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Abstract

This study investigates the spatiotemporal variability of major and trace elements,
dissolved organic carbon (DOC), total dissolved solids (TDS), and suspended particulate
matter (SPM) in surface waters of several hydrosystems of the Loire River watershed in
France. In particular, this study aims to delineate the impact of the abovementioned water
physicochemical parameters on natural iron and manganese physical speciation
(homoaggregation/heteroaggregation) among fine colloidal and dissolved (< 10 nm), colloidal
(20 nm -450 nm) and particulate (> 450 nm) phases in Loire River watershed. Results show
that the chemistry of the Loire River watershed is controlled by two end members: magmatic
and metamorphic petrographic context on the upper part of the watershed; and sedimentary
rocks for the middle and low part of the Loire. The percentage of particulate Fe and Mn
increased downstream concurrent with the increase in SPM and major cations concentration,
whereas the percentage of colloidal Fe and Mn decreased downstream. Transmission electron
microscopy analyses of the colloidal and particulate fractions (from the non-filtered water
sample) revealed that heteroaggregation of Fe and Mn rich natural nanoparticles and natural
organic matter to the particulate phase is the dominant mechanism. The heteroaggregation
controls the partitioning of Fe and Mn in the different fractions, potentially due to the increase
in the ionic strength, and divalent cations concentration downstream, and SPM concentration.
These findings imply that SPM concentration plays an important role in controlling the fate
and behavior of Fe and Mn in various sized fractions.

Keywords
Natural iron and manganese, suspended particle matter, natural nanoparticles, colloids,
physical speciation, hetero-aggregation, surface waters, Loire River watershed
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1. Introduction

Rock weathering determines the geochemical parameters (e.g. ionic strength, major
elements, minor elements, suspended particulate matter, etc.) of continental surface waters.
These parameters control the geochemical cycle of elements at the Earth surface. Rock
weathering releases dissolved elements, colloids and particles to rivers and finally discharges
them into oceans (Garrels and MacKenzie 1971; Alloway 1990).

The forms in which a metal ion exist (speciation) determine its geochemical and
biological cycling in the environment (Benson et al 2013). The importance of organic and
inorganic colloids in the dissolved fraction (< 0.45 um, including natural nanoparticles <0.1
um) and suspended particulate matter (SPM > 0.45 um) in trace metals bioavailability,
toxicity, fate and transport is largely recognized (Horowitz et al 1987; Jairy et al 1999;
Vignati and Dominik 2003). The partitioning of a metal among truly dissolved, colloidal and
particulate matter is an important process in aquatic systems, particularly with respect to
metal transport and their retention in sediments (Gaboury and Tim 1999; Ciszewski and
Grygar 2016). It is now widely accepted that dissolved organic matter (DOM), colloids and
SPM concentrations such as Al, Fe and Mn oxyhydroxides are key parameters that may
control the speciation of trace metals in the environment (Luoma, and Bryan 1981; Lion et al
1982; Tessier et al 1985; Gagnon et al 2009). However, the mechanisms controlling
particulate matter interaction with these elements are still poorly understood. Sorption of
dissolved Fe and Mn on SPM and heteroaggregation of nanoscale and colloidal Fe and Mn
phases with SPM may result in the removal of Fe and Mn from the dissolved and colloidal
fractions to the particulate phase. Organic matter (fulvic - humic acids, exopolymers,
polysaccharides etc.) can both promote or reduce the heteroaggregation rates depending on
water physicochemical properties i.e., presence of divalent cations, ionic strength, etc. (Lossli
et al 2015; Oriekhova and Stoll 2015)

Fe and Mn oxy-hydroxides are effective scavengers for trace metals (Honeyman and
Santschi 1988; Brown et al 1999; Tessier et al 1996; Fuller and Harvey 2000; Lyven et al,
2003). Several field studies in aquatic environments demonstrated that trace metal partitioning
was dominated by Fe and Mn oxides (Galan et al 2003; Wen et al 1997), especially that of Pb
(Bird 2003; Baalousha et al 2006). Moreover, experimental and modeling studies illustrated
the preponderant role of Fe and Mn oxides in trace metal sorption (Johnson 1986; Trivedi and
Ave 2000; Dong et al 2003). Iron occurs to a large extent as colloidal hydrous iron oxides in
rivers (Kinniburgh et al 1976; Mill 1980; Hong and Kester 1985). Hydrous iron oxides can be
in the order of 0.001 pum when they initially form in stream waters. However, such small
particles rapidly aggregate, forming continuous size range from 0.001 pum to greater than 1
pm (Stumm and Morgan 1996; Palomino and Stoll 2013). In some freshwater systems,
‘dissolved’, i.e. filterable iron is present as organically stabilized iron oxide colloids.
Adsorption of iron oxy-hydroxides and organic carbon onto clay minerals is well documented,
and is dependent on the pH of the water (Boyle et al 1977; Cameron and Liss 1984; Thurman
1985; Stumm and Morgan 1996). However, mechanisms controlling the interaction between
iron oxides, organic carbon and particulate matter are still poorly understood. The properties
of mineral constituents at the solution interface are usually modified by surface coatings
(especially by organic matter and/or Fe oxy-hydroxides). These coatings might have a crucial
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influence on colloids and particles diffusion, flocculation, aggregation as well as their
interaction with trace elements and microfauna (Ledin et al 1995; Pedro et al 2011; Hartland
et al 2013).

This study aims to (i) investigate the partitioning of natural Fe and Mn among the
colloidal and particulate phases in the Loire River watershed, and (ii) identify the mechanism
controlling Fe, Mn and trace metal distribution among the different fractions.

2. Materials and methods

2.1. Study area: geological and hydrological context

The Loire River, from its source in the Massif Central to the Atlantic Ocean, is 1010
km long (Fig. 1) and has a total basin area of 117 800 kmz2. The Loire River basin is composed
of three geological units. Firstly, the upper Loire includes the Allanche, Alagnon, Allier and
Loire Rivers from their source in the Massif Central to Nevers. The bedrock composition of
the upper Loire comprises older plutonic rocks (granite, gneiss, and mica schist dated from
500 to 300 My); and a large volcanic area that represents 46% of the total basin surface
(Clozier et al 1976, 1983; Delance et al 1988). Secondly, the middle Loire includes the Cher,
the Indre, and the Vienne tributaries from Nevers to the main confluence. In the middle Loire,
the sedimentary series of Paris Basin consists primarily of carbonate deposits, dated from 200
to 6 My (BRGM 1996). Thirdly, the lower Loire includes the main river confluence up to the
estuary, and does not concern this study. Generally, the Loire River watershed is
characterized by two contrasted hydrological periods with an annual recurrence (Grosbois et
al 2000), which is typical of temperate west European watersheds. These periods are
seasonally marked with: (a) a low flow during warm months in summer from May to October,
and (b) a high flow in winter and spring, generally from October to April.

The Loire River is one of the main European riverine inputs (26. 10° m3.yr?) of water
to the Atlantic Ocean. The solid load ranges from 108 t yr! (Figueres et al 1985) to 4.3 10° t
yrt (Négrel et al 1997), with the SPM representing 3% of the total suspended sediment load
for rivers draining Western Europe based on the weighted average of the Seine, Oder, Vistula,
Rhine, and Garonne Rivers (Milliman and Meade 1983).

Previous geochemical investigations on the Loire River were focused on studying the
temporal variations of dissolved and suspended loads with regard to natural and
anthropogenic inputs in the middle part of the Loire River watershed near Orleans and Tours
on the Loire River (Négrel et Grosbois 1999; Négrel et al 2000; Grosbois et al 2000 and
2001). However, the present study focuses on the upper and middle Loire catchment area
from Massif Central to Chatillon. This study area has been chosen because the Loire River
and its tributaries drain contrasted geological areas characterized by magmatic and
metamorphic bedrock on one side and sedimentary bedrock on the other side. Furthermore,
rivers overrun variable anthropogenic sources of major and trace elements such as former
mining area, industrial cities, waste water treatment plants, and agricultural areas. Such
context leads to deliver and concentrate anthropic contaminants into the Loire River and its
contributories (Dhivert et al 2013).
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2.2. Sampling Collection and Preparation

Eight samples were collected during three sampling campaign (Septt-2003, April-2004
and Septt-2004) at selected sites on the Loire River itself and its upper tributaries (Fig. 1,
Table 1 and Table 2). They represent the contribution of 34% of the total Loire River basin,
corresponding to a drainage area of 40.10° km?. This zone is composed of 76% magmatic and
metamorphic rocks and 24% sedimentary formations (Grosbois et al 2000 and2001). Firstly, a
small stream (Cézerat) draining peat bogs was sampled in the vicinity of Allanche (Fig. 1).
Secondly, the Allanche stream was sampled at Allanche village. The Allanche watershed
located in the center-west of the Massif Central covers 160 Km?, its maximum altitude is
1400 m, and the River is 29 Km long from headwaters to the outlet. The Allanche watershed
bedrocks comprise volcanic rocks (basalts) overlain by a variable thickness of derived soils
(De Goér De Herve and Tempier 1988). Thirdly, the Alagnon River was sampled
correspondingly at Massiac, Brugeilles, and Charbonnier. The Massiac mineral district was
intensively mined for Sh, As, and Pb, during the 19" and early 20" centuries (De Goér De
Herve and Tempier, 1988). The fourth sampling area included three sampling points on the
Allier and Loire Rivers, which were sampled downstream big cities such as Vichy on the
Allier; and Nevers and Chatillon on the Loire River. In the Allier River, the main formations
are gravels and sand from granites and basalts originated from the Massif Central. The
carbonates from the Limagne d’Allier zone can also be another potential source of material
(Kroonenberg et al 1988). Finally, the Loire River was sampled at Chatillon, roughly 12 km
downstream of the Belleville nuclear Power Station.

The three sampling campaigns represent two contrasted hydrological situations. The
campaigns of Septt-2003 and Septt-2004 represent low water discharge conditions. The
campaign of April 2004 represents high water discharge conditions. Average annual discharge
show high contrast between the different rivers as reported in Table 2. The smallest river flow
discharge was 1.23 m®s™ and the largest river discharge was 355 m®s™. Near the city of
Chatillon, large variations in water discharge were observed between summer low flow
conditions (around 50 m® s) and winter high flow conditions > 1000 m® s (Négrel et al
2000).

Samples were collected from rivers near the middle of the stream; either using a 25 L
plastic bucket (polyethylene, MANUTAN, France) at low flow rate or a pump at high flow
rate. The collected waters were immediately refrigerated between 2 — 10 °C before analysis

Water samples were filtered on site and within two hours of sampling, through 0.45 pm
(Teflon filters, Durapore, Millipore, USA) and 0.01 um filters (Cellulose Nitrate, Millipore,
USA) with nitrogen pressure. This filtration process enables the differentiation between three
operationally defined size fractions i.e. colloidal fraction C1 (10-450 nm), fine colloids and
truly dissolved fraction C2 (< 10 nm) and a particulate fraction P (> 450 nm). Nitrogen
pressure was monitored during filtration process and filters were immediately replaced in case
of pressure increase to avoid filter clogging and thus reduction in filter pore size. To prevent
cross-contamination, the system was cleaned before each filtration by flushing 100-200 ml of
MilliQ water (Millipore, USA) and the first 50 ml of the sample filtrate was systematically
discarded.

Filtered solutions for major cations (< 450 nm, 50 ml) and trace element analyses (<
450 nm and < 10 nm, 50 mL each) were acidified (pH < 2) with ultrapure HNO3z and stored in
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polyethylene bottles (ELVETEC, France). All bottles were previously washed in the
laboratory with ultra-pure 10% HNOs3, followed by MilliQ water and stored in MilliQ water
until use. Samples for dissolved organic carbon (DOC) analyses were collected in 20 ml glass
bottles (ELVETEC, France), previously washed in the laboratory using a detergent (TFD4,
Franklab, France) and then heated at 500 °C for 2 hours to remove any trace of organic
carbon. Blanks were performed to control the level of pollution induced by sampling,
conditioning, filtration and storage. Organic carbon blanks of filtrate never exceeded 0.2 mg I’
!, Concentrations of major elements in blanks were in the range 0.05 to 0.1 mg I, and
concentrations of Fe and Mn were in the range of 0.1-0.2 g I"* respectively. All samples were
stored in dark cold conditions between at 4 °C until analysis.

2.3. Physicochemical water parameters and alkalinity

Physicochemical parameters such as temperature, pH, conductivity, and dissolved
oxygen were measured in-situ or on-site when it was not possible to perform in-situ
measurement because of inaccessibility to water stream. The pH was measured using a
Mettler Toledo MP 120 pH meter. Calibration was carried out every day using 4.0 and 7.0
buffers. The accuracy of pH measurements was 0.05 pH units at pH 7.0. The temperature was
measured using a Platinum probe integrated with the pH electrode. The accuracy of
temperature measurements was 0.5°C. The conductivity was measured using a Jenway 4200
conductimeter. The calibration of the conductimetric cell was carried out at the laboratory at
25°C, using a KCI 0.01M solution. A correction factor of 2% was used to estimate river water
conductivity at 25°C. The accuracy of the conductivity measurements was 1%. The dissolved
oxygen was measured using a Jenway 9200 oxymeter. The calibration of the dissolved
oxygen probe was carried out in saturated atmosphere with water (100 %) before each
measurement. The accuracy of dissolved oxygen measurements was 5 %. Alkalinity in the
dissolved fraction was also determined on-site by a means of potentiometric titration with HCI
0.1 M to pH = 4 and using the Gran method to estimate the equivalent concentration.

2.4. Chemical Analysis

Chemical analysis was performed in the laboratory using different techniques as
follows. Aqueous silica concentrations were determined by colorimetry with an uncertainty of
5% using a Diode array spectrophotometer (HP 8452A). Major anion (Cl, SO4, and NO3), and
cations (Ca, Mg, Na, and K) concentrations were measured by ion chromatography (Dionex
4500) with an uncertainty of 5% RSD. Trace elements (Fe, Mn, Ni, Cu, As, Rb, Sr, Sh, Ba,
Pb, U) were measured without pre-concentration by ICP-MS (PQ3, VG). The detection limits
for the different trace elements are in the range 0.05-0.1 pg/l and uncertainty associated was
10 % RSD. Dissolved Organic Carbon (DOC) was analyzed using a Carbon Total Analyzer
(Shimadzu TOC 5000) with an uncertainty of 10% RSD. Suspended Particulate Matter (SPM)
was determined by weighing 0.45 um filters. The uncertainty of this method was 5%. The
Total Dissolved Salts (TDS) was calculated wusing the formula : TDS
=[Ca]+[Mg]+[Na]+[K]+[CI]+[HCOs]+[SO4] +[SiOq].
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2.5. Colloids and particulate matter analysis

TEM analyses of selected water samples were performed using a Philips CM20
equipped with an X-EDS detector from the EDAX Company. Samples for TEM-X-EDS
analyses were prepared directly from the non-filtered sample (all range of size is covered) by
depositing a droplet of sample onto a TEM grid covered by a holey carbon film (Electron
Microscopy Sciences, PA, USA) for 30 minutes to allow water evaporation; followed by
intensive washing with deionized water to remove excess salts and this prevent salt
crystallization. The TEM/X-EDS parameters are the following. For main modes such as
Contrasted Bright Field (CBF) and Latttice Fringes (LF), 200KeV accelerating voltage and
emission 1 upon a scale of 6 to minimize the degradation under the electron flux, a C2
aperture of 200 um diameter, objective diaphragm of 50 um. For X-EDS analysis, nanoprobe
is used with a C2 aperture of 60 um, parallel electron beam to generate a size probe between
100 and 200 um of diameter, a collecting time of 120s with a dead time between 15 and 20%
to allow the optimal signal detection. The X-EDS data are semi-qualitative only due to the
lack of internal calibration to fix the user k factor.

3. Results and discussion

3.1. Hydrogeological context

Conductivity, SPM, TDS, Si, major cations (K*, Na*, Ca?*, Mg®"), major anions
(HCOs, CI, SO4%), and trace elements (Sr, Ba, Rb, Sh, As, Ni, Cu, Pb, Fe, and Mn) follow
the same geochemical behavior during two contrasted flow conditions. They present lower
concentrations under high flow conditions (April-2004), which may be related to the dilution
effect. This behavior was observed for the Loire River at Orleans in other studies (Grosbois et
al 2000 and 2001), the Seine River (Roy et al 1999), and for the Humber River in the United
Kingdom (Neal et al 1997; Jarvie et al 1997). These authors suggest that all these elements are
derived from rivers’ bedrock weathering or point sources. They also found that, most major
ions exhibit dilution effect with flow increase (as observed in the Humber River), with higher
concentrations at low flow compared with high flow conditions. They related this behavior to
the predominance of point sources (effluent) and/or by weathering which are the main sources
of major ions. Only NO3™ concentrations show higher values during high flow conditions than
during low flow conditions. This indicates the likely influence of agricultural runoff
(fertilizers application). The increased river flow in Apr-04 indicates larger runoff, and
therefore, a greater leaching from the soil (Meybeck 1986). A similar behavior of NO3™ in the
Humber River has been observed by Jarvie et al (1997), which was attributed to diffuse
sources, possibly derived from agricultural runoff.

3.2. Physicochemical parameters

Physicochemical parameters (pH, Oz, T, Conductivity, and Alkalinity) are reported in
Table 2. The pH varied in a narrow range around (7.8-8.4) for all samples except for
Brugeilles (8.9 in Septt-2004). These pH values are representative of the Loire River
watershed and in agreement with the range measured in previous studies on the Loire River at
Orleans. Dissolved O> concentrations were around the saturation level, which is well known
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for surface water samples (Grosbois et al 2000 and 2001). Temperature increased generally
from Cézerat to Chatillon, i.e. from higher to lower altitude (1028-129 m). River temperature
is lower in April, roughly by 7-11°C, reflecting the colder temperature during the beginning
of the spring season in France. Conductivity and alkalinity increased from upstream to
downstream, which may be related to lithological variations: the Allanche and Alagnon
Rivers drain magmatic and metamorphic rocks, while the Allier and Loire Rivers drain
sedimentary formations.

3.3. SPM, TDS, and DOC

SPM has very low concentrations (Table 2) in the Allanche, and Alagnon Rivers (ca. <
5 mg I'Y), while SPM has higher concentrations in the range of 8-9 mg I in the Allier at
Nevers and 6-25 mg I in the Loire River at Chatillon. Total dissolved salts (TDS)
concentrations increase from upstream to downstream with a sudden increase from
Charbonier to Vichy (i.e. the transfer from magmatic and metamorphic bedrock to the
sedimentary bedrock). TDS concentrations (Table 2) in the upstream part at Vichy to
Chatillon (183-229 mg I) are of the same order of TDS concentrations observed in other
rivers in France, such as: 174 mg I for the upstream of the Garonne River (Probst and
Bazerbachi 1986; Audry et al 2004), 460 mg I for the Seine River (Roy 1996; Roy et al
1999), and 600 mg I for the Rhine River (Meybeck and Ragu 1996). The higher TDS and
SPM values in samples collected from the Allier and the Loire Rivers relative to those
collected from the Allanche and Alagnon Rivers are presumably related to lithology
variations: the Allanche and Alagnon Rivers drain magmatic and metamorphic, while the
Allier and Loire River drain sedimentary bedrocks. One of the major characteristics of the
Loire River watershed is that, the TDS dominates the SPM with TDS/SPM ratio in the range
9-61. This ratio shows no correlation to lithological variations in the Loire River watershed
(Table 2).

Dissolved organic carbon (DOC) concentrations (Table 2) vary in a restraint range of
2.4-3.4 and 2.5-3.6 mg It in Septt-03 and April-04, respectively. However, in Sept-04 DOC
concentrations vary in the range of 3.0-3.7 mg I for Allanche, Massiac, Brugeilles, and
Chatillon on one hand and 4.9-9.0 mg I for Charbonnier, Vichy, and Nevers on the other
hand. DOC concentrations are not affected by lithology and they are comparable to average
world river concentrations 4-6 mg I* (Berner and Berner 1996). The exceptional increase in
DOC concentration at Charbonnier, Vichy, and Nevers in Septt-04 is presumably attributed to
the higher biological production at these sites, where abundant algae were observed during
sample collection.

3.4. Major cations and anions

The order of abundance of the major cations is Ca?*>Na*>Mg?*>K* (Table 2). This
behavior is in agreement with the results obtained by Groisbois et al (2000) over two years
study (1994-1996). Na, K, and Mg concentrations (Table 2) increase from Cézerat to Vichy,
and then, they show a stable tendency from Vichy to Chatillon. However, Ca concentrations
show slight increase from Cézerat to Charbonnier, followed by a higher increase from Vichy
to Chatillon. The comparison between the major cations (Mg vs. Ca vs. Na + K) (Fig. 2)
suggest that, the major cations (Na, K, Ca, Mq) are rather equally represented in the samples

8
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collected in the Allanche and Alagnon Rivers with a slight decrease in Mg and Ca proportions
in favor of Na+K. Additionally, an increase in Ca proportion can be observed in the Allier and
Loire Rivers. The behavior of major cations suggests that, the chemistry of the Allanche,
Alagnon, Allier, and Loire Rivers is mainly controlled by two end members: magmatic and
metamorphic on one hand (Allanche and Alagnon Rivers) and carbonates on the other hand
(Allier, and Loire River).

Chloride, nitrate, and sulfate concentrations (Table 2) concentrations increase toward
downstream; that is their concentration increase from Cézerat to Chatillon. Anions (CI, NOs’,
and SO4%) concentrations in the Allier and Loire Rivers located in the sedimentary basin
(15.7-22 mg I for Cl, 3.2-10.2 mg It for NOs, and 15.0-19.4 mg It for SO4) are two folds
higher than their concentrations in the Allanche and Alagnon Rivers located in the Massif
Central (2.3-13.1 mg I for Cl, 0.3-4.7 mg I"* for NOs, and 1.6-10.1 mg I"* for SO4). Négrel
and Roy (1998) showed that CI, NOs", and SO+* concentrations in rainwater in the Massif
Central area (at Clermond-Ferrand city) are 0.7 mg I, 1.6 mg I}, and 2.2 mg I3, respectively.
Moreover, it has been shown that, CI, NOs’, and SO4> concentrations in rainwater over the
sedimentary basin area (at Tours city in the Senonian-Turonian chalk formations) are
respectively 3.7 mg I, 0.9 mg IY, and 1.5 mg I (Grosbois et al 2000). Consequently, in
addition to the atmospheric (rain) background of CI-, NOs, and SO4> concentrations; they
have anthropogenic sources such as agricultural activities, animals breeding, domestic and
industrial waste water effluents to these rivers (Meybeck 1986; Dojlido and Best 1996).
Chloride and sodium concentrations in the Allier, and Loire River are comparable to those
measured in the Seine River at Paris, France (21.3, and 10.6 mg I respectively); however,
NOs" concentrations are much higher in the Seine River than in the Allier and Loire River
(21.7 mg I'Y). Other authors (Négrel and Roy 1998) related these high concentrations of ClI,
Na*, and NOs" to anthropogenic pollution from fertilizers application.

The comparison between the major anions (HCOs vs. CI- vs. SO4s*+NOs) (Fig. 3)
suggests that, bicarbonate is the dominating anion in all samples (Grosbois et al 2001). A
decrease in the bicarbonate proportion can be observed from the Allanche River down to the
Loire River as well as an increase in sulfate and nitrate relative proportions, illustrating the
agricultural influence on the chemical composition of the Loire River watershed. Thus, even
if bedrock weathering is an important mechanism and may be the dominant in the Loire River
watershed chemistry, the anthropogenic inputs must not be neglected.

Dissolved silica (Table 2) is predominantly derived from weathering reactions within
the soil - rocks and groundwater areas. Dissolved silica concentrations (Table 2) vary in a
restraint range of (6.76-7.38), and (7.9-9.1) mg I"* respectively in April-04, and Sept-04 from
Cézerat to Charbonnier (analysis were not performed for samples of Sept-03). The constant
dissolved silica concentrations in the Alanche and Alagnon Rivers reflect the dissolution of Si
from magmatic and metamorphic rocks within this zone. Dissolved Si decrease from Vichy to
Chatillon, can be related to lithology variations (sedimentary bedrock in the Allier and Loire
Rivers).

3.5. Trace elements
Trace element concentrations (Table 3) show significant variations between the
different samples. Dissolved Sr concentrations increase slightly from Cézerat to Chatillon.

9
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Barium concentrations increase slightly from Cézerat to Charbonnier, shows a 2 to 3 folds
increase from Charbonnier to Vichy, and then continue to increase till Chatillon. Uranium
concentrations are very low in the Allanche and Alagnon Rivers, but show higher values in
the Allier and Loire Rivers. On the contrary to Sr, Ba, and U, rubidium concentrations show a
constant concentration in the Allanche, and Alagnon Rivers and a slight decrease in the Allier,
and the Loire Rivers (i.e. from Vichy to Chatillon).

Strontium, Barium, Uranium, and Rubidium are mainly derived from natural sources i.e.
rock weathering (Palmer and Edmond 1993; Petelet et al 1998; Négrel et al 2000). The Allier,
and the Loire Rivers are enriched in Sr, Ba, and U (Table 3) presumably from the drainage of
sedimentary formations, which are richer in Sr, Ba, and U than the magmatic and
metamorphic rocks. Uranium in rivers is frequently associated with carbonate dissolution
(Palmer and Edmond 1993). Rubidium is also a good indicator of the lithology drained by
rivers with Rb richer in magmatic and metamorphic rocks than in sedimentary formations
(Négrel et al 2000; Petelet et al 1998). This fact, in addition to dilution effects, explains the
decrease of Rb concentration in the Allier and the Loire Rivers downstream from Nevers, as
they drain mainly sedimentary bedrock.

Antimony concentrations (Table 3) are negligible at Cézerat and Allanche sites
(Allanche River), but Sb concentrations show significant values (2.0-9.2 pg 1) between
Massiac and Charbonnier (Alagnon River). Antimony is also present at very low
concentrations (< 1.3 pg I'Y) at Vichy, Never, and Chatillon (Allier, and Loire Rivers). The
enrichment of Sb in the Alagnon River is presumably related to the antimony mining activity
in the Brioude/Massiac district, in which the global production approached 40.000 tons of Sb
during the activity period betweenl1830 to 1930 (Vialaron 1993; BRGM 1996). The Sb
concentrations decrease in the Allier, and Loire Rivers from Vichy to Chatillon due to dilution
effects.

Arsenic (Table 3) shows very low concentrations in the Allanche River (< 0.7 pg I'Y); a
slight increase up to 3.9 pg I in the Alagnon River; and high concentrations in the Allier and
Loire Rivers (3.2-10.7 pg I'Y). Nickel (Table 3) shows relatively constant values in the
Allanche and Alagnon Rivers and higher values (1.5-2 folds) in the Allier and Loire Rivers.
Copper shows very low concentrations (< 2.2 pg 1) during the three sampling campaigns in
all samples except at Chatillon (3.3-10.1 pg I'Y), which corresponds to an increase of 2-6 fold.
Finally, Lead (Table 3) does not show any clear trend because of its very low concentrations,
which are close to the detection limit. Trace elements in the Allier and Loire Rivers (Table 3)
show higher concentrations relative to rivers world average with 0.62 ug It As, 0.80 pg It Ni,
0.08 pug I* Pb, 1.48 pg It Cu, 0.37 pg It U (Gaillardet et al 2005)).

The low concentrations As, Ni, and Pb in the Alagnon River (Table 3) may be present
as secondary mining products associated to the main mining element (Sb). The enrichment of
As, Ni, and Pb in the Allier and Loire Rivers (after big cities) reflect the contribution of
anthropogenic sources. However, identification of particular sources is not possible here as
there is a wide selection of potential inputs. For example, metal processing and plating, textile
industry, printing and drying, paper industry, chemical manufacture, and electronics
(McNeely et al 1979). It is also possible that a part of As, Ni, and Pb concentration
enrichment may be derived from non-industrial sources such as geology and land-use. For
instance, Pb concentrations may reflect anthropogenic influences of agricultural signature due
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to the use of fertilizers, automotive exhaust, mining activities, and industrial activities (Roy
and Négrel 2001). Further, Otero et al (2005) have demonstrated that fertilizers contain trace
elements such as Ba, Sr, As, and U. The enrichment of Cu at Chatillon is presumably related
to the discharge from the cooling circuits of the nuclear power station at Belleville (12 km
upstream from Chatillon).

Dissolved Fe (Table 3) shows high concentration at Allanche site and then decreases till
Chatillon (Table 3). Iron is naturally present in river water, and has higher concentrations in
magmatic and metamorphic rocks included into the predominant minerals such as
amphiboles, biotite, olivine, and iron oxides (magnetite Fe304). Total dissolved manganese
concentrations (Table 3) vary in the range (3.8-18.3), (1.9-10.1), and (6-46) pg I respectively
in Sept-03, April-04, and Sept-04. Mn is not very abundant in terrestrial crust and frequently
occurs as minor element in magmatic and metamorphic rocks.

3.6. Physical speciation of Natural Fe and Mn species

Fe and Mn were distributed among three size fractions for all samples, namely fine
colloidal and dissolved (C1 <10 nm), colloidal (C2: 10-450 nm) and particulate (P>450 nm).
Fe and Mn are concentrated in C1 and C2 fractions in samples collected upstream (Table 4)
i.e. from Alagnon and Allanche rivers with magmatic and metamorphic bedrocks; however,
they are concentrated in the P fraction (Table 4) in samples collected downstream i.e. from the
Allier and the Loire Rivers with sedimentary bedrocks.

The variations in DOC and pH are not correlated to lithology variations. However, SPM
and major cations (Ca®*, Mg?*, Na" and K*) concentrations are correlated to lithology
variations i.e. they have higher concentrations in rivers draining sedimentary bedrocks (Allier
and Loire) than in rivers draining magmatic and metamorphic bedrocks (Allanche and
Alagnon). Thereby, SPM and major cations (Ca®*, Mg?*, Na* and K*) ) concentrations might
explain such variations in Fe and Mn partitioning. They might affect the physical speciation
of Fe and Mn through one of following mechanisms: (i) the homoaggregation of colloidal Fe
and Mn oxides to form larger particles due to the increase of water conductivity and cations
concentration, and/or (ii) the hetero-aggregation of colloidal Fe and Mn oxyhydroxides with
SPM. The transfer of colloidal Fe and Mn matter into SPM via hetero-aggregation was
observed by the authors in the Adour estuary (Point, 2006) and Gironde estuary (Masson et al
2011). These studies presented visual evidences by TEM on the flocculation/aggregation
process of organic matter with increasing water salinity in the estuary. In regard to the second
mechanism, the importance of SPM concentration in controlling the speciation of trace
elements in the aquatic environment is discussed. Whereas some authors suggested that high
SPM concentrations results in low dissolved metal concentrations (Ran et al 2000; Gueguen
and Dominik 2003), others did not find any correlation between dissolved metal and SPM
concentrations (Wen et al 1997; Gaboury and Tim 1999). To determine the mechanism
responsible for the transfer of dissolved and colloidal Fe and Mn to the particulate phase,
TEM coupled to X-EDS has been used to investigate SPM composition.

From TEM analysis of colloids and particles, different contrast can be discerned: large
gray particles and smaller dark particles (Fig.4 - 7). The contrast differences in TEM can be
related either to the variation in sample thickness or chemical composition. To determine if
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contrast variations is related to the variation in particles thickness or chemical composition,
X-EDS analysis were performed by focusing a spot size of few nanometer independently on
the gray and on the darker particles. X-EDS suggest that the gray particles consist primarily
aluminosilicates, carbonates and sulfates; while the dark smaller particles are mainly iron
manganese oxy-hydroxides species. Thus, in these TEM micrography, the contrast variation
can be attributed to differences in particles chemical composition. TEM micrographics (Fig.4-
7) show no homo-aggregation (Stoll et al 2014) of colloidal Fe and Mn oxy-hydroxides to
form large aggregates in the particulate range as shown for the Adour estuary. However, TEM
micrographs and X-EDS analyses (Fig.4-7) show the heteroaggregation of small contrasted
colloidal particles (Fe) with the surface of the large grey particles (aluminosilicates,
carbonates and sulfates). Fig.4 (Cezerat) and Fig.5 (Massiac) show the heteroaggregation of
colloidal Fe with aluminosilicates particle. Fig.6 (Vichy) and Fig.7 (Chatillon) show the
heteroaggregation of colloidal Fe with aluminosilicates and carbonates particles.

To further elucidate the role of SPM on the partitioning of Fe and Mn in the different
phases, the relative concentration (%) in each fraction was plotted as a function of SPM
concentration (Fig.8). Note that, some samples have a limited SPM concentration. As a
consequence, data analysis (Fig.8) was performed on samples having SPM concentration
exceeding the detection limit (> 2 mg.I"%). Figure 8 reveals that the dissolved and colloidal
fractions (C1 and C2) of Fe and Mn decrease with increasing SPM concentration, while
particulate fractions Fe and Mn increase with increasing SPM concentration.

4. Conclusions

Physicochemical parameters, SPM, TDS, and concentrations of major and trace
elements in the dissolved fraction (< 0.45 um) were determined for samples collected from
eight sites representing contrasted geological variations along the Loire River watershed at
three sampling campaigns representing contrasted hydrological variations. Significant spatial
(source) and temporal (climate and discharge) differences are observed for most parameters.
The spatial variations of major and trace elements allow the determination of two end
members representing lithological variations: magmatic and metamorphic lithology on one
hand, and sedimentary lithology on the other hand. Allanche and Alagnon Rivers are
controlled by the magmatic and metamorphic endmember with low Ca, Mg, Sr, Ba contents,
low conductivity and alkalinity values. The Allier and Loire Rivers are controlled by the
sedimentary end member with high Ca, Mg, Sr, Ba, U concentrations, high values of
conductivity and alkalinity. Temporal variation (climate and discharge) are represented by
lower concentrations of major and trace elements under high flow conditions (April-04) than
under high flow conditions (Septtember-03, 04) due to dilution effects.

Increased SPM concentration due to geological variations is an important factor that
may control the physical speciation and transfer of dissolved, natural nanoparticles and
colloidal forms of Fe and Mn into the particulate phase via heteroaggregation of nanoparticle
and colloidal forms of Fe and Mn with SPM. Therefore, this study provides direct evidences
on the role of SPM in the geochemistry of Fe and Mn which may have important implications
for some trace elements behavior in the Loire River watershed and other aquatic systems; in
particular those trace metals with high affinity to Fe and Mn oxy-hydroxydes. For trace metals
having affinity with Fe and Mn solid phases, the evolution of the SPM concentration is one
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factor controlling their fractionation into the different compartments (dissolved, colloidal and
particulate). In this study, SPM concentrations (>3-4 mg/L), induces higher concentration of
Fe and Mn into particular fraction. At low SPM concentration (< 3-4mg/L) the major fraction
of Fe and Mn are localized into dissolved and/or colloidal fractions. Thus, in SPM rich
surface waters, heteroaggregation mechanism implies that Fe and Mn occur in the particulate
phases preferentially; putting into evidence the importance of the size speciation mechanism
which can affect natural nanoparticles behavior.

The outcome of this study can also underpin the ongoing studies and research on
environmental fate and behavior of emergent pollutants such as engineered nanoparticles
(ENPs). Based on the results of this study, we postulate that in streams characterized by low
SPM and low ionic strengths, ENPs are likely to occur as individual particles, whereas in
streams with high ionic strength and SPM, ENPs are likely to heteroaggregate with SPM and
only a small fraction of ENPs may occur as individual particles.
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DAUTILIS IWPLC\CEZERAT RAT\CEZER0Z.spc

Label A: Cezer Label A: Cezer

Fig.4: (A) Bright field micrograph of an aluminosilicate colloidal particle (lower contrast) and
adsorbed iron (higher contrast) (Cezerat), (B) X-EDS analysis on the lower contrasted particle
and (C) X-EDS analysis on the higher contrasted particle.

30




DAUTILIS IWPLCIMASSIA I\MAS S05.spc DAUTILIS T\PLC\MASSIAT1\MASS04.5pc

Fig.5: (A) Bright field micrograph of an aluminosilicate colloidal particle (lower contrast) and
adsorbed iron (higher contrast) (Massiac), (B) X-EDS analysis on the lower contrasted
particle and (C) X-EDS analysis on the higher contrasted particle.
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Fig.6: (A) Bright field micrograph of an association of different particles (Vichy) and (B, C
and D) X-EDS analysis on each of these particles particle
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B DAUTILIS I\PLCIMASSIA 1\MAS 509.spc
Label A: Mass.

Fig.7: (A) Bright field micrograph of an association of particles (Chatillon) weathered (white
dash line) and metallic oxides (white arrow) and (B) X-EDS analysis on the whole image.
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Table

Table 1: Sampling sites, rivers, sampling time, GPS coordinates and altitude

Lie Riviere GPS coordinates Alt (m) Average annual
East North flow (m3.s?)
Cézérat Ruisseau de Cézérat | 2°53” 56 | 45° 12” 38“ 1028 ns
Allanche Allanche 2°56° 0 | 45° 13’ 47 998 1.23
Massiac Aval Alagnon 3°11°26% | 45°16° 16 525 6.44
Brugeilles Alagnon 3°127 12 | 45°20° 15 488 ns
Charbonnier Alagnon 3° 177 27 | 45° 24> 54« 415 ns
Vichy Allier 3°25° 10 | 46° 11° 36% 250 141
Nevers Loire 3°4°16% | 47°0° 44 157 182
Chatillon Loire 2°46° 5% | 47°25° 28 129 355

Average annual flow is obtained from the French hydrology bank. ns, no control station in the French
hydrology bank
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Table 2: General water parameters and major elements concentrations in the filtered fraction (< 0.45 pm) in the three sampling campaign. All
concentrations are reported in mg/l.

';'g:g'ﬁ:q Lieu sampling date River Q pH T 02 02 Cond25°C Alc DOC SPM Si CI NO3 SO4 Na K Ca Mg IB TDS TDS/SPM
m3/s °C % mg/| uS/cm meq/| mg/| mg/l  mg/l  _mg/l  mg/l  mg/l  mg/l mg/l  mg/l  mg/l % mg/|
Cézérat 9/4/2003 ns 7.8 115 111 115 121 1.03 24 31 3.3 2.7 5.1 2.3 8.4 55 -5.59 90
Allanche 9/4/2003 Allanche 0.1 7.8 10.2 59 6.9 131 1.09 3.2 3.6 3.1 2.3 49 25 10.4 6.9 5.79 97
Massiac 9/4/2003 12 8.2 159 90 9.7 201 1.27 3.3 <2 11.9 4.7 8.3 9.7 3.7 145 79 1.74 133
Sep-03 Brugeillgs 9/4/2003 Allagnon ns 8.3 16.7 103 9.9 203 1.37 3.0 121 3.8 9.1 11.3 3.8 15.0 8.0 1.75 143
Charbonnier 9/4/2003 ns 8.1 18,5 100 9.4 215 1.43 3.7 3 131 3.8 10.1 12.2 4.0 16.5 8.3 3.60 151 50
Vichy Allier
Nevers 9/5/2003 Loire 18.8 7.9 191 86 9.6 277 1.63 34 9 20.0 3.8 16.6 17.1 5.0 26.9 6.6 5.70 192 21
Chatillon 9/5/2003 ns 8.3 19.0 94 8.7 321 2.01 3.4 25 22.0 3.2 18.7 17.5 5.2 36.2 6.4 4.76 229 9
Cézérat 3/29/2004 ns 7.9 9.7 97 111 75 0.68 31 <2 6.83 2.3 3.1 18 4.4 0.9 5.8 35 -5.07 67
Allanche 3/30/2004 Allanche 15 7.8 5.2 101 128 79 0.71 2.8 3 6.76 3.0 3.2 19 4.0 11 6.7 3.9 -2.72 71 24
Massiac 3/31/2004 6.3 7.9 6.3 100 123 119 0.87 2.7 <2 7.38 9.5 4.0 4.6 6.9 2.0 9.3 5.0 -5.76 98
Apr-04 Brugeilles 3/31/2004 Allagnon ns 8.6 8.9 108 125 118 0.85 25 <2 7.11 7.8 29 5.1 7.2 2.1 9.2 5.0 1.22 95
Charbonnier 4/1/2004 ns 7.9 7.4 105 126 129 0.90 2.8 <2 7.14 8.7 3.2 5.9 8.1 2.1 10.7 5.2 3.49 103
Vichy 4/1/2004 Allier 144.0 8.0 10.0 109 123 216 1.34 3.0 <2 6.37 15.7 7.7 15.0 131 3.2 213 5.9 -0.72 162
Nevers 4/2/2004 Loire 160.0 7.9 109 98 10.8 267 1.55 3.6 8 5.79 16.5 8.8 17.0 12.6 34 26.3 6.1 -2.49 183 23
Chatillon 4/2/2004 ns 8.0 115 98 8.7 279 1.61 3.6 6 4.86 174 10.2 17.6 11.8 3.3 31.3 5.2 -1.70 190 32
Cézérat ns
Allanche 8/30/2004 Allanche 0.5 8.4 152 112 113 128 1.31 3.9 5 8.3 3.2 2.7 16 5.7 1.7 10.4 6.7 -7.81 117 23
Massiac 9/1/2004 16 7.9 13.3 107 112 161 111 3.2 2 9.1 9.1 0.3 5.1 9.2 2.9 12.3 6.7 105 122 61
Sep-04 Brugeilles 9/1/2004 Allagnon ns 8.9 169 127 122 162 1.18 3.0 <2 8.3 9.2 0.9 5.7 104 2.7 12.6 6.7 8.01 127
Charbonnier 9/2/2004 ns 7.3 155 93 9.2 248 141 9.0 5 7.9 11.2 2.3 9.3 11.8 3.0 15.1 8.1 3.27 152 30
Vichy 9/2/2004 Allier 58.8 8.3 206 135 122 290 1.80 7.9 7 7.8 19.9 6.6 19.2 19.3 4.1 28.0 7.8 4.16 216 31
Nevers 9/2/2004 Loire 74.9 8.3 214 125 111 277 1.73 75 9 6.6 17.8 55 18.3 15.5 3.9 30.3 6.8 5.22 204 23
Chatillon 9/3/2004 ns 8.4 204 121 109 291 1.80 3.7 14 4.6 18.2 5.5 194 14.7 3.9 35.8 5.8 6.54 212 15

Daily flow is obtained from French hydrology bank. ns, no control station in the French hydrology bank. Alc is the alkalinity. IB is the ionic balance. Alkalinity is assumed to

equal to HCOj3™ concentration.
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Table 3: Trace element concentrations in the filtered fraction (< 0.45 um) for the three
sampling campaign. All concentrations are reported in pg/l.

Filtration

30.45 um Lieu Fe Mn Ni Cu As Rb Sr Sh Ba Pb U

po/l pg/l poll  poil po/l po/l poll  po/l  pg/t  pgll  pg/l

Cézérat 54.8 55 05 03 0.2 6.9 74 0.0 3 0.0 0.0

Allanche 156 7.9 09 06 0.2 9.3 118 0.0 5 0.0

Massiac 54,5 8.4 0.9 1.3 12 8.7 130 3.3 10 0.1 0.1

Brugeilles 48.6 9.1 0.8 1.2 3.1 8.2 129 7.3 12 0.0 0.1

Sept 2003 Charbonnier 59.2 17.6 1.0 15 3.9 8.1 135 6.5 14 0.3 0.1
Vichy

Nevers 111 3.8 14 1.6 6.2 7.4 157 0.9 40 0.2 0.6

Chatillon 10.3 18.3 16 101 4.7 7.1 163 0.8 48 0.3 0.7

Cézérat 55.5 1.9 05 0.6 0.2 3.4 50 0.0 2 0.0 0.0

Allanche 55.6 4.0 07 06 0.5 3.8 75 0.0 3 0.0 0.0

Massiac 30.3 3.2 07 08 0.7 4.0 84 2.0 9 0.0 0.0

Sept 2004 Brugeilles 25.2 1.9 07 1.0 25 35 76 4.2 9 0.0 0.0

Charbonnier 22.4 2.7 06 1.0 21 35 81 4.2 11 0.0 0.0

Vichy 26.3 10.1 14 14 6.4 4.2 141 11 28 0.2 11

Nevers 19.3 2.3 10 15 5.2 3.6 153 0.9 38 0.1 11

Chatillon 12.2 2.2 10 33 3.2 3.1 141 0.6 43 0.0 0.9
Cézérat

Allanche 210 6 13 08 0.7 9.6 124 0.0 5 0.1 0.0

Massiac 5.13 46 11 13 11 7.8 119 5.4 13 0.5 0.1

Brugeilles 3.99 41 12 14 2.7 75 119 9.2 12 0.1 0.1

Sept 2004 Charbonnier 7.83 37 13 17 33 7.8 143 7.7 17 0.1 0.1

Vichy 12.4 42 23 22 11 9.4 217 13 33 0.3 1.7

Nevers 5.64 36 2.2 2.2 9 7.2 196 1.1 45 0.2 14

Chatillon 4,75 17 2.3 4.1 6 6.1 174 0.8 47 0.2 1.2
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Table 4: Partition of Fe and Mn in dissolvedfraction C1 (< 0.01 um), colloidal fraction (0.01<C2<-0.45 pum) and
particulate fraction (P> 0.45 um),. NA : not analysed

Filtration April-04 September-04

Fe % Mn% Fe% Mn%

Cc1 <0.01 28.1 36.4 NA NA

Cézérat c2 0.01-0.45 32.8 6.8 NA NA
P >0.45 39.1 56.8 NA NA

C1 <0.01 31.2 51.0 19.7 6.1

Allanche c2 0.01-0.45 27.4 3.9 43.0 23.0
P > 0.45 41.4 45.1 37.3 70.9

C1l <0.01 42.7 65.9 2.8 13.4

Massiac c2 0.01-0.45 33.3 6.3 60.9 54.4
P > 0.45 24.0 27.8 36.3 32.2

C1 <0.01 18.9 46.7 2.2 13.8

Brugeilles C2 0.01-0.45 52.1 15.6 42.6 51.5
P > 0.45 29.0 37.7 55.2 34.6

C1 <0.01 25.5 60.4 6.0 12.3

Charbonier Cc2 0.01-0.45 42.9 10.3 235 33.1
P > 0.45 31.6 29.3 70.5 54.6

C1 <0.01 28.4 77.3 1.8 9.0

Vichy Cc2 0.01-0.45 30.0 4.8 45.1 28.9
P > 0.45 41.7 17.9 53.1 62.1

C1 <0.01 125 22.3 2.2 8.8

Nevers c2 0.01-0.45 23.6 4.4 17.4 23.0
P > 0.45 63.9 73.2 80.3 68.1

C1 <0.01 10.5 19.6 0.7 8.8

Chatillon C2 0.01-0.45 14.4 25 14.1 13.4
P > 0.45 75.2 77.9 85.2 77.8
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