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Abstract :

Estuaries can be considered as biogeochemical reactors, acting both as sinks or sources for trace metals
depending on environmental factors. Distribution of dissolved and particulate Cd, Co, Cu, Mn, Ni, and Zn
were determined in samples collected from the Loire river estuary (France) during seasonal contrasting
flow conditions (summer, spring and winter). Mean concentrations of dissolved Cd (0.13 £ 0.07 nM) were
below concentrations previously observed in the estuary, while Cu (23.00 + 8.07 nM) concentrations were
similar to those found ten years ago. The results also demonstrated a wide fluctuation of the TMZ
(Turbidity Maximum Zone) following the water discharge conditions and various reactivity behaviours
depending on the type of metal even if all metals presented stable log KD values along the estuary. Rapid
adsorption of suspended matter occurs at the salinity front, and only Ni and Cu are conservative through
the salinity gradient. Organic matter appeared to be a major factor in metals fractioning and its role though
the estuary is discussed. Riverine particulate and dissolved metal inputs, and estuary dissolved efflux
have been estimated, and show a large export of Cu and Zn to the sea. However, the Loire river outputs
only play a minor contribution to the ocean at the global scale. These results provide unique information
concerning the contemporary distribution of dissolved and particulate trace metals in the Loire estuary,
and provide a geochemical baseline dataset to assess the evolution of historical contaminants in the
estuary. Ongoing studies on emerging metallic elements must be carried out to understand the impact of
urban development in this part of the river.
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Graphical abstract

Loire estuary

Highlights

» Metal concentrations and behavior exhibit small differences between hydrological regimes. »
Temporal decrease of metal fluxes from the river to the sea. » Cu and Zn are the most exported metals
from the estuary.
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1. Introduction

Estuaries represent a transfer box for particles along the land-sea continuum and are
geochemical reactors. They are characterised by strong physicochemical gradients (in e.g.
salinity, temperature, flow velocity, and suspended matter composition (Elliott and McLusky
2002) that play an important role for the elemental mass balances of coastal zones. The
knowledge of particulate (Nolting et al. 1990; Turner and Millward 2000; Che et al. 2003) and
dissolved (Apte et al. 1990; Boyle et al. 1982; Chaudry & Zwolsman, 2008; Chiffoleau et al.
1994; Elbaz-Poulichet et al. 1987; Zwolsman & Van Eck, 1999) heavy metal compositions in
the estuary is essential in understanding the fluxes of riverine materials transported into the
coastal zones, and thus, the influence of weathering and anthropogenically-derived materials
on the marine ecosystems and the health of this environment. Trace elements are also an
interesting aspect of estuarine chemistry because their differing physical chemistries lead to
various geochemical behaviours (Shiller and Boyle 1991). In macrotidal estuaries, internal
cycling of resuspendable sediment can push dissolved metals towards a non-conservative
behaviour (Morris 1990). Processes such as solubilisation, speciation, and precipitation, as
well as diffusion and advection, are also critical for determining metal spatial distribution

(Benoit et al. 1994).

Loire river dissolved and particulate metal contamination have been studied and well
documented upstream from Montjean (Negrel 1997; Grosbois et al. 2012; Dhivert et al.
2016) which is not the case for the estuarine section (downstream from Montjean). In contrast
to other French main rivers such as the Seine River, the Gironde Estuary, or the Rhone River,
the Loire estuary has few studies describing the behaviour of dissolved or particulate trace
metals such as cadmium, copper, lead and mercury (Boutier et al. 1993; Coquery et al. 1997,

Waeles et al. 2004, 2009).
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This study focuses on the distribution of particulate and dissolved trace metal elements such
as cadmium (Cd), cobalt (Co), copper (Cu), nickel (Ni), manganese (Mn) and zinc (Zn) along
the salinity gradient of the Loire estuary from the freshwater upstream (Montjean), to the
seawater downstream (coastal area), during three contrasting water discharge periods
representing three seasons (summer 2012, spring 2013 and winter 2014). The aim was to
understand the biogeochemical functioning of the Loire estuary with respect to the mobility of
metallic contaminants. The data will provide metal distributions along the salinity gradient to
characterise different types of biogeochemical behaviour. In addition, they enable the
estimation of the gross and net metal flows in and out of the estuary depending on the

hydrological conditions.

2. Material and Methods

Study site

Loire river is the longest river in France and one of the main riverine inputs to the
European western Atlantic Ocean. The average annual water discharge over the last century
was around 850 m? s (Figueres et al. 1985; Negrel 1997; Dauvin 2008). In 1985, the annual
solid load output was established at 10° T for a sediment volume representing 4.10° m?
(Figueres et al. 1985). The drainage basin of Loire river is 117,356 km?. It covers one fifth of
the French territory but mainly rural areas and midsize cities. Devoid of dams, Loire river is
considered "the last wild river in France" (Gautier and Grivel 2006). However, in its internal
estuarine section, chemical industries (fertilizer, acid plants and soap factory) have been
operating since the middle of the XIX™ century (Martin 2014). During the First World War,
plants were requisitioned to the war effort and increased their productions up to 1918,

followed by a slow decrease (Martin 2014). Currently, a major commercial port (Nantes-St
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Nazaire) has caused severe alterations to the natural ecosystem of the Loire estuary (Demaure

1979; Ottmann 1979).
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Figure 1: Sampling stations map during the three CAMELIA cruises in the estuarine section

of the Loire river.

The Loire estuary is a 60 km long macrotidal estuary, artificially modified and partially
canalised. The water residence time within the Loire estuary ranges from 3 days in floods to
30 days at times of low river flow (Guillaud et al. 2008). Like most tidal estuarine systems, a
high suspended sediment concentrations zone (the turbidity maximum zone, TMZ) is present
most of the time. The spatial and temporal evolutions of the TMZ govern the transport and
deposition of fine sediments (Uncles et al. 2006), and hence, may cause significant
morphological changes such as the siltation in channels and ports (Pontee et al. 2004).
Moreover, the TMZ influences biogeochemical processes of chemical substances associated
with particles like nutrients and hydrophobic substances (Turner and Millward 2002; Etcheber
et al. 2007). In the Loire estuary, the TMZ moves upstream during periods of low discharge
(summer) and its upstream boundary may reach up to 62 km from the mouth (Tarbarly bridge
— Fig. 1). The TMZ displacement is faster during its downstream flushing by river floods than

during its upstream migration by tidal pumping. However, the expulsion of the TMZ from the
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upper reaches requires higher discharge levels than its setting up (respective discharge
thresholds of 497-1034 m® s™! and 300-360 m? s™!). Clockwise turbidity-discharge hysteresis
patterns (Jalén-Rojas et al. 2016) observed in the Loire estuary are due to the presence of

mobile and fluid mud that has sedimented and remains in place.
Water, SPM and nutrients sampling and quantification

Filtered water and suspended particulate matter (SPM) samples were collected during three
sampling cruises CAMELIA in September 2012, April 2013 and February 2014. They were
conducted along the estuarine salinity gradient from Nantes city to over the estuarine mouth
on board of the R/V Thalia (IFREMER) during contrasting freshwater discharges. The Loire
freshwater discharges (Supplementary file — Fig. S1) were ~ 210 m® s during the 2012
campaign, ~ 1673 m?® s! during the 2013 campaign, and ~ 2790 m® s during the 2014
campaign. The average discharge of the Loire river over the period 2012-2014 was ~ 940 m’
s'!. The sampling strategy was designed to sample waters from salinity O to 30 along the

estuary.

An all-Teflon pumping system, consisting of PFA 15 mm diameter tubing, connected to a
pneumatic-driven piston PTFE pump (ASTI, France), was used to bring water directly and
continuously at 2 L/min flow into the positive pressure, clean van on the ship’s deck. To
avoid contamination, the end of the Teflon tubing was kept 1 m below the water surface and 5
m off the side of the ship during the sampling. Samples were discretised by collecting the
pump outflow into 2 L acid-cleaned Teflon (PFA) bottles under a laminar flow bench.
Subsamples were filtered through dry, pre-cleaned and weighed filters (Whatman -
Nuclepore®, polycarbonate membrane, 0.45 um) in the clean van within 1 h after sampling,
for quantification of SPM concentrations. After filtration, the filters were then rinsed with
ultra-pure water (Merck Millipore®, 18 MQ cm™), dried, and stored folded in acid cleaned

polystyrene Petri dishes. Back in the laboratory, the filters were dried in a drying stove then
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weighed under clean conditions. Filtered water samples were stored in acid-cleaned high-
density polyethylene bottles and acidified with 0.1% v/v concentrated nitric acid (Suprapur,

Merck®).

All elemental analyses were performed with a Q-ICP-MS (iCAP-Q Thermo®) in KED
mode (He). External calibration using multi-elemental standard solutions (SCP Science) was
done at the beginning of each analytical session. Internal correction with In was done to
correct for potential matrix effects, and the data was corrected with procedural blanks. Prior to
analyses, dissolved trace element samples were pre-concentrated using the APDC-
DDDC/Freon method (Danielsson et al. 1982). Recoveries from the seawater certified
reference materials (CRM NRC-CASS-5, processed every 12 extractions) were 92 + 14%.

The data presented here were corrected using average recoveries on the day of extraction.

Particulate metals retained on the filters were determined with the same analytical

procedure after microwaved total acid digestion (2 mL HC1, 4 mL HNO3, 2 mL HF).

Dissolved inorganic nitrogen (nitrate and nitrite), phosphorus, and silicate were measured.
Samples were obtained by filtering sea water through 25 mm Whatman GF/F filters under low
filtration pressure. The filtrate was stored frozen at —20°C except for the silicate, which was
stored at 4°C, until analyses. Analyses were carried out with a Seal Analytical auto analyser
using colorimetric techniques (Bendschneider and Robinson 1952) optimised by Aminot et al.
(2009). Particulate organic carbon was measured with a CHN analyser (Carlo Erba, Model

1106), and salinity by conductivity measurements.

Distribution coefficient (Kp)
Metal partitioning between dissolved and particulate concentrations can be described by

the particle-water distribution coefficient expressed as Kp (L kg!) (Sung 1995):

Kp = Me,/Meq (Equation 1)
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where Me, is the mass fraction of metal in the particulate phase (mg kg!), and Mey is the

volumetric mass of metal in the dissolved phase (mg L!).

Such experimental Kp can be used to estimate the dissolved metal concentrations from

particulate data, assuming equilibrium conditions.

Loire river fluxes

Fluxes of Meq and Me, were estimated by combining mean river discharges during the
campaigns obtained from the National Hydrographic Databank (DIREN, website
http://www.hydro.eaufrance.fr/) with the observed Meq, Mep and SPM concentrations. Fluxes

equations are given in Table III.

Statistical methods
All descriptive (mean, min-max, standard deviation) and multivariate statistics were
performed using R software with a = 0.05. Comparison of individual metal concentrations

were conducted using Wilcoxon and Kruskall-Wallis non-parametric tests.

3. Results and Discussion

Hydrographic settings

River discharges during the three campaigns were contrasted, with a very dry season
with low discharge (210 + 10 m® s™') in summer 2012, and a high-water discharge in winter
2014 (2790 + 404 m® s!). The TMZ defined as SPM > 500 mg L! (Gallenne 1974; Jal6n-
Rojas et al. 2016) that were encountered during the cruises, fluctuated according to the water

discharges (Fig. 2).
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174  Figure 2: Spatial distribution of the TMZ (SPM > 500 mg L") during A) summer CAMELIA
175 1, B) spring CAMELIA 2 and C) winter CAMELIA 3 conditions. MT corresponds to the

176  maximum SPM concentration determined during the cruise.
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During summer 2012, the TMZ was upstream and over 20 km long. The concentration
of suspended particles rose up to 2100 mg L', which is the highest concentration of the three
cruises. During high water discharge conditions (spring 2013 and winter 2014), linked to
seasonal rains, water discharges were 1673 + 528 and 2790 + 404 m® s”! respectively, and the
TMZ was not observed or was shifted seawards. The maximum concentrations of suspended
particles were 410 and 680 mg L' respectively. The TMZ movement in macrotidal estuaries
affects sediment resuspension or particulate sedimentation (Avoine and Larsonneur 1987) as
already described in various studies (Chiffoleau et al. 1994; Martino et al. 2002). Jal6n-Rojas
et al. (2016) also observed that the TMZ moves upstream during periods of low discharge
(summer) in the Loire estuary. Moreover, the TMZ displacement is faster during its
downstream flushing by river floods than during its upstream migration by tidal pumping.
However, the expulsion of the TMZ from the upper reaches requires higher discharge levels
than its installation (respective discharge thresholds of 497-1034 m? s~ and 300-360 m® s™1).
This is due to the presence of mobile mud remaining after the TMZ presence, as confirmed by

clockwise turbidity-discharge hysteresis patterns (Jalén-Rojas et al. 2016).

Nutrients (nitrate, phosphate and silicate) behaviour

Silicate from summer 2012 could not be analysed. For all seasons, near-conservative
behaviour of nutrients along the salinity gradient was evident (Fig. 3). Such patterns and
correlation (Pearson test, 12 = -0.998 for nitrate, 12 = -0.782 for phosphate and 12 = -0.993 for
silicate, p value < 0.05) between nutrients and salinity were also observed by Boutier et al.
(1993). The near-conservative behaviour of nutrients suggests that no large sinks or sources of
nutrients are present within the estuary. As described by Guillaud et al. (2008), it appears that
similar to the Seine estuary (Guillaud 1983; Aminot et al. 1998), most of the nitrate and

silicate entering the estuary reach the coastal zone because of the relatively low residence
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time of water within the Loire estuary, ranging from 3 days in floods to 30 days at low river
flow (Gallenne 1974). Cloern (2001) has estimated these low residence times result in a

nitrogen export of between 75% and 95% of the input.
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Figure 3: Nitrate, phosphate and silicate distributions along the salinity gradient. Silicate

during summer 2012 was not determined. Correlation values are described in the text.
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The main exception was an increase of phosphate concentrations and a decrease of nitrate
(about two-fold higher and two-fold lower at salinity 1, respectively) during summer within
the estuary. This could be caused by Nantes' urban wastewater disposal (2.5t d~!of
phosphorus) influence during low water discharge (Guillaud et al. 2008), and/or the potential
desorption of exchangeable particulate phosphate from the estuarine TMZ in summer tides
(Rincé et al. 1985). Particular summer conditions with higher temperature and low water
discharge could result in a phytoplankton bloom in the estuarine zone (Relexans et al. 1988),
with all the algal particulate organic carbon (POC) being mineralised in the TMZ, where, in
addition, the light penetration is too low to sustain important primary production (Meybeck et
al. 1988). As a result, the estuarine waters in the TMZ are dramatically oxygen depleted
(Thouvenin et al. 1997). Meybeck et al. (1988) also observed and described the process which
results in a regeneration of dissolved POs*~, while NOs* is conserved or depleted when the
TMZ is nearly anoxic (Meybeck et al. 1988). Unfortunately, no oxygen measurement was

made, and this hypothesis cannot be verified.

Dissolved metals

Concentrations of dissolved trace metals are shown as a function of salinity and, for salinity
approaching zero, as a function of distance up-estuary from the point of saline intrusion
defined as S = 0.05 (salinometer detection limit) in Fig. 4. This combined representation
allows a clearer visualisation of the entire dataset in freshwater as well as in the estuary.
Dissolved metals exhibit different distribution patterns along the salinity gradient, so three
groups have been distinguished: i) elements mobilised in low salinities during intense
discharge (Co and Mn); ii) elements with a conservative pattern (Ni and Cu); and iii) elements

with a more or less pronounced mid-salinity concentration maximum (Zn and Cd).
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Figure 4: Metal dissolved (A) and particulate (B) concentrations along the Loire Estuary salinity gradient for the three seasonal surveys.
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Group i: Manganese and Cobalt

Dissolved manganese levels during the three cruises ranged from 2.8 nM to 1.02 uM with
some similar patterns and lower levels during summer 2012 and spring 2013. For these two
cruises, Mng did not follow the expected conservative mixing line nor exhibit estuarine
removal, but rather showed inputs of Mng. Dissolved Mn levels showed non-conservative
distributions with increasing concentrations downstream from the riverine end-members.
However, during winter 2014 when SPM concentrations were the highest, Mng concentrations
rose up to 1.02 uM. This large Mng4 enrichment in the TMZ suggests reductive conditions in
this high-particle zone, or possibly sediment resuspension linked to mobilisation of the Mn
present in the sediment porewater (Yeats, 1990; Chiffoleau et al. 1994). Winter oxic
conditions do not appear to be conducive to in situ (water-column) reduction, even in the
TMZ. However, it should be noted that Mn oxides are susceptible to reduction and their
solubility is influenced by light, pH, surface reactivity, and organic matter. In systems where
freshwater and seawater meet, many chemical species of Mn can coexist and rapidly cycle
between one another. Oldham et al. (2017) have described 20 possible reactions or pathways

for manganese cycling in estuarine systems.

Dissolved cobalt concentrations over the three cruises exhibited a non-conservative
distribution with constant concentrations around 0.6 + 0.2 nM along the salinity gradient.
During winter 2014, a peak of concentration up to 2.8 nM was observed, when SPM and Mng
concentrations were the highest and salinity was 0.1. Dissolved Co concentration patterns are
similar to manganese patterns as already observed (Moffett and Ho 1996). Knowing the high
affinity of Co for Mn oxides, it is suggested that the dissolution of Mn oxides in a likely more
reductive environment such as the TMZ, releases adsorbed Co, and thus induces a similar
behaviour between both dissolved elements (Moffett and Ho 1996). Moreover, changes in

salinity contribute to the particle-solution exchange of Co (Takata et al. 2010).
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Group ii: Copper and Nickel

These two metals, characterized by a potentially complex biogeochemical behaviour, exhibit
an approximately conservative mixing, with small differences between seasons. For both
metals, the role of complexation by strong organic ligands is predominant in estuarine

systems.

Dissolved Cu concentrations can exhibit both conservative (Boyle, Huested and Grant,
1982; Shiller and Boyle, 1991) and non-conservative (Windom et al. 1983; Waeles et al.
2004) behaviours along estuarine salinity gradients. During CAMELIA cruises, Cuq
concentrations measured in the Loire estuary varied between 10 to 37 nM. These
concentrations are in the range of previous studies in the Loire River estuary (Waeles et al.
2004), and in the lower range of worldwide estuaries (Table I). During the three sampled
seasons, Cuqg exhibited a conservative behaviour along the estuarine salinity gradient (Fig. 4
A). The Cug behaviour through the salinity gradient is not impacted by environmental
seasonal changes. A small concentration decrease is observed at low salinity (0.1-0.5) follow
by a rapid increase before taking a conservative mixing pattern. Copper is highly particle
reactive and is known to be subject to scavenging by surface reactions on particles (Bruland
and Lohan 2003) and strongly complexes with humic ligands (Skrabal et al. 2006). Studies on
the speciation of copper in estuarine systems showed that, Cuq is also mainly complexed by
colloidal organic ligands (van den Berg et al. 1987; Shank et al. 2004; Abualhaija et al. 2015;
Dulaquais et al. 2020). The slight decrease near the riverine water could be explained by the
decrease of the Cu complexing ligand concentrations in the dissolved fraction with increasing
salinity, in agreement with the general pattern observed for other estuaries (van den Berg et al.
1987; Apte et al. 1990; Tang et al. 2001; Wong et al. 2018). Dulaquais et al. (2020) studied

the organic speciation of Cug in the Loire estuary for the soluble (sCu , <0.02 mm) and
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dissolved (Cug, <0.45 mm) fractions. They observed a non-conservative distribution of Cuqg
with an increase in the TMZ which was not observed for sCu which showed a conservative
distribution in the estuary as observed in the present study. The inorganic speciation of Cu is
not expected to change with salinity since Cu forms weak chloride or sulphate complexes
(Dulaquais et al. 2020). In the Loire estuarine system, as in many others, dissolved organic
matter (DOM) is derived from relatively refractory, terrestrially dominated material (mostly
humic substances, Dulaquais et al. 2020) that is conservatively mixed with respect to salinity
(Avery et al. 2003). However, it has been shown that thiol-like and amino-like acids/proteins

could also account for Cuq ligand in the estuary (Dulaquais et al. 2020).

Observed concentrations of Nig range from 6 + 1 nM at the vicinity of the marine water
(salinity >25) to 19 £ 4 nM in the river water (salinity <1). Concentrations of Niq in the river
and estuary are in the same range, or lower, compared to other estuaries such as the Danube
(Guieu et al. 1998), the Gironde (Kraepiel et al. 1997), the Mersey river (Martino et al. 2002)
or the Thames (Turner & Millward, 2000), reflecting the low contamination of the Loire
River. As expected in a well-mixed estuary such as the Loire River, and knowing the affinity
of Ni for dissolved organic matter, Ni exhibited a nearly conservative behaviour (Shiller and
Boyle 1991; Gaulier et al. 2021) during the summer and spring cruises. However, for winter
2014, the river water samples had lower concentrations than anticipated by conservative
behaviour. The Nig¢ winter pattern could be due to fluvial nickel dilution linked to high river
discharge, and nickel desorption at low salinities as observed in other estuaries (Edmond et al.
1985; Chiffoleau et al. 1994). Ni speciation and distribution through the estuarine system is
mainly controlled by the presence of strong organic ligand (Nimmo et al. 1989; Donat et al.
1994). Turner et al. (1998) have studied the influence of dissolved organic matter and particle
character on Ni partitioning. They observed that the presence of dissolved organic matter

inhibits uptake of Ni by suspended particles which implies the conservative behaviour of Nig
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along the estuary. Even if DOC concentrations have not been determined in this study, Turner
et al (1998) have demonstrated that Ni adsorption is largely determined by the presence of a

specific fraction of organic ligands rather than concentration.

Group iii: Cadmium and Zinc

Dissolved Cd concentrations were in the range of 0.04 to 0.29 nM over the CAMELIA cruises
which is in good agreement with the concentrations determined earlier by Boutier et al. (1993)
and Waeles et al. (2004). Concentrations are low in comparison to other French estuaries such
as the Gironde (Kraepiel et al. 1997; Michel et al. 2000) or Seine (Chiffoleau et al. 1994). A
non-conservative distribution is always observed for Cdgq with peak concentrations (~0.15 to
0.30 nM) found between salinities of 10 (summer low flow) and 22 (high flow, winter and
spring). This pattern is observed in other French estuaries (Boutier et al. 1993; Chiffoleau et
al. 1994; Kraepiel et al. 1997; Michel et al. 2000; Waeles et al. 2004), and attributed to Cd
desorbing from suspended particles in the estuarine mixing zone when the river water mixes
with the marine water. This desorption is the consequence of the complexation of free Cd**
activity in solution by seawater chloride ions (CI"), and the concomitant effects of increasing
ionic strength (Comans and Van Dijk 1988; Shiller and Boyle 1991). However, laboratory
experiments have shown a rapid complexation of free Cd at salinities of 10. Waeles et al.
(2004) have demonstrated that a labile Cd species is formed between salinities 0 and 12, and
then decreases when the salinity rises. From these observations and the Cdg concentration
patterns during CAMELIA cruises, it can be hypothesised that during the summer, a majority
of Cdq comes from newly formed, labile Cd (chloro-complexes) up to the peak of Cdg
concentrations. If so, simple Cd desorption from newly arrived particles is not sufficient to
reflect the patterns in the salinity range 15-25 observed during winter and spring. During these
seasons, Cdg concentration maximums come at a higher salinity than the expected range of

desorption peak salinity shown by mixing experiments. As Cd desorption occurs on the order
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of minutes, it is not likely to be a kinetic effect (Shiller and Boyle 1991). A sedimentary input
is indicated. Moreover, cadmium enriched sediments have been reported close to the urban
centres of the estuary (St. Nazaire) (Coynel et al. 2016) in the area of the 15-25 salinity range.
These contaminated sediment particles could exchange with the water column leading to a
punctual increase in the Cdg phase. In the absence of known or identified anthropogenic
inputs, estuarine sediments could be a source of Cd. As demonstrated in the Gironde estuary,
the suspended and bed particles are known to exchange with each other under the influence of

tidal mixing (Allen et al. 1977; Kraepiel et al. 1997).

Zn is a particle-reactive element in the estuarine environment (Hatje et al. 2003) and has been
found to be strongly organically complexed to ligands (Bruland 1989). During high discharge
conditions (spring and winter), no difference in Zng behaviour is observed (p> 0.05).
Concentrations though the salinity gradient are constant from 5.8 nM to 16.9 nM. In general,
concentrations of Zng are in the range of moderately impacted estuaries (San Francisco Bay
(Safiudo-Wilhelmy et al. 1996) or Cape Fear estuary (O’Connell 1999)) and significantly less
than more highly impacted estuaries (Yangtze estuary (Yin et al. 2016). However, during
summer 2012, the Loire river mid-salinity maximum concentration (27.5 nM at salinity 15)
reached up to twice the river Zng concentrations (~11.9 nM). The highest concentrations of
trace metals in the water coincide with high turbidity zones in the middle region. This
highlights the role of resuspension and sediment remobilization due to tidal forcing as a
critical driver of pollution in contaminated areas (Premier et al. 2019). Like Cdq, the Zng
concentration’s increase could be due to the desorption caused by the increasing inorganic
complexation with the major seawater anions (Cl" and SO4*) and/or from increasing particle
load due to resuspended estuarine sediment (Ackroyd et al. 1986; Pearson et al. 2017). Non-

conservative mixing has already been observed in various temperate estuaries (Ackroyd et al.



361 1986; Yan et al. 1991; Guieu and Martin 2002). In the Loire estuary system, during low

362  discharge, hypoxic (Schmidt et al. 2019) summer conditions, natural and anthropogenic

363  sources of Zn adsorbed to the sediment and organic matter can be released from the degraded

364  organic matter or released from Fe and Mn diagenesis, and that sediment fluxes could be a

365  significant source of trace metals in the water column (Thibault de Chanvalon et al. 2016b;

366  Duan et al. 2019). Moreover, the anthropogenic Zn associated to urban particles (Schifer et

367 al. 2009; Aradjo et al. 2019) could also be susceptible to desorption processes in saline

368  waters..

369

370  Table I: Comparison of dissolved metal concentrations with previous studies.

Rivers ComM) Ni(mM) CumM) Zn (nM) Cd (nM) Pb (mM) Mn (nM) Reference

Loire Estuary mean 0.76 £ 0.54 14 +4 23+8 15+4 0.13£0.07 0.12+0.05 93+203 This study
Thames 1995 mean 107 168 445 2,85 48 Power et al. 1999
Krka 2 0.04 0.08 Elbaz-Poulichet et al. 1991
Tagus Estuary min-max 5.3-14.0 6-26 52-230 04-3.4 Cotté-Krief et al. 2000
Hudson Estuary min-max 15-110 0.9 -4.4 Klinkhammer and Bender 1981
Gironde Estuary mean 22 93 0,44 1.17 Masson et al. 2006
Seine River mean 35 0,28 1.71 Frangoise Elbaz-Poulichet et al. 2006
Pearl River Estuary  mean 64+10 12368 1.33+0.27 8+4 Zhen et al. 2016
Yangtze Estuary mean 1.19+0.63 23+12 45+20 146115 0.82+0.62 647+2.75 Yin et al. 2016
NE Atlantic Ocean  min-max 1.7-3.1 0.7-1.9 0.5-1.6 0.003-0.05 Saager et al. 1997

371

372

373  Particulate metals concentrations

374

Moving through the estuary, particles are subject to numerous deposition-resuspension

375  cycles, and redox variations that could modify their properties. Nevertheless, for all evaluated

376  metals, the composition of suspended particles throughout the estuary (Fig. 4 B) is uniform.

377  This seems to reflect a homogenous composition made of a comparatively large pool of

378  particles in equilibrium with the physical/chemical conditions encountered within the estuary.
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This observation is a fact for Ni, Co, Zn and to a lesser extent for Cu, regardless of the season.
This homogenous composition would conceal the expected variations of a much smaller pool
of particles newly introduced to the estuary. Collectively, new and old particles form the
suspended matter which has a long residence time, up to 10 months for the Loire estuary
(Ciffroy et al. 2003b), and thus represents a well-mixed system as also suggested by various
studies in other estuaries, such as in the Gironde estuary (Kraepiel et al. 1997). According to
the study of Ciffroy et al. (2003) on the residence time of particles in the Loire estuary, the
“standard half-life” of suspended particles in its TMZ depends on the season, and varies from
6 to 10 months in summer, 4 to 5 months in winter, and is about 0.7 month during flood
periods. In the present study, seasonal cruises through flood or low flow showed a uniform
pattern for particulate metal concentrations. An exception can be made for Mn during summer
2012. Particulate Mn concentrations increase linearly from freshwater levels up to 26.5 mmol
kg! encountered at a low salinity (~< 5). Particulate Mn has already been discussed in a
previous publication (Thibault de Chanvalon et al. 2016a) , where the authors have concluded
that Mn transformations (and hence Mng) are largely dependent on Mn oxides whose input is
seasonal. The degree of crystallinity of Mn oxides seems to increase as soon as they settle,
indicating a specific and not yet identified transformation occurring in the TMZ (Thibault de

Chanvalon et al. 2016a).

During winter conditions, Cu, and Zn, concentration differences are observed between
river and seawater end-members (from 2.75 to 0.50 mmol kg!' and from 4.40 to 2.83 mmol
kg!, respectively). A higher concentration of these elements is typical in freshwater than in
the estuary, where various ligands (organic matter (OM), chlorides (CI)) can complex these
two divalent cations (Luoma and Davis 1983). It is generally accepted that OM and hydrous
oxides of Fe and Mn are critical components of aquatic particles with respect to the sorptive

removal of transition metals (Young and Harvey 1992; Turner et al. 2004). The affinity of
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metals for specific organic ligands can be described by the Irving-Williams series (Hg> Cu>
Zn, Ni> Co> Fe> Mn, Cd> Mg (Guo et al. 2000)) which shows that Cu and Zn are divalent
metals with the greatest affinity for OM. Variations in the extent of sorption to untreated
particles are caused, principally, by salinity-dependent interactions between Zn and POM
(Turner et al. 2004). Indeed, seawater ions compete with dissolved Zn for charged sorption
sites on the POM, while neutral organic complexes of Zn that are salted out interact with
hydrophobic regions of this phase (Turner et al. 2004). Likewise, Cd, is depleted in the
estuarine part as observed by Boutier et al. (1993) and simulated by Thouvenin et al. (1997) in
Loire river estuary. Mean Cd, concentrations in freshwater are almost five times higher than
in estuarine particles (5.31 * 1.71 vs 1.70 + 1.00 umol kg!). The high concentration of
particles in the estuary, their lateral homogenisation, and inputs of freshwater particles with
high Cd, concentrations do not allow the observation of measurable variations linked to
salinity-driven Cd sorption/desorption. Nowadays Cdp concentrations in the river, as well as
in the estuarine section, are about 3 times lower than concentrations reported in 1993 (Boutier
et al. 1993). Given the long residence time of particles in the system, this could denote a
decrease in the cadmium contamination of the Loire river between the two studies. The
attenuation of Cd contamination in the SPM samples is coherent with the tendencies observed
in the sedimentary archives in the fluvial-estuarine continuum (Dhivert et al. 2016; Aratjo et
al. 2019). No regulatory law has been imposed in the last decade which could explain the
attenuation. However, at the end of the World War II, Loire estuary became an important
industrial centre for the production of fertilizers (nitrogen and phosphorus) in France (Martin
2018). Natural phosphate contains some cadmium and the latter is found as an impurity in
phosphate fertilizers (Roberts 2014). This chemical industry, which provided a potential
source of Cd link to atmospheric dust or sewages, became anecdotal with the closure in 1975

of the last super-phosphate plants (Martin 2018).
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Metal partitioning and fluxes

The particle-water distribution coefficient, Kp, (Equation 1) enables the determination
of the relative affinities of ions for their dissolved and particulate phases. Because true or
apparent interactions of chemical constituents between suspended particles and water result
from a variety of physical, chemical, and biological processes (Turner and Millward 2002),
we will talk about the “apparent Kp”. Apparent Kp for Cu, Zn, Ni, Cd, Co and Mn resulting
from the cruises are shown in Table II. No difference in the particle-water distribution
coefficient for the same metal was observed between the seasons (T-test for independent

samples, p-value > 0.05) nor in the function of the salinity, as already suggested by Turner

CAMELIA 1 438 (199

6). For all three seasons, the trend of decreasing apparent Kp among the metals is Co > Mn >
Zn > Ni > Cu > Cd. The sequence is quite similar to reported values by Balls (1994) on
British coasts, Turner et al. (1991) in the Weser estuary, and Chiffoleau et al. (1994) in the
Seine estuary. However, sorting Kp’s as a function of concentration of SPM reveals
systematic trends (Supplementary file — Fig. S2). Turner et al. (1991) also observed the same
trends and have suggested that variations in Kp with SPM concentrations are dominated by
variation in the available dissolved metal content. The increase in Kp™* with SPM suggests
that flocs or/and temporarily suspended particles of the TMZ are relatively enriched in these
metals through removal from solution by flocculation or sorption reactions at the particle
surfaces. In contrast, Kp’s for Cu, Ni and Zn, and possibly Co, decrease with increasing SPM
concentration. Low Kp’s in the TMZ, ignoring possible ionic strength effects, reflect the
dynamic nature of this zone in which particulate metals are depleted because their sorptive
equilibrium cannot be met. Moreover, the organic matter degradation could release metals

into the water column (Turner and Millward 2002).

Table II: Distribution coefficient (log Kp) for Co, Cu, Zn, Ni, Cd and Mn and SPM
concentrations resulting from campaigns samples.
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Station name Salinity Co Ni Cu Zn Cd Mn SPABS
logKp logKp logKp logKp logKp logKp gLt
Mont Jean 0.0 5.8 4.7 4.4 5.4 4.9 6.4 0 le]
Tabarly 0.0 6.0 4.7 42 5.5 4.4 6.9 4p
ST24 0.0 5.9 4.7 43 5.3 4.4 6.8 0.08
ST23 1.6 6.0 47 42 5.2 42 6.3 0.04
ST22 32 6.0 47 43 5.2 4.1 6.3 ARG
ST21 54 6.0 47 43 5.2 4.0 6.2 0.21
ST20 8.2 6.0 47 43 5.2 3.8 6.1 1.41
STI19 112 6.1 4.7 43 5.1 3.7 6.2 4585
ST18 142 6.1 4.7 44 5.1 3.7 6.2 2.11
ST17 172 6.0 4.7 44 5.2 3.7 6.0 4(1;’?7.
ST16 229 5.8 5.0 45 5.3 3.9 5.7 75
ST15 237 5.9 49 4.6 5.4 4.0 5.9 1.00
460
CAMELIA 2
Mont Jean 0.0 5.3 45 4.1 4.9 438 n.d 2@532
Oudon 0.0 54 45 42 5.3 48 n.d :
Tabarly 0.0 54 45 42 5.3 48 n.d 0.06
ST22 0.0 54 47 45 5.5 5.0 6.1 AED
ST21 1.0 55 47 43 5.5 47 6.2 0.03
ST20 4.1 55 4.7 43 5.5 44 5.9 0.02
ST19 7.1 5.6 47 43 5.4 4.1 5.9
ST18 10.3 5.6 4.7 44 5.4 3.9 5.6 0.07
ST17 132 5.7 4.7 44 5.3 4.0 5.8 2%3917
ST16 16.2 5.6 48 44 5.3 3.8 5.8 04
ST15 17.7 55 48 4.4 5.4 3.8 5.6 0.10
ST14 220 55 49 45 5.4 3.8 5.2 AE®
ST13 22.1 55 48 45 52 35 5.7 0.41
ST12 275 5.8 5.0 47 5.7 4.0 5.6 0.02
766
CAMELIA 3
Mont Jean 0.0 5.6 4.7 5.0 5.6 5.0 n.d AP
Prairie Inondée 0.0 5.4 4.6 4.5 53 4.9 n.d 0.02
Tabarly 0.0 5.6 4.6 4.4 5.4 49 nd 0.06
STI 0.0 55 4.6 43 5.3 4.8 5.6 46%
ST2 0.0 55 4.6 43 5.3 49 5.3 0.06
ST3 0.0 5.0 45 43 5.2 4.6 4.4 ‘%ﬁ
ST4 0.1 5.1 4.6 45 5.4 4.6 43 :
ST5 3.7 5.2 4.6 4.4 5.4 4.4 49 0.49
ST6 6.4 5.5 4.6 4.4 5.4 43 5.3 00
ST7 8.9 5.5 4.6 4.4 5.3 42 5.2 0.10
ST8 112 55 47 4.4 5.3 4.0 5.3 0.05
ST9 13.7 5.6 47 44 5.4 4.1 5.6 4l
ST10 17.1 5.6 47 4.4 5.3 3.9 55 0.04
ST11 20.2 5.6 47 45 5.3 3.9 5.4 %
ST12 219 5.6 48 45 5.4 3.9 54 :
ST13 24.0 5.8 49 4.6 5.4 3.9 5.7 0.02
473
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the river, in the estuary, and water discharges during the cruises, metal fluxes have been

quantified using the linear regression between metal and salinity, following the Boyle et al.

(1974) model. This model assumes that a concentration of a given constituent is a continuous

function of salinity. The flux of a dissolved metal of unknown behaviour at a given salinity

corresponds to the product of the river water flux with the intersection of the tangent to the

concentration-salinity curve at a given salinity with this concentration axis (e.g. (Chiffoleau et
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al. 1994)). In this study, the tangent to the concentration vs salinity curves correspond to the
best fits for the salinity range 20-35. Estimated fluxes are presented in Table III. As dissolved
metal concentrations are quite similar in the river end-member regardless of the season,
dissolved metal fluxes are completely dependent on the water discharge. The importance of
freshwater flow and season on chemical composition of upstream SPM has already been
described by Grosbois et al. (2001). An increase of metal fluxes, up to two orders of
magnitude, between summer low water flow (~210 m® s™') and winter water flow (~2790 m? s~

1 leads to a wide range of dissolved and particulate fluxes for all the metals.

Table III: Dissolved and particulate Co, Ni, Cu, Cd and Zn fluxes estimated in the Loire

estuary.
Riverine Inputs (kg day™) Net Outputs (kg day™)

Dissolved® Particulate® Dissolved®

Co Summer 2012 0.5+0.0 4.5+0.2 0.2+0.0
Spring 2013 12.1+£3.8 153.2+48.4 22.0+6.9

Winter 2014 10.9+1.6 221.4+32.1 28.0+4.1

Ni Summer 2012 17.1£0.8 13.3+0.6 22.4+1.1
Spring 2013 173.1£54.6 349.1£110.2 186.1£58.7

Winter 2014 236.4+34.2 590.3+£85.5 460.4+66.7

Cu Summer 2012 48.6+2.3 17.6+0.8 52.5+2.5
Spring 2013 355.2+112.1 295.2493.2 321.7+101.5

Winter 2014 434.9463.0 2210.8+320.1 678.1£98.2

Cd Summer 2012 0.2+0.0 0.2+0.0 1.7+0.1
Spring 2013 1.4+0.4 5.2+1.6 6.6x2.1

Winter 2014 1.7£0.2 8.8+1.3 9.7£1.4

Zn Summer 2012 14.2+0.7 54.84£2.6 36.8+1.8
Spring 2013 304.5+96.1 1634.5+£515.9 462.6+146.0

Winter 2014 173.0+£25.0 3643.6£527.6 566.3+£82.0

2 Loire river discharge at Montjean during the sampling campaign multiplied by Meq concentration at the same
site.

® Loire river discharge at Montjean x SPM concentration x Me, concentration at the same site.

¢ Loire river discharge at Montjean x hypothetical Me concentration in the dissolved phase at salinity O
extrapolated from the dilution line observed at salinity >20.

Dissolved metal net outputs were estimated to be 0.2 to 28.0 kg day™! for Co, 22.4 to 460.4 kg

day! for Ni, 52.5 to 678.1 kg day™! for Cu, 1.7 to 9.7 kg day! for Cd and 36.8 to 566.3 kg day"
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' for Zn. With regard to fluxes of all dissolved and particulate metal fluxes, Cu and Zn

represent the most exported metals through the estuary whatever the season (Table II).

In the Loire river, previous studies have been focused only on dissolved Cd and Cu
metals (Boutier et al. 1993; Waeles et al. 2004). For Cdq, Boutier et al. (1993) have calculated
a net efflux of 7.2 kg day!, while Waeles et al. (2004) have calculated a flux of dissolved Cd
of 14 kg day'. Both studies have the same Cda concentration at 0 of salinity (0.8 nM).
Nowadays, Cdq concentrations have decreased (0.13 + 0.07 nM) with a calculated net efflux

close to that reported by Boutier et al. (1993).

Concerning Cu, a first estimate by Waeles et al. (2004) in the spring of 2001 mentions
a daily Cuq flux of 343 kg day™!. Same values have been estimated for this study during spring
2013. However, fluxes variations are visible for both the dissolved and the particulates
depending on the flow conditions of the river. The dissolved Cu net output is more than 10
times higher during high discharge conditions (winter) than low discharge conditions

(summer).

In comparison with the Gironde or Tagus Rivers, which are the main sources of metal input to
the North East Atlantic Ocean (Figueres et al. 1985), the Loire river dissolved net output over
the winter-time is higher than the Tagus and Gironde for Cu, Zn and Ni but lower for Cd
(Table SI). At the global scale, the Loire metal fluxes are relatively low in comparison with
the main world rivers (Liu et al. 2020) and dependent on the flow conditions of the river.
Taking mean particulate and dissolved concentrations (summer and winter values) with a
mean water discharge (835 m3 s, Banque HYDRO database), it could be estimated that the
Loire river could transport 19 Mg of Co, 45 Mg of Ni, 50 Mg of Cu, 195 Mg of Zn and 0.98
Mg of Cd into the coastal North East of the Atlantic Ocean. In comparison with the 32 Gg of
heavy metals discharged by the Yangtze River into the East China Sea (Liu et al. 2020), the

Loire river does not serve as a significant source of heavy metal pollution for the global
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ocean. Moreover, using the concentrations of total suspended solids (Cs*) parameter defined
by Meybeck et al. (2003), the Loire river has a mean Cs* of 50 mg.L"!. Compared to the 60
global rivers of Meybeck et al. study, which covers natural conditions ranging from the humid
tropics to subarctic and arid regions, located in all types of relief around the world, the Loire
river discharge is classified as “low” far behind Colorado, Rio Grande or El Abid rivers
(Meybeck et al. 2003). However, it has been shown that the effect of the Loire inflows could

be detected up to the north of the Bay of Biscay (Waeles et al. 2004).

It is recognised that the cities discharge stormwater and treated wastewater that carry
pollutants like metals into the river, posing a risk to both humans and the ecosystem
(Landrigan et al. 2018). Although the Loire crosses Nantes city (6th largest French
metropolis), which experiences a constant increase in its population (+ 0.7% each year), it
seems that the Loire river is only slightly affected by urban discharges, or that the urban
contributions are diluted and masked by the natural contributions of the very large catchment
area. Overall, concentrations are stable or have decreased since the studies of the 1990s

(Boutier et al. 1993; Waeles et al. 2004).

It would be interesting to link in situ biogeochemical observations to modelling the
remobilisation and exchange of trace metals at sediment-water-biota interfaces. In addition, it
would be interesting to carry out new campaigns in order to determine the concentrations in
emerging elements that can lead to changes in concentrations linked to growing technological

uses.
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Captions

Figure 1: Sampling stations map during the three CAMELIA cruises.

Figure 2: Spatial distribution of the TMZ (SPM > 500 mg L) during A) summer CAMELIA
1, B) spring CAMELIA 2 and C) winter CAMELIA 3 conditions. Max Turbi corresponds to

the maximum SPM concentration determined during the cruise.
Figure 3: Nutrient distributions along the salinity gradient.

Figure 4: Metal dissolved (A) and particulate (B) concentrations along the Loire Estuary

salinity gradient for the three seasonal surveys.
Table I: Comparison of dissolved metal concentrations with previous studies.

Table II: Distribution coefficient (log Kp) for Co, Cu, Zn, Ni, Cd and Mn and SPM

concentrations resulting from campaigns samples.

Table III: Dissolved and particulate Cd, Co, Cu, Ni and Zn fluxes.
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