microorganisms to the surface is a key step in the subsequent
formation of biofilms and the establishment of bacterial assemblages that determine the
biogeochemical processes occurring in sediments. Even though the initial attachment
to surfaces and the quantitative differences between the biofilm growth on reference
and natural clays could not be distinguished by SEM (Figure 8 and Figure S11), lactate
consumption at the beginning of the experiment was higher for the natural clays, suggesting
a differential interaction of the bacteria with the studied clays. The biofilms formed
included a dense matrix of EPS, which are known to be effective nucleation agents for clay
minerals, operate in iron homeostasis, and bind several cations [12,69]. As can be inferred
by the different cellular morphologies observed, the formed biofilm is a complex structure
produced by different taxa. Probably, these taxa have trophic interactions, which depend
on the types of microorganisms and the relative size of their populations and determine
the microbial turnover of organic matter and contaminants in the sediment.

5. Conclusions

In this work, we found important differences between two 24-km distant sites, DR
(upper basin, not contaminated) and SF (middle basin, highly contaminated), of the urban
Reconquista River concerning the quality of the surface waters and, mainly, the sediments.
In particular, it was found that the untreated domestic and industrial effluents discharged
upstream of the SF site contaminated the sediments with a high content of organic matter
and heavy metals such as Zn, Cu, and Cr. The organic matter in the polluted sediments
seemed to induce the accumulation of heavy metals through microbial activity. The
microorganisms catalyze several chemical reactions that ultimately lead to the production
of sulfides, which react with the metals in the surrounding water with the consequent
precipitation of metal sulfides. Likewise, although no changes in the mineral composition
between the sediments from both sites could be demonstrated by XRD, the high content



Minerals 2021, 11, 242 24 of 27

of organic matter in SF might be responsible for the changes in the physicochemical
characteristics of the sediments and their clays. These changes were reflected in alterations
in the particle size, surface area, and porosity, which varied with respect to depth in the
stratified vertical profile. The effect of contamination in the clay minerals occurs mainly
at the level of particle association, where it induces the formation of aggregates. This
effect is decisive for the surface interaction required for the initial steps in the formation
of microbial biofilms, whose metabolic functionalities are involved in the biogeochemical
cycles that occur in sediments as well as in the transformation and fate of the contaminants
that may be present. Finally, these findings are also relevant for the design of remediation
processes aimed at the recovery of immobilized metals and the restoration of the quality of
the sediments in the polluted areas of the Reconquista River.

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-1
63X/11/3/242/s1. Figure S1: Clay suspensions of (a) montmorillonite (M), (b) illite (I), (c) DR
(uncontaminated site) and (d) SF; Figure S2: XRD patterns of bulk sediments of the (a) DR and (b) SF
cores for the superficial (DR1, 0–5 cm and SF1, 0–5 cm), intermediate (SF3, 10–15 cm) and deep (DR4,
15–20 cm and SF6, 25–30 cm) sections of sediment; Figure S3: Diffractograms from the clay fractions
(<2 µm) of DR core: (a) DR4 (15–20 cm) and SF core: (b) SF1 (0–5 cm) and (c) SF3 (10–15 cm). XRD
patterns shown were obtained after the samples were air-dried (N), ethylene-glycol-solvated (EG) or
heat-treated at 550 ◦C (HT). Main compounds that were identified are marked as Q (quartz), I (illite),
Sm (smectite), K (kaolinite) and F (feldspar); Figure S4: Diffractograms from the reference clays:
(a) montmorillonite (M) and (b) illite (I). XRD patterns shown were obtained after the samples were air-
dried (N), ethylene-glycol-solvated (EG) or heat-treated at 550 ◦C (HT). Mineral traces of quartz (Q),
kaolinite (K), calcite (C) and clay minerals (Cl) were observed in both patterns. The peaks that could
not be recognized are labeled with (*). The low-intensity peaks in the N and HT diagrams, indicated
with (**), are probably an artifact of the XRD analysis, representing the cut-off of the diffracted beam
at a very low angle. Figure S5: N 2 adsorption–desorption isotherms for bulk sediments from (a) DR1
(squares) and DR4 (circles) core sections and (b) SF1 (circles), SF3 (squares) and SF6 (triangles). The
quantity adsorbed was expressed as cm 3 g−1 STP (Standard Temperature and Pressure). In each case,
the adsorption branch was represented with filled symbols and the desorption branch with hollow
symbols; Figure S6: N 2 adsorption–desorption isotherms for clays fractions from (a) DR1 (squares)
and DR4 (circles); and (b) SF1 (circles), SF3 (squares) and SF6 (triangles). The quantity adsorbed was
expressed as cm 3 g−1 STP (Standard Temperature and Pressure). In each case, the adsorption branch
was represented with filled symbols and the desorption branch with hollow symbols; Figure S7. Pore
size distribution (PSD) of the bulk sediments from (a) DR (DR1: 0–5 cm and DR4: 15–20 cm) and
(b) SF (SF1: 0–5 cm, SF3: 10–15 and SF6: 25–30 cm) and their respective clay fractions (c) and (d).
Figure S8: N 2 adsorption–desorption isotherms for reference clays. M: montmorrillonite (squares)
and I: illite (triangles). The quantity adsorbed was expressed as cm 3 g−1 STP (Standard Temperature
and Pressure). In both cases, the adsorption branch was represented with filled symbols and the
desorption branch with hollow symbols. Figure S9. Scanning electron microscopy images of both
bulk sediments. In (a) the red circles indicate the zones were crystals similar to pyrite were found.
In (b), a bigger crystal with different particle morphology is observed. (c) The mineral composition
determined by energy dispersion X-ray spectroscopy (EDS) in this sample suggested that it is albite.
In uncontaminated sediments (d and e), the typical mineral composition of phyllosilicates (most
probably smectite or smectite-rich I/Sm) was also found by EDS analyses. These are representative
images of the 3-6 images that were analyzed to confirm the observed features. Figure S10: Scanning
electron microscopy images of reference clays (a1, a2) montmorillonite (M), (b1, b2) illite (I). The
mineral composition of montmorillonite was determined by energy dispersion X-ray spectroscopy
(EDS) (c). Figure S11. Evidence of incipient biofilm development on montmorillonite. The arrow
indicates the presence of extracellular polymeric substances (EPS). Figure S12. Images showing the
appearance of the sediments soon after being collected at (a) DR and (b) SF sites; after treatment by
gravitational sedimentation and resuspended in double-distilled water [(c) DR and (d) SF]; and the
clay fractions obtained after drying the solids at 40 ◦C [(e) DR and (f) SF]. Table S1. Heavy metals (Zn,
Cu and Cr) content in the vertical profile of the sediments collected at DR and SF sites, Reconquista
River. Table S2. Concentration of zinc (Zn), copper (Cu), and chromium (Cr) in the extracted fractions
associated to the reservoires within the DR and SF sediments along the vertical profile.
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