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Abstract: The water management initiatives in freshwater systems focus on water availability to
preserve this resource for human uses and the health of aquatic ecosystems. This work presents an
assessment of the potential pollution risk caused by the metal availability in suspended sediments.
The objective of this study was to determine the partitioning, association, and geochemical fractiona-
tion of metals in suspended sediments from a surface water body. Additionally, the environmental
assessment for this reservoir was estimated using geoaccumulation, enrichment, and pollution indices
of metals and the related potential risk by their elemental availability (RAC). Chemical, mineralogical,
and morphological characterizations were obtained by inductively coupled plasma spectrometry,
alpha spectroscopy, X-ray crystallography, and scanning electron microscopy. Clay, quartz, mont-
morillonite, and calcite were the main minerals of suspended sediments. Chemical fractionation
was the parameter affecting the concentrations of metals in suspended sediments. The sediment
composition is of natural origin; however, these finer particles can promote the scavenging of toxic
metals. It contributes to obtaining moderate to high levels for enrichment/contamination indices.
Although Ca, Mg, and U were the most accessible metals for aquatic biota, metals such as Sr, Mn, Li,
Cu, and Ni in the exchangeable phase of suspended sediments are the potentially toxic elements in
this aquatic ecosystem.

Keywords: chemical fractions; suspended particulate matter; metal release; metal co-occurrence;
aquatic environment; surface water

1. Introduction

There is an urgent need to balance social, economic, and environmental sustainability
globally. Water scarcity is a severe problem due to dwindling surface and groundwater
supplies caused by natural and human sources; these water changes adversely affect its
availability [1]. In nature, water availability depends on climatic and geological factors [2],
where their interaction has been called hydrogeologic environment [3].

Water quality conditions are essential for functioning in the ecosystem and meeting
human commitments. Those systems naturally contain trace elements responsible for a
fraction of the biota’s dose from the environment [4,5]. The indices such as enrichment
factor, Geoaccumulation Index, contamination factor, and potential ecological risk index
are used to determine the pollution risk given by metals [6-11]. However, most of those
studies have been widely evaluated using the bottom sediments. Nevertheless, low-weight
sediments remain in suspension, which can be mobilized through long distances, being a
valuable transport source of pollutants [12-14].
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The concentration of toxic elements is generated through lixiviation, chemical spe-
ciation, size of suspended sediments, and movement, resulting in their transport and
distribution within a water body [15]. In this regard, processes such as diffusion and
dispersion, transport, exchange in solid-solution phases, and sorption/desorption control
the migration of the contaminants in water bodies [7,16-18]. Furthermore, environmental
conditions influence the sorption of contaminants on suspended sediments, which can
change to soluble states and be available to other organisms [19,20]. Chemically, element
fractionation is controlled by chemical properties such as oxidative state, chemical affin-
ity, chemical species competition, among others. Therefore, evaluating the availability of
elements in suspended sediments should be a priority to establish the potential toxicity.
The particle fractions can be [21-24]: bioavailable (exchangeable/soluble metals in water),
reduced (metals linked to oxides freed when conditions change from oxic to anoxic), oxi-
dized (metals linked to organic components and sulfides, freed under oxidant conditions),
and residual (elements strongly connected to the crystalline minerals structures). Due to
the chemical species, contents in gross sediments can be a poor indicator of metal releasing
in aquatic ecosystems; it is critical to identify the bioavailability of metals in suspended
sediments under variations of environmental conditions. The objective of the present study
was to determine the partitioning, association, and geochemical fractionation of metals
(including 23823*U and 2%223Th) in suspended sediments from surface water to assess the
potential pollution risk for an aquatic environment.

2. Materials and Methods
2.1. Study Site

The present study was performed in the San Marcos reservoir, located between 28°55
and 28°40' latitude N and between 106°10’ and 106°25’ longitude W, in the municipality of
Chihuahua. This reservoir is one of the oldest reservoirs in Chihuahua, Mexico, built-in
1905, before the Mexican revolution. This region is placed in a volcanic caldera, showing
rhyolitic tuffs and some Upper Cenozoic volcanic rocks with intermediate to basic com-
position [25,26]. Likewise, basalts and a few calcareous rock outcrops can be found [25].
Due to its high topographic elevations, the San Marcos region serves as a source of water
recharge for the Chihuahua-Sacramento aquifer. In this semiarid zone, short periods of
rain are present with annual precipitation from 200 to 600 mm, where temperatures can
reach up to 38 °C [27].

The San Marcos reservoir is fed with water from two rivers (Blanco and San Marcos
rivers) and a spring, where San Marcos River is the primary source of recharge to this
reservoir. This river comes in contact with two uranium deposits (Victorino and San Marcos
outcrops) present in the area, contributing natural radioisotopes to this reservoir [28].
Several decades ago, some mining studies were carried out in these mineral deposits to
benefit uranium extraction; however, it was concluded that there was no feasibility for
uranium mining. The spring is located on the north-eastern slope of the reservoir and
provides abnormal uranium and radon concentrations due to its groundwater origin [28,29].
This zone uses the surface and ground waters for agricultural and domestic activities and
human consumption. The location of the study area is shown in Figure 1.
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Figure 1. Satellite image of the study area. Distribution of the sampling points, from 1 to 9 along the
flux water, in the San Marcos reservoir.

2.2. Sampling

Eighteen sampling sites were collected along the flux water of San Marcos reservoir
in May 2016, before the rainy season; nine of those were taken at the surface level (40 cm
below from the topwater) and the other nine at a deep level (1 m above from the reservoir
bottom). Input water corresponds to sampling points 1 (San Marcos River), 3 (Blanco
River), and 8 (spring). Every water sample was collected in plastic containers of 50 L;
before sampling, these containers were acid washed in the lab and in situ pre-equilibrated
with water from every sampling. According to Mexican regulation, 1 L of water was also
collected to determine water quality parameters in every sampling point [30].

2.3. Sample Analysis
2.3.1. Water and Sediments Samples

Parameters such as pH, temperature (T), oxidation-reduction potential (ORP), and
total dissolved solids (TDS) were recorded in situ. While pH, T, and TDS were obtained
using multiparametric equipment (Hanna, H198130), the ORP was measured with an
ORP tester (OAKTON, Waterproof ORPTestr Double junction). Total alkalinity, chlorides,
and total hardness were determined by the methodology proposed in the Mexican reg-
ulations [31-33]. The analysis of sulfates and nitrates were performed through Hach
procedures by 8039 (Cadmium reduction method) and 8051 (SulfaVer 4) methods and
measured using a Hach spectrophotometer (Hach, DR 2010) [34], whereas Ca, Mg, Na, and
K were determined using an atomic absorption spectrophotometer (GBC Avanta Sigma,
Melbourne, Australia), following the methodology suggested in the regulation [35].

The 50 L water samples were exposed to successive filtrations to obtain the suspended
sediments and dissolved phase. Although suspended sediments are composed of particles
of different diameters, in this work, two sizes of particles were analyzed: coarse (>25 um)
and fine (25 pm > particles > 11 um). Initially, water samples were passed through a
cellulose filter with a pore size of 25 pm (coarse particles); subsequently, that water was
filtered with a pore size filter of 11 pm to obtain the fine particles. For purposes of this
work, the liquid phase obtained from the final filtration was also analyzed and called the
dissolved phase.
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2.3.2. Characterization of Suspended Sediments and Dissolved Phase
Scanning Electron Microscopy

The coarse and fine particles were characterized using SEM in a JEOL 6460LV, obtaining
secondary electron images (SEI) and back-scattered electron images (BEI); with a maximum
resolution of 3.5 nm. This device was coupled to a microprobe EDX and equipped with
a Beryllium window ATW2 (resolution 137 EVAT 5.9 KeV) for semi-quantitative analysis
using the Oxford INCA® software.

X-ray Diffraction

The suspended sediments were subjected to a mineral analysis through X-ray diffrac-
tion, using an XPERT-PRO PANalytical® (Radiation of Cu pipes with K« radiation, 40 mA
and 40 kV). The diffraction patterns were obtained at an angular interval of 26 from 4 to
70°, with steps of 0.05° and 2 s exploration time. The pattern analysis was performed using
the Data Collector® software.

Chemical Analysis

The coarse and fine particles underwent a chemical procedure to obtain the bioavail-
able, reduced, oxidized, and residual fractions. The sequential extraction procedure to
obtain each fraction is described by [22,23,36,37]. Subsequently, the concentration of ma-
jor and trace elements in coarse and fine particles (bulk particles), particle fractions, and
dissolved phase was determined by ICP-OES, whereas U and Th isotopes were obtained
using alpha spectrometry.

Element Characterization

Aliquots of bulk particles, particle fractions, and dissolved phase were digested using
a microwave (ON 60 Hz Anton Paar, Graz, Austria). The element concentrations were
obtained using an ICP-OES Optima 8300® (Perkin Elmer®, USA; software version 1.10); a
calibration standard of 21 elements (Perkin Elmer, Waltham, MA, USA, LLC STD-AS QC 21
Elements) to calibrate this equipment. For the quality /accuracy control, sediment samples
were analyzed by triplicate, and a certified reference material (IAEA-375) was measured; it
was treated under the same sequential extraction procedure, fractionation of elements. The
element recovery (%) was obtained by comparing the concentration of each element in bulk
samples and the sum of concentrations in four fractions. The measurement precision was
below 30% of RSD (relative standard deviations), while average recovery rates of element
concentrations were between 80 and 110%. In this study, the elements reported were those
in which most concentrations were above their respective detection limit.

Radiological Characterization

Radiological characterization was carried out only in suspended sediments at the
bottom level. Thus, the contents of U and Th isotopes were determined in bulk particles,
particle fractions, and dissolved phase. Internal standards of 2?U (117 + 0.6 mBq/g)
and ?2Th (104.04 + 0.6 mBq/g) were added, through which the activities of the isotopes
of interest were obtained. Each aliquot underwent a process of digestion, extraction,
separation, and purification (deposition) of radioisotopes. The radioisotopes U and Th
were obtained through alpha spectrometry with surface barrier detectors (Canberra ®Alpha,
Atlanta, GA, USA), and the analysis of alpha spectrums was performed with the Genie
2000® software. The spike recoveries ranged from 84 to 96% and from 55 to 78% for U and
Th, respectively.
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2.4. Distribution Coefficient (kd)

The distribution of elements between suspended sediments and dissolved phase was
obtained by the distribution coefficient, kd [38,39], Equation (1):

Cis (%)
kg
kd = — 2L 1)
. g 7
Ciw (78)
The kd is the element concentration ratio, Cis is the concentration of the i-element in the
suspended sediments, and Ciw is the concentration of the i-element in the dissolved phase.

2.5. Statistical Analysis

Compositional data analysis (CoDA) methods are necessary due to the compositional
nature of geochemical data [40]. Therefore, a Shapiro-Wilk test was employed to analyze
the normal distribution of these data. As non-normal distribution was observed, results
were log-transformed using the R software (www.rproject.org (accessed on 1 January 2022))
and analyzed by: (a) an ANOVA, to identify the interaction effects of sampling point and
water depth in the physicochemical parameters, applying the procedure GLM using the
package SAS® [41]; (b) an ANOVA, to identify the interaction effects of sampling point,
particle size, fractionation of elements, and water depth in the elemental composition of
suspended sediments, applying the procedure GLM using the package SAS®; (c) a distri-
bution of elements using cluster heatmaps (isometric log-ratio transformation) using the
R-package robCompositions (pivotCoord and gplots functions); (d) a correlation analysis
between the implicit continuous variables, using the R-procedures ggplot2 and corrplot;
and (e) a multivariate analysis, Factorial Analysis (FA), using the isometric log-ratio (ilr)
transformation methods through the R-function “factanal” [42-44].

2.6. Potential Pollution Risk Assessment

Element concentrations from suspended sediments were used to identify their en-
richment, pollution levels, and the potential pollution risk [6,7,45,46]. Due to element
recoveries being greater than 80%, the analysis of indices was carried out using the sum
of element concentrations obtained by fractions (F1-F4). Furthermore, to provide an im-
proved prediction of the potential risk for aquatic biota, the element concentrations from
the available sediment fractions (bioavailable, F1; reduced, F2; and oxidized, F3) were used
to calculate the Risk Assessment Code (RAC).

2.6.1. Contamination Factor (Cf)

The Cf is a single index used to monitor the element status in sediment [7,11,16]. This
index was obtained by Equation (2):

Cf=_Ci/ Ciearth crust (2)

where Ci is the i-element concentration in sediment and Cigayh crust 1S the i-element con-
centration in the upper continental crust. According to [11], Cf is classified as Cf < 1 low
contamination factor, 1 < Cf < 3 moderate contamination factor, 3 < Cf < 6 considerable
contamination factor, and Cf > 6 very high contamination factor.

2.6.2. Enrichment Factor (Ef)

The Ef was obtained by the normalized ratio from sediment element concentrations
to those in the average upper continental crust [47,48]. This normalization takes into
consideration variations in sediment grain size and mineralogy. The Ef was calculated by
Equation (3):

Ef = (Ci/Re)sedimentS/(Ci/Re)earth crust (3)

Ci is the i-element concentration in sediment, and Re is the reference element. The
reference element must be stable and associated with finer particles; elements such as
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Al, Fe, Mn, Rb, and Ti are widely used [16,45]. In this work, Fe was used as Re due
to is one of the major constituents in clay material [11,49-51]. Ef is classified as Ef < 1
deficient/not enriched, 1 < Ef < 3 minor enrichment, 3 < Ef < 5 moderate enrichment, 5 < Ef
< 10 moderate-severe enrichment, 10 < Ef < 25 severe enrichment, 25 < Ef < 50 very severe
enrichment, and 50 < Ef extremely severe enrichment.

2.6.3. Geoaccumulation Index (Igeo)

The Igeo defines the metal concentration in fine fraction particles and detects the
anthropogenic influence [45]. This index is expressed by Equation (4):

Igeo =logy (Ci/1.5 x Bn) 4)

where C; is the i-element concentration in sediment, Bn is the geochemical background
concentration of the element, and 1.5 is the constant to analyze natural fluctuations in the
element contents. Its classification is uncontaminated Igeo < 0, uncontaminated-moderately
contaminated 0 < Igeo < 1, moderately contaminated 1 < Igeo < 2, moderately heavily con-
taminated 2 < Igeo < 3, heavily contaminated 3 < Igeo < 4, heavily extremely contaminated
4 <Igeo <5, and extremely contaminated 5 < Igeo.

2.6.4. Metal Availability Assessment

Metals in available fractions of sediments are the main responsible for pollution risk.
The secondary to primary metal phases ratio (SPR) and the Risk Assessment Code (RAC)
were evaluated to obtain the potential pollution risk by releasing metals from suspended
sediments.

The SPR was calculated by the ratio of metal concentrations in secondary fractions (F1,
F2, and F3) to those in primary fraction (F4) [52]. The SPR and RAC were obtained using
the Equations (5) and (6), respectively:

SPR = Cp1.3/Cpa ®)

where Cgy_3; is the sum of i-element in F1 (bioavailable), F2 (reduced), and F3 (oxidized);
and Cpy; is the concentration of the i-element in residual fraction (F4).

RAC (%) = Cp12/Cri (6)

where Cgq.; is the sum of i-element concentrations in the most labile fractions (F1 and F2),
and Cr; is the total concentration of i-element obtained by the sum of their concentrations
from all fractions. RAC is classified as no risk < 1, low risk 1-10, medium risk 11-30, high
risk 31-50, and very high risk > 50 [6,36].

3. Results
3.1. Bulk Water Quality

The physicochemical parameters and chemical species obtained in bulk samples from
the San Marcos reservoir are summarized in Table S1 (Supplementary Material). The pH was
neutral at the surface and deep levels of this water body, as well as the ORP showed mainly
sub-oxic conditions. In addition, alkalinity at surface level ranged from 14 to 17 mg CaCOs /L,
whereas at high depth, 34 to 36 mg CaCOj3/L was found. Likewise, the dissolved ions were
found in the following abundance SO4>~ > Na* > Cl~ > K* > NO,~ > Ca?* > Mg?*.

3.2. Mineral Composition of the Suspended Particulate Matter

The mineral analysis of the fine and coarse particles showed that, in general, the
main minerals contain Ca, Si, feldspars, and clays. The main mineral species found were
Calcite [Ca(CO3)], Quartz [(S5i0,)], Albite [(Al; 2Cag»NaggOgSis )], and Montmorillonite
[Ca (Al,Si4O11 (OH))].
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3.3. Morphology and Elemental Composition

The results of the particle morphology are shown in Figure 2. The coarse and fine
particles are amorphous with a rough and porous surface. Coarse particles show dimen-
sions in a range from 30 to 150 um. These particles showed differences on their surface:
accumulation of small particles (Figure 2a), lightly smooth angles (Figure 2b), and sharp
edges (Figure 2c). In addition, fine particles are composed of particle aggregates with
dimensions from 13 to 227 um (Figure 2d—{); it indicates a high surface charge for this
particle size, attracting each other to form fine particle agglomerates. Furthermore, coarse
particles are mainly composed of Si (35%), Na (23%), and Fe (14%), whereas fine particles
are composed of Si and Ca with 41% and 20%, respectively.

Figure 2. Morphological analysis with secondary electrons of the suspended particulate matter.
Coarse particle dimensions: (a) 130 x 150 pum, (b) 30 x 35 um, and (c) 50 x 60 um. Fine particles
dimensions: (d) 160 x 227 um, (e) 51 x 84 um, and (f) 13 x 17 pm.
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3.4. Partitioning of Chemical Species

The concentrations of major and trace elements in suspended particles and dissolved
phase are summarized in Table S2 (Supplementary material) at the surface and deep level.

3.4.1. Physicochemical Parameters

From one factor analysis, the concentrations of elements were significantly different
according to depth (p < 0.05), but they were not for the sampling point. The alkalinity (CO37,
HCO3 ™), sulfates (SO427), calcium (Ca?*), and sodium (Na*) showed higher concentrations
at the deeper water level, except for Na*. Likewise, the interaction effects depth-sampling
point did not show significant differences.

Moreover, some distribution differences of physicochemical parameters related to
levels were identified with the heatmaps of correlation coefficients. Figure 3 shows log-
transformed parameters sorted according to cluster analysis [53]. The distribution of
physicochemical parameters to both levels indicated two main subgroups by clustering
(p <0.05). At the surface level, the NO,, Mg2+, CaZ*, K*, Na*, and ORP form the first
subgroup; this can be seen at the lower-left corner of Figure 3a. The highest positive
correlations of those parameters were NO, — Mg?* and Ca** — K* (R > 0.70), whereas
Na* — ORP showed a weak correlation (R = 0.5). The second subgroup comprises TDS,
Alkalinity, pH, SO4%~, C1~, T, and hardness (Figure 3a, upper right corner). In the deep level,
the subgroup to the upper right corner in Figure 3b showed a high number of parameters
that were positively correlated (pH, Alkalinity, Hardness, TDS, T, S042~, ORP, Mg2+, Na™,
and C17), whereas NO, and K* remain clustered as another subgroup (R > 0.62).
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Figure 3. Heatmaps of physicochemical parameters for: (a) surface level and (b) deep level. The
strength of color indicates the strength of correlation. Blue colors indicate positive correlations, light
colors (yellow/orange) indicate negative correlations.

3.4.2. Particle Composition

In Table 1 are shown the results of principal components and the kd. Most of the
elements are concentrated in suspended sediments showing kd >> 1 Lkg~!. These metals
showed kd in the following sequence Ti > Mn > Fe &~ Ni~ V ~ Cu~ Li =~ Pb ~ Zn > Mg
~ Ca = Sr. Statistically, major and trace elements explain >91% of the variance in PC1,
showing a high correlation (R > 0.9, p < 0.05) for both particle sizes and at both depth levels.
It confirms the natural origin of these elements in suspended sediments.
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Table 1. Principal component analysis and distribution coefficient (kd; L/kg) of the suspended
sediment samples.

Variable Components kd
Coarse Particles Fine Particles Coarse Particles Fine Particles
PC1 PC2 PC1 PC2
Surface level
Fe 0.284 —0.006 0.302 0.05 9.0 x 102 7.4 x 102
Mg 0.284 —0.034 0.301 —0.002 1.3 x 10 2.0 x 10
Ca 0.284 —0.016 0.302 0.038 9.9 x 10° 2.6 x 10!
Mn 0.284 0.011 0.296 0.098 1.1 x 10* 5.1 x 10°
Pb 0.279 0.253 0.302 —0.052 5.2 x 10! 1.7 x 102
\Y 0.275 0.072 0.278 —0.109 1.7 x 102 2.4 x 102
Ni 0.207 —0.937 —0.042 0.73 2.5 x 102 2.3 x 102
Ti 0.283 0.097 0.302 0.045 - -
Sr 0.284 —0.022 0.301 0.09 1.0 x 10? 3.3 x 10!
Cu 0.284 0.062 0.302 0.059 7.1 x 10! 3.0 x 102
Li 0.281 0.182 0.302 0.045 6.8 x 10! 3.1 x 102
Zn 0.284 0.029 0.301 0.088 43 x 10 1.5 x 102
Autocorrelation 12.36 0.53 10.89 1.73
Variance (%) 95.1 4.1 83.8 13.3
Accumulated 95.1 99.2 83.8 97.1
variance (%)
Deep level
Fe 0.289 0.086 0.281 0.141 2.6 x 102 3.9 x 10°
Mg 0.289 0.076 0.281 —0.145 6.8 x 10° 9.4 x 10!
Ca 0.287 0.145 0.281 0 5.7 x 10° 3.7 x 10
Mn 0.288 0.122 0.279 0.248 7.7 x 103 1.0 x 10°
Pb 0.279 —0.163 0.276 —0.268 1.4 x 10 1.3 x 102
A 0.135 —0.924 0.266 —0.655 5.1 x 10! 8.2 x 102
Ni 0.283 —0.017 0.27 0.049 1.5 x 102 55 x 102
Ti 0.287 0.114 0.272 0.512
Sr 0.289 0.053 0.281 —0.128 2.9 x 10° 2.0 x 10
Cu 0.289 0.053 0.279 0.225 3.5 x 10! 1.3 x 102
Li 0.288 0.053 0.281 0.079 2.5 x 10! 1.2 x 102
Zn 0.288 0.096 0.281 0.13 3.2 % 10! 1.3 x 102
U* 8.7 x 10° 2.3 x 10!
Autocorrelation 11.89 0.91 12.61 0.25
Variance (%) 91.5 7 97 1.9
Accumulated 915 98.5 97 98.9

variance (%)

* [t was calculated as total uranium, sum of 26U and 234U concentrations.

From ANOVA analysis, the element concentrations did not show significant differences
(p < 0.05) according to depth and particle size, see Figure S1 in supplementary material;
however, their concentrations were different by particle fractions. Heatmap, based on
symmetric coordinates for element concentration by particle fractions, are presented in
Figure 4. Uranium and thorium were not included in these analyzes.

The fractionation and co-occurrence of major elements indicate that Ca and Mg tend
to be in the bioavailable fraction (F1), Fe and Mn in the reduced fraction (F3), and Ti in the
residual fraction (F4), see Figure S1, supplementary material. Besides, trace elements such
as Sr, Li, and Zn were mainly concentrated in F1, while the highest contents of Pb were in
F2. Finally, Cu, Ni, and V tended to be in the residual fraction.
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(c) (d)

Figure 4. Fractionation of metal: (a) bioavailable fraction (F1); (b) reduced fraction (F2); (c) oxidized
fraction (F3); and (d) residual fraction (F4).

3.5. Isotopic Determination

U radioisotopes showed higher concentrations in fine particles than in coarse particles.
In contrast, Th radioisotope concentrations were similar in both particle sizes (p < 0.05).
The concentrations of 238234U and 2°2230Th are shown in Table 2. Likewise, Figure S3 in
supplementary material shows the 23323*U and 23223Th contents by chemical fractions.
While the highest mean concentrations of 23U and 23*U were found in the bioavailable
fraction of fine particles, high concentrations of 2Th and 2*’Th were found in residual
fractions of both particles.

Table 2. Partitioning of 23823417 and 232.230T,, mBq kgfl, and their activity ratios, in fractions of
suspended sediments at high depth.

Coarse Coarsegym * Fine Finegym * Dissolved !
s 45 65 125 197 53
U 26-57 16-90 90-152 78-482 297
s 87 111 142 320 30
u 44-159 30-171 100-189 175-471 10-70
74 49 79
232 a
Th nm?® 18-104 31-74 43-133 nm
o, o 64 169 78 o
T 7-92 101-246 43-160
21 17 12 21 63
234 238
U/=u 1.2-3.0 1.5-1.9 0.8-15 1-35 1.5-10.5
0.8 36 1.0
230 232 - -
Th/=*Th 0.4-1.0 23-5.0 0.8-12
11 0.4 0.6
232 238 - -
Th/="U 1.0-13 0.2-0.8 0.1-1.0
0.9 15 0.6
230 238 - -
Th/™*U 0.4-12 0.7-2.7 0.1-1.0

* The total concentration was obtained from the average concentration in every fraction and averaging the mean
from each sampling point. ! The concentration of elements is given in mBq L~!.  No measured.
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3.6. Potential Pollution Risk

Figure 5 shows the results of the indices that evaluate the status of metals in suspended
sediments. Elements such as Cu, Li, Mn, Pb, and Zn showed contamination indices values
(Ef, Igeo, and Cf) << 1, mainly in fine particles. These metals reached a very high level of
Cf, severe enrichment, and tended to show moderately heavily contaminated levels by Igeo
values. Conversely, Ni, Sr, and V showed lower values for these indices.
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Figure 5. Results of Cf, Igeo, and Ef produced by metals in suspended sediments.
On the other hand, the SPR ranged from 0.4 to 238 values, where Ca, Mn, and Pb

showed the highest SPR-values, see Figure 6. Likewise, the highest RAC percent (>20%)
were shown by Mg, Ca, Mn, Cu, Li, Sr, and Zn.
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Figure 6. Secondary—primary phases ratio (SPR) and RAC values.

4. Discussion

The availability and quality of surface water are the current challenges to ensure its
fair use. Suspended sediments are a comprehensive source of information to obtain the
contribution of potentially toxic elements in aquatic ecosystems.

The physicochemical parameters regulate the chemical nature of metals that can
participate in chemical reactions and be responsible for the accessibility of some of those
chemical species to the biota. ORP showed lower values than those published [28,29], with
values at a deeper level from 80 to 88 mV; suggesting a possible induction of reduction
conditions at the bottom of this reservoir.

Suspended sediments are, according to grain size [54], in the interval of silts
(0.004-0.063 mm) and clay (<0.004 mm). These suspended sediments are composed of
calcite [Ca(CO3)], quartz [(5iO,)], albite [(Al; ,CagNag gOgSis g)], and montmorillonite
[Ca(AlSi4O11 (OH))]. Several authors have reported that clays (montmorillonite) are the
main components of the suspended sediments in a river [14,55]. However, the composition
of the sediment material in a reservoir can be attributed to the classification of the local
rocks/soils, which under weathering process produce particles of different sizes, including
some dissolved chemical species by leaching from these rocks. Previous studies of this
reservoir found the same species in the sedimentary material at the bottom level [56].
Chemical partitioning help to understand the changes that metals suffer towards labile
forms, allowing the metal availability for the environment. Some metals such as Cu, Ni, Pb,
and Zn analyzed in these suspended sediments showed similar contents and distribution
by partitioning to those published by other studies [6,52].

The adequate statistical treatment of the data to precisely describe the behavior of
chemical species in environmental matrices is a challenge. The concentrations of elements
in the geochemical assessment generally present a non-normal behavior. Thus, suspended
sediments are a significant source of information about the contents and relationships of
elements, which need to be adequately analyzed. According to PCA results, the elements
are from natural origin, where depth and particle size do not influence metals’ contents in
the sediment matrix (Table 1, Figure S1 supplementary material). Nevertheless, particle
size may be a relevant factor of scavenging under ion conditions of elements commonly
present in dissolved fractions [1,8,12,19,55,57].
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As shown in Figure 4, the concentrations of each element are not modified indepen-
dently and freely, but were affected by the chemical behavior of the other elements and
the environmental characteristics. Due to the elements being concentrated in suspended
sediments, their composition was intimately related to the particle fractions. Furthermore,
the elements are clustered within every fraction (Figure 4), indicating the co-occurrence
of metals. Thus, Ca (>66%), Mg (>53%), Sr (>62), and Li (>32%) were dominantly found
in the bioavailable fraction (F1). Moreover, metals such as Ca, Li, Mg, Fe, Cu, and Zn are
grouped in this fraction (Figure 4a), where Li, Ca, and Mg are highly correlated (R > 0.92,
p value < 0.05). According to the BCR scheme, those metals are linked to carbonates and
are easily freed to the aquatic environment [58,59].

Major metals in the earth’s crust tend to be linked to oxides released from the mineral
matrix when conditions change from oxic to anoxic. The highest concentrations of Fe
(>54%), Mn (>49%), Pb (>60%), and V (>44%) were in the reduced fraction (F2), most
of them with a similar oxidation state (2+, 3+). In this fraction of particles, the elements
were strongly correlated and distributed in three groups (Figure 4b): (a) Mn, Fe, and V
(R >0.95); (b) Sr, Ca, and Mg (R > 0.90); and (c) Li, Cu, Pb, and Zn (R > 0.90). According
to cluster distributions, the two first groups are positively correlated and represent the
major elements forming the mineral matrix of suspended sediments. The third group
contains the trace elements and is distributed negatively to the first group (a) and weakly
correlated to the second group (b); it probably indicates the adsorption of these trace
elements onto the mineral matrix. The co-occurrence of Fe, Mn, and V in minerals is well
known because of their similar geochemical process on earth’s crust [57]. Likewise, it has
been published that Pb concentrations are mainly found in the reduced fraction of bottom
sediments [6,22,36]. In this fraction, some trace elements may be bounded to Fe-Mn oxides
that would be released under reductive conditions, which suggests that Li, Cu, Pb, and Zn
in suspended sediments are being released from Fe/Mn oxides/hydroxides, as in bottom
sediments [21,22,60].

No metals were predominant in the oxidized fraction (F3); however, elements such as
Li, Mg, Cu, Zn, and Sr are co-occurring in this fraction. Previous studies have demonstrated
a high association (>40%) between Cu and organic components [6,52,61], but in this study,
copper contents in the oxidized fraction are in a low range (from 14 to 18%). Finally, Ti was
concentrated (49-80%) in the residual fraction (F4), indicating its conservative behavior
as part of the mineral matrix. Two dominant groups were observed (R > 0.8); the first is
formed by Sr, Zn, Ca, Li, and Cu, while the second is grouped by Mg, Mn, Ti, Fe, and Ni.
These results coincide with those determined by the XRD and SEM-EDX analyses, where
the presence of Ca- and Fe- minerals are observed.

Nevertheless, it is noticeable that considerable contents of Fe (12-40%) and V (36-45%)
are also present in the residual fraction, while Mn contents (30-43%) are in the bioavail-
able fraction. This behavior has been reported previously, where the residual fraction of
sediments and soil shown high iron concentrations [6,21,22,62] and, even a high percent
of Mn has been detected in the reducible fraction of sediments from city streets [62], this
metal is also bounded to carbonates in soil particles [21]. In addition, Zn also tended to be
in exchangeable (26-36%) and reducible (24—42%) fractions, as has been reported in other
studies, [52] and [6], respectively. Finally, Ti concentrations were also ranged from 20 to
40% in oxidized fraction. Therefore, a significant correlation between bioavailable-oxidized
and reducible-residual fractions was observed (p value < 0.05) due to the similarity of metal
co-occurrence in those sediment phases; it is shown in Figure 7.
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Figure 7. Co-occurrence of metals within integrated sediment fractions: (a) bioavailable-oxidized
fraction and (b) reduced-residual fraction. Distinctive groups are highlighted by circles.

Here, the association and distribution of elements can be observed more clearly due to
metal affinity. Thus, elements such as Ca, Cu, Mg, and Zn are grouped in the bioavailable-
oxidized fraction (R > 0.85), which are elements classified as nutrients and tend to be
present in organic material (Figure 7a). Likewise, the reduced-residual fraction shows three
main clusters (R > 0.9; Figure 7b): (a) Ca-Sr, (b) Fe-Mn-Ti, and (c) trace elements. According
to these groups, major elements are well defined in two groups, Ca-oxides/carbonates and
Fe/Mn-oxyhydroxides, forming the mineral matrix of these sediments. Therefore, it may
suggest that suspended sediments are particles produced by the physical and chemical
erosion from both sedimentary rocks (limestone, dolomites, among others) and volcanic
rocks (intermediate and basic composition) present in the study area [25,26].

On the other hand, lithology is a crucial parameter of high contents of isotopic uranium
and thorium concentrations in water [15]. Thus, the radioisotopes 2381J, 234y, 232Th, and
230Th were highly correlated (R > 0.8 and p < 0.05). In addition, isotopic uranium was found
three-fold more concentrated in fine particles than in coarse particles (p < 0.05), whereas
230Th and 232Th did not show partitioning by size particle (p < 0.05).

The 234U /238U activity ratio is similar in both particles; this disequilibrium can be
attributed mainly to the alpha recoil and the particle scavenging. Under oxidizing con-
ditions, U is mainly in its mobile form (hexavalent) [15,37,63—-67] and is maintained in
solution due to the presence of CO32~ and HCO3;~ [68]. Conversely, Th is usually found
in its immovable form (+IV) under these conditions. At a deep level of this reservoir,
sub-oxic conditions tend to affect the uranium and thorium concentrations in coarse parti-
cles (R > 0.7). Moreover, alkalinity also controls the mobility of isotopic uranium in fine
particles (R > —0.7). Likewise, isotopic U and Th increased their concentrations in these
suspended sediments by increasing most metal contents, specifically Cu, Fe, Ti, and Zn.
Moreover, 220Th /232Th activity ratio was above the unit, indicating thorium from the 238U
disintegration chain (alpha recoil).

The radioactive decay of 28U atom in a sediment particle produces alpha particles
and daughter atoms, which can be ejected closer to the surface particle by the recoil energy.
The alpha-recoil process promotes a radioactive daughter’s mobilization from its initial
position. Moreover, uranium might migrate to oxidation states (+6) during the alpha
decay, obtaining a high solubility. In suspended sediments, >43% of isotopic uranium was
found in the bioavailable fraction, which can be attributed to the alpha-recoil of uranium.
Conversely, isotopic thorium was mainly found in the residual fraction of suspended
sediments, ranging from 70% to 84% for 23Th and from 49% to 70% for 2>Th, showing
their natural origin.

The 234U /238U and 230Th /238U activity ratios were in secular equilibrium within the
residual fraction of coarse particles. However, this was different in fine particles where
234U /238U and 20Th /23U were 4 and 8, respectively; it corroborates the metal scavenging
by finer particles. Furthermore, the 232Th /238U activity ratio ranges from 2 to 8 in the
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residual fraction, according to the abundance ratio in the earth’s continental crust [47],
corroborating the conservative behavior immobile condition for thorium.

Potential Pollution Risk

The degree of metals mobilization in aquatic ecosystems is controlled by their chemical
and physical conditions and environmental parameters.

While Ca and Mg can be essential nutrients for living organisms, other metals as
Pb and Cu are chemically persistent and can be accumulated by biota, transferring these
elements to the food chain [69].

Mobile elements show similar or lesser concentrations in the solid phase than in the so-
lution phase, showing kd values of tens [14], whereas kd values of 100 and 1000 correspond
to intermediate and highly immobile elements, respectively. From the total concentrations
of elements in suspended sediments, mobile metals were Mg, Ca, Sr, and U; intermedi-
ate mobile metals were Fe, V, Ni, Pb, Cu, Li, and Zn, while Ti, Mn, and Th were highly
immobile (Table 1).

Due to their chemical affinity, Ca, Mg, and Sr are mainly associated in available phases,
Figure 6b. The co-occurrence of those elements is also observed within the sediment matrix
or forming oxisalts (Figure 6b), giving them a high mobility status. These mobile divalent
metals were correlated with hardness and alkalinity at the surface level, R = 0.9 and R = 0.6,
respectively. The water temperature in this level ranged from 16 to 20 °C, leading to the
dissociation of Ca/Mg/Sr carbonates from suspended sediments, which, by releasing
carbonates, increases the alkalinity of water. Furthermore, when Ca™ Mg~ COj in water
are in the presence of atmospheric CO, might give a temporary hardness. Meanwhile, on a
deeper level, Ca and Mg were highly correlated with chlorides (R = 0.85), providing a total
hardness.

On the other hand, although the element mobility can substantially describe the metal
behavior in sediments, it is crucial to understand the co-occurrence of these chemical species
within solid phases. For instance, Ti and Mn were detected as immobile elements (kd > 1000)
and are commonly associated with the mineral matrix; however, considerable amounts
of them were obtained in exchangeable phases of suspended sediments; Mn (F2) and Ti
(F3). Iron is a chemical reducing agent co-occurring with those elements (Figure 7), leading
them to form oxides/hydroxides; thus, Mn and Ti can modify their availability depending
on the presence and interrelationship with other elements in solid phases. Therefore, these
transition metals (Figure 7b) should be established as elements with intermediate mobility.

Most metals showed concentrations >60% within available fractions of suspended sediments.
The metal release due to its availability generates a potential environmental risk [6,36,69,70].
Although metal concentrations in coarse and fine particles are higher than those reported in
bottom sediments from surface water bodies and sea [14,60,69,71], these particles showed
similarities of element partitioning in sediment fractions [6,7,9,22,36,49,57,58,72].

Due to particle morphology and fractionation of metals, most of them provided
contamination factors ranging from moderate to very high levels; even these metals show
heavy contamination levels by geoaccumulation, reaching severe enrichment (Figure 5);
Zn, Li, Cu, Pb, and Mn contents in fine particles reached extremely severe enrichment.
Previously, Pb was found to be moderately enriched in the bottom sediments of this
reservoir [56] with a low coefficient of variation on its concentration. Thus, sediment
resuspension from the bottom affects Pb contents in suspended sediments, which shows
moderate-severe enrichment levels.

Similarly, Igeo values ranged from moderately to heavily contaminated, where the
main contributors were Cu, Mn, Li, Pb, and Zn. Commonly, contamination by trace ele-
ments is associated with industrial activities and urban development [52,73-76]. However,
in some sediments from areas with high population density and significant industrial
activity, pollution by heavy metals was not detected [69].

The Ef and Igeo use gross information of the average element concentrations from
the upper earth’s crust and the metal normalization [11,45,49], but it does not consider
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the intrinsic processes of water bodies and the chemical behavior of elements within solid
phases. In an aqueous medium, some new solid phases might be formed when rocks suffer
chemical weathering, particularly from carbonate and silicate rocks [77-79]. Due to that,
these new/secondary solid phases tend to have low weight and small diameters. The
finer particles show a high surface area with binding sites that easily trap toxic metals [19].
Morphologically, the coarse particles have well-defined shapes, showing rounded or sharp
surfaces (Figure 2a—c); conversely, fine particles showed agglomerates formed by the
attraction of charges from their surfaces (Figure 2d-f).

Consequently, some metals can be adsorbed/desorbed from sediments, accordingly
their oxidation state. Due to this, these particles can promote the scavenging of these trace
metals from the dissolved phase. Therefore, natural processes can also modify the metal
concentrations in suspended sediments, turning them into a contamination source for water
bodies [80,81].

Metal toxicity is often a function of metal concentration and availability [6,10,58]. In
this reservoir, metals are concentrated in the available fractions of suspended sediments
above the unit, where Ca, Mn, and Pb are highly concentrated in these secondary phases
(SPR); the metals in those phases can only be released under specific conditions, oxidation-
reduction conditions in the water. Nevertheless, the metals in bioavailable fraction (F1) are
the most accessible metals for biota; some of those are essential nutrients for organisms.
Finally, the metals such as Sr (>50%) > Mn=Li (>30%) > Cu=Ni (>20%) are being easily
released, and consequently, might be the main contributor to the potential pollution risk
for aquatic biota.

5. Conclusions

In this study, the partitioning, association, and geochemical fractionation of metals in
suspended sediments were evaluated and used to establish the potential pollution risk of
an aquatic ecosystem.

Suspended sediments showed a natural origin based on these results, produced by
physical and chemical erosion from the surrounding rocks. However, some metals showed
high concentrations linked to the exchangeable phases of suspended sediments.

The sediment phases were the main parameter affecting the partitioning and availabil-
ity of metals, which are co-occurring due to their chemical affinity; nevertheless, the finer
suspended sediments can act as scavengers of metals.

It was determined that metal concentration in sediments is highly dependent on
the interrelation and co-occurrence of elements, inducing metals showing low solubility
to modify their chemical conditions and migrate to phases that can be released into the
surrounding environment. Although the distribution coefficient provides an overview of
the mobility of elements, it is crucial to assess their availability within the solid phases. It
will provide an accurate assessment of metal behavior and availability.

Pollution indices are a helpful tool for determining the potential pollution risk; how-
ever, these should be modified according to the availability of chemical species in the
exchangeable phases of sediments. Thus, due to their concentrations and availability,
metals such Sr, Mn, Li, Cu, and Ni are the main contributors to potential pollution risk for
the aquatic environment under study.

Finally, the adequate statistical treatment of the geochemical data helps obtain a result
closer to the occurrence and behavior of metals in the environmental evaluation. Likewise,
chemical fractionation methodology improves the prediction of the potential pollution risk
caused by metals(oids) in aquatic ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14060980/s1, Table S1: Physiochemical parameters and chemical
species in bulk water of the reservoir San Marcos; Table S2: Mean contents of major (% weight) and
trace (mg kg~!) elements and their range in suspended sediments and dissolved phase; Figure S1:
Association of elements by particle size and depth: (a) surface coarse particles, (b) surface fine
particles, (c) deep coarse particles, and (d) deep fine particles; Figure S2: The metal percent by particle
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fractions: (a) Coarse particles at surface level, (b) Fine particles at the surface, (c) Coarse particles at
deep level, and (d) Fine particles at a deep level. F1 (bioavailable fraction); F2 reduced fraction; F3
oxidized fraction; F4 residual fraction; Figure S3: Isotopic U and Th percent by fractions of coarse
and fine particles at a deep level. F1 (bioavailable fraction); F2 reduced fraction; F3 oxidized fraction;
F4 residual fraction.
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