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Abstract :   
 
The behavior, and history of lead (Pb) contamination in the ecosystem of the Loire estuary was examined 
using elemental concentrations and Pb isotope data in water, sediment, bivalves, shrimps, and fish. In 
the estuary and in the surrounding coastal area, Pb concentrations in water and sediment decreased 
compared to concentrations determined in the 1980s, with concentrations ranging from 15.8 to 
65.7 mg kg−1 in the surface sediment, 0.04–0.26 nM in the water column, and 48.0–77.9 mg kg−1 in 
suspended particles. Pb biomonitoring using blue mussels collected by the French Mussel Watch 
Program over the last 40 years showed a concentration decrease from 3.8 to 0.8 mg kg−1. A similar trend 
is observed in an estuarine sediment core. Changes in accompanying Pb isotope compositions strongly 
suggest a binary mixing process between Pb derived from terrigenous material and anthropogenic 
sources. Thus, environmental regulations restricting the release of lead into the environment contribute 
to a decrease in estuarine levels of this pollutant, which occurs on a decadal time scale. 
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Graphical abstract 
 
 

 
 
 

Highlights 

► Lead isotopes in water and sediment show traces of older lead pollution. ► Dissolved lead 
concentrations have decreased 100-fold down to background levels. ► Environmental regulations were 
effective at reducing anthropogenic Pb emissions and load. 
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mg kg-1 in suspended particles. Pb biomonitoring using blue mussels collected by the French Mussel 30 

Watch Program over the last 40 years showed a concentration decrease from 3.8 to 0.8 mg kg-1. A 31 

similar trend is observed in an estuarine sediment core. Changes in accompanying Pb isotope 32 

compositions strongly suggest a binary mixing process between Pb derived from terrigenous material 33 

and anthropogenic sources. Thus, environmental regulations restricting the release of lead into the 34 

environment contribute to a decrease in estuarine levels of this pollutant, which occurs on a decadal 35 

time scale. 36 

 37 

1. Introduction 38 

 39 

The Loire River basin (117,356 km2) is the most important watershed in France and drains 40 

both urbanized and rural areas. It covers a fifth of the French territory but mainly rural areas and 41 

midsize cities. The undammed Loire River has been described as "the last wild river in France" 42 

(Gautier and Grivel 2006). Nevertheless, in its maritime part, the major commercial harbor of Nantes-43 

St Nazaire has impacted the Loire estuary and its ecosystem functioning (Demaure 1979; Ottmann 44 

1979). 45 

Physical and biogeochemical processes occur in estuaries and drive the behavior of various 46 

trace metal elements. Furthermore, estuaries, in the same way as atmospheric transport and others, 47 

contribute to the input of trace metals into the marine environment. The magnitude of metal inputs to 48 

the marine environment depends on their levels in the river waters and on the physicochemical 49 

processes taking place in the estuaries (de Souza Machado et al. 2016). In the middle of the twentieth 50 

century, lead (Pb) was one of the major metal contaminants of the Loire River estuary and is largely 51 

linked to local and regional industrial activities (Elbaz-Poulichet et al. 1984; Boutier et al. 1993; 52 

Couture et al. 2010; Briant et al. 2021). Lead is a non-essential, toxic metal whose biogeochemical 53 

cycle has been affected by human activities to a great degree (Komárek et al. 2008). Lead is regulated 54 
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by various international and European directives, such as the United Nation Convention on Long-55 

Range Transboundary Air Pollution (CLRTAP), the European Union (EU) Water Framework 56 

Directive (2000/60/EC), the EU Drinking Water Directive (98/83/EC), or the EU Sewage Sludge 57 

Directive (86/278/EEC). Even if the anthropogenic release of Pb into the environment has been 58 

reduced since the 1980s due to industrial plant closings and gasoline additive bans, the Loire estuary 59 

sediment contamination was still high in 2002 with 250 mg kg-1 in the lower part of the estuary 60 

(Négrel and Petelet-Giraud 2012). It represents a concentration around five times higher than the 61 

natural background (Négrel and Petelet-Giraud 2012). High Pb sediment concentrations entail 62 

potential remobilization of anthropogenic Pb under its labile forms and/or diffusion into the water 63 

column after particle resuspension (Luoma and Davis 1983; Saulnier and Mucci 2000; Briant et al. 64 

2016). Nowadays, atmospheric aerosols are the dominant source of Pb in the coastal marine 65 

environment and the open ocean (Chen et al. 2016). In terms of stock legacy, Pb inventories inherited 66 

from past emissions could still be progressively released and recycled through the estuarine system 67 

as “new” lead. In the various compartments of an estuary, environmental matrices, like indigenous 68 

bivalves or sediments, act as recording devices that reflect contamination. Among these matrices, 69 

bivalves (e.g., oysters or mussels) from the Loire estuary have been used for four decades as a 70 

biomonitoring device (Claisse 1989). Indeed, they are sessile and bioaccumulate metallic 71 

contaminants, allowing us to evaluate the time-integrated bioavailable Pb (Goldberg 1975; Casas et 72 

al. 2008). 73 

In addition to simple environmental lead levels, stable Pb isotopic composition represents a 74 

powerful tool to discriminate between the different sources of environmental Pb (natural, industrial, 75 

leaded gasoline, etc.) (Shotyk et al. 1998; Komárek et al. 2008; Monna et al. 2000). The isotopic 76 

composition of Pb in an environmental matrix, such as bivalves’ soft tissue, corresponds to the 77 

balance between these sources, and source apportionment can be quantified given the different Pb 78 

isotopic signatures (Komárek et al. 2008). It can also be used to understand the estuarine behavior 79 
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and discriminate between the sources of Pb in the various matrices of the past (e.g., Cariou et al. 80 

2017).  81 

Despite all of the geochemical tools available, questions about the behavior of Pb in estuaries 82 

still arise, particularly with regard to the evolution of environmental Pb concentrations according to 83 

health regulations. Is there a latency of estuarine systems or are we witnessing ecosystem resilience? 84 

In this study, we report recent Pb levels and isotopic signatures in various environmental 85 

compartments of the Loire estuary ecosystem, including water, suspended particles, sediments, and 86 

endemic organisms, and compare them to previous studies. The aims of the current study are: i) to 87 

better understand the biogeochemical dynamics of Pb in the current Loire estuary system after its 88 

massive, past contamination and ii) to evaluate the actual concentrations in various estuarine 89 

compartments (water, biota, sediments, etc.). The study, in comparison with previous data, makes it 90 

possible to understand the current distribution of Pb in the Loire estuary and to evaluate the impact 91 

of environmental regulations implemented in recent decades. 92 

 93 

2. Materials and methods 94 

2.1. Water and suspended particles 95 

Water samples were collected during “CAMELIA” sampling campaigns (DOI: 10.18142/281) 96 

in September 2012, April 2013, and February 2014 (Fig. 1). The sampling was conducted along the 97 

salinity gradient from Nantes to the estuarine mouth aboard the R/V Thalia during contrasting 98 

freshwater discharge conditions. The Loire freshwater discharge (QLoire River) was ~210 m3 s-1, ~1673 99 

m3 s-1, and ~2790 m3 s-1 during the 2012, 2013, and 2014 cruises, respectively (Briant et al. 2021). 100 

The average discharge of the Loire River over the period of 2012–2014 was ~940 m3 s-1 (Banque 101 

HYDRO – « French Ministry of Ecology, Sustainable Development and Energy »). 102 

An all-Teflon pumping system, consisting of 15 mm inner diameter, PFA tubing connected 103 

to a pneumatically-driven PTFE pump (ASTI, France), was used to continuously bring the water into 104 

the ship’s clean, positive pressure laboratory, where all of the sample processing took place. One end 105 
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of the Teflon tubing was kept 1 m below the water surface and 5 m off the side of the ship. The other 106 

end dispensed water whose conductivity was continuously monitored. At the chosen salinity, water 107 

was collected into 2 L PFA bottles held under a laminar air-flow hood. Subsamples were filtered in 108 

the clean-room container using N2 overpressure within 1 h of sampling. Filtered water samples were 109 

stored in acid-cleaned HDPE bottles and acidified with 0.1% v/v concentrated nitric acid (Suprapur, 110 

Merck®) for dissolved Pb analysis (Pbd). Polycarbonate filters (0.45 µm, Nuclepore®) used were 111 

previously acid-cleaned, Milli-Q rinsed and, pre-weighed. After filtration, the filters were rinsed with 112 

Milli-Q water and stored flat in acid-cleaned polystyrene Petri dishes for suspended particulate Pb 113 

analysis (Pbp). At the laboratory, the filters were dried and weighed.  114 

Dissolved Pb (Pbd) concentrations were determined by Q-ICP-MS (iCAPQ Thermo®) 115 

analysis in KED mode (He). Prior to analysis, trace element samples were pre-concentrated using the 116 

APDC-DDDC/Freon method (Danielsson et al. 1982). The limit of detection (LOD) was 6.4 ± 1.5 117 

pM (2% ultrapure HNO3 blank analyses, n = 17), and the quality of the protocol was qualified to the 118 

certified reference materials CASS-5 (CRM NRC®, n = 17) (Table SF1). 119 

Suspended particulate Pb (Pbp) was determined using the same instrument and protocol as for 120 

sediment samples (see section 2.2), except for the sieving step. Particulate organic carbon was 121 

measured with a CHN analyzer (Carlo Erba®, Model 1106).   122 

2.2. Pb in sediment and biological tissue (mussel, shrimp and fish) 123 

Seventeen surface sediment sites along the Loire estuary and in Bourgneuf Bay were 124 

considered for this study (Fig. 1). The surface sediments were acquired using an Ekman grab in 2014 125 

through the “Réseau d’Observation de la Contamination Chimique” (ROCCh, French Mussel Watch 126 

program). After collection, the top of the surface sediment (1–2 cm) samples were collected using a 127 

plastic spatula, then frozen in plastic bags, freeze-dried, homogenized, and sieved at <2 mm.  128 

A sediment core “PV1” (~500 cm length) was sampled on the intertidal mudflat “Les 129 

Brillantes”, located in the inner Loire estuary near Paimboeuf city (Fig. 1), during the Paleovase 130 
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mission in March 2015 conducted by the Universities of Angers and Caen (France). A full description 131 

is made in Araújo et al. (2019). Briefly, the core was sub-sampled into 2 cm-thick sediment slices 132 

every 5 cm in the upper meter and every 10 cm for the rest of the sediment core, and the sedimentation 133 

rate was determined. After collection, sub-samples of core PV1 followed the same sample preparation 134 

procedure as the surface sediments. 135 

About 200 mg aliquots of dry sediments were digested on a hot plate with 250 µL of HNO3, 136 

750 µL of HCl, and 6 mL of HF and heated at 130 °C for four hours before being brought to dryness 137 

at 100 °C. A second, 6-hour digestion-step with 4 mL of HNO3 and 20 mL of high purity water was 138 

done at 130 °C. Then, acid digests were transferred to Falcon® tubes and brought to a final volume 139 

of 50 mL with high purity water. Samples were split for subsequent elemental and isotope analyses. 140 

Procedural blanks and a certified reference material (MESS-3 from NRC – CNR®) were processed 141 

along with the samples (Table SF1). The detection limit for the sediment protocol was 9.5 ± 1.9 µg 142 

kg-1 (n = 6). 143 

Mussels (Mytilus edulis) were collected each winter (February–March) at the “Pointe 144 

Chemoulin” site (Fig. 1). The identical sampling protocol has consistently been used since 1979 145 

within the framework of the ROCCh monitoring program. Mussel samples were composed of a pool 146 

of fifty individuals (35–65 mm in shell length, representing 2–3 years of growth). After collection, 147 

bivalves were cleaned of epibiota and depurated for 24 h. Then, soft tissues were thawed, 148 

homogenized with a stainless steel-bladed blender, frozen (-20 °C), and finally freeze-dried in acid-149 

cleaned glass jars. The protocol is fully described in Claisse (1989). Samples (dried and homogenized 150 

powders) were stored in a dark and moisture-regulated room until chemical analysis. Aliquots of ~200 151 

mg of homogenized, freeze-dried bivalves’ soft tissues were digested with 4 mL HCl (34%–37% 152 

Suprapur®, SCP Science) and 2.8 mL HNO3 (67%–69% Suprapur®, SCP Science) in a microwave 153 

oven (ETHOS UP, Milestone Srl®). Digestates were brought to a final volume of 25 mL with Milli-154 

Q water (Daskalakis, 1996; USEPA Method 6020A). 155 
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European sea bass (Dicentrarchus labrax) juveniles (fishes of 7–21 cm total length, n = 16) and 156 

their major prey (common shrimps Crangon crangon) were collected in spring 2014 in the Loire 157 

estuary between St. Nazaire and Paimboeuf cities (Fig. 1). Back at the laboratory, dead fishes were 158 

dissected and measured. Livers (as the major organ for metal bioaccumulation in fish; e.g., Chouvelon 159 

et al. 2019 and Metian et al. 2013) were collected and stored at -20 °C in acid-cleaned glass vials. For 160 

smaller individuals, livers were pooled, while livers were treated individually for larger fishes. Whole 161 

shrimps were well-rinsed with ultra-pure water before being pooled according to their size (n = 4 162 

pools in total, each composed of 50–200 similar sized individuals) and homogenized using a grinder 163 

with stainless-steel blades. Shrimp and fish liver samples were then freeze-dried and manually 164 

homogenized again, if necessary. For total Pb determination using ICP-MS (iCAP Q Thermo®), 165 

aliquots of ~200 mg (dry weight) of mussel, shrimp, and fish tissues were digested with 3.5 mL of 166 

HCl (34%–37% Suprapur®, SCP Science) and 5 mL of HNO3 (67%–69% Suprapur®, SCP Science) 167 

in a microwave oven (MARS 5®, CEM). Digests were brought to a final 50 mL volume with Milli-168 

Q water before analysis. Three different certified reference materials (n = 9), SRM-2976 (mussel 169 

tissue, NIST), DORM-4 (fish protein, NRCC), and DOLT-5 (dogfish liver, NRCC), were analyzed 170 

with the samples, and recovery was within the range of certified values (Table SF1). The detection 171 

limit for the biota analysis was 3.6 ± 0.8 µg kg-1 (n = 12). Before Pb isotope analysis, digests of 172 

shrimp and fish tissues were concentrated again by evaporation on a heat block and recovery in 5 mL 173 

of 3% HNO3. 174 

2.3. Stable Pb Isotope Analysis 175 

Stable Pb isotopes were determined on prepared samples of dissolved and suspended 176 

particulate Pb samples from the CAMELIA summer 2012 campaign, on core PV1 and ROCCh 177 

sediment samples, on estuarine fishes and shrimps, and on ROCCh mussel samples from 1981 and 178 

2018. The stable Pb isotope ratios were determined by ICP-MS (iCAP Q Thermo®). The relative 179 

ratios among three stable isotopes (206Pb, 207Pb, and 208Pb) are reported. Signal intensity was recorded 180 
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100 times over 1.2 × 10-2 s for 206Pb and 207Pb and 1.0 × 10-2 s for 208Pb. This procedure was repeated 181 

five times for each sample. Mass bias and instrumental drift was corrected with a standard bracketing 182 

method by analyzing the certified reference material SRM-981 from NIST after each sample (Araújo 183 

et al. 2019). The internal precision of the instrument, expressed as relative standard deviation (n = 184 

46), was 0.11% and 0.16% for the 206Pb/207Pb (1.0933 ± 0.0012, 1SD) and 206Pb/208Pb (0.4612 ± 185 

0.0007, 1SD) ratios, respectively. Since reproducibility and precision of Q-ICP-MS analyses can be 186 

lower than thermal ionization (TIMS) or multi-collector plasma mass spectrometry (MC-ICP-MS) 187 

(Gulson et al. 2018), some samples were re-mineralized and reanalyzed in order to verify the 188 

associated errors and repeatability of measurements. Reanalysis of sediment (n = 3) and bivalve (n = 189 

8) samples showed an external relative standard deviation of 0.11% and 0.31% in sediment and 0.28% 190 

and 0.44% in bivalves for the 206Pb/207Pb and 206Pb/208Pb ratios, respectively. 191 

2.4. Loire river fluxes 192 

For each sampling cruise, fluxes of Pbd (Eq. 1) and Pbp (Eq. 2) were calculated by combining 193 

mean river discharges during the cruises with measured Pbd, Pbp, and suspended particulate matter 194 

(SPM) concentrations. 195 

                      FPbd = Q′(∑ (Qi · Pbd)n
i / ∑ Qi)

n
i   (1)      196 

         FPbp
= Q′(∑ (FSPMi · Pbp)n

i / ∑ Qi
n
i )     with      FSPMi = SPMi · QI            (2) 197 

where FPbd and FPbp are the dissolved and particulate discharge-weighted daily fluxes (kg d-1), 198 

respectively, Qi was the daily average water discharge (m3 d-1) of the sampled day (i), Q’ (m3 d-1) was 199 

the campaign water discharge (mean of Qi during campaign), and FSPMi was the daily suspended 200 

particulate matter (SPMi) flux (kg d-1). This approach was also used in Briant et al. (2021) for other 201 

metals and followed the Boyle et al. (1974) model, appropriate for the salt-wedge linear Loire estuary. 202 

However, with all other parameters being equal, it is biased in case of time-varying water-flow before 203 

and during the sampling campaign.    204 
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2.5. Statistics  205 

All descriptive and multivariate statistics were performed using R software version 4.1.1 and 206 

the “RcmdrMisc”, “dplyr”, and “ggplot2” packages.  207 

 208 

3. Results  209 

3.1 Dissolved and particulate Pb concentrations and isotope ratios in the Loire estuary  210 

Dissolved and particulate Pb samples from estuarine waters were collected during three 211 

contrasted Loire discharge conditions (Briant et al. 2021) observed in 2012–2014. Average Pbd and 212 

Pbp concentrations (0.15 ± 0.07 nM and 62.9 ± 6.6 mg kg-1, respectively) were quite similar for the 213 

three cruises, with concentrations ranging from 0.04 to 0.26 nM for Pbd and from 48.0 to 77.9 mg kg-214 

1 for Pbp (Table I). From slightly higher riverine end-member levels, dissolved Pb concentrations 215 

decreased along the increasing salinity gradient following a straight theoretical dilution line and were 216 

slightly impacted by the varying river flow conditions (Table I). During summer 2012, at low flow 217 

conditions (~210 m3 s-1), the average Pbd concentration was 0.16 ± 0.04 nM, while the average Pbd 218 

concentration was 0.12 ± 0.05 nM during winter 2014 with high river flow conditions (~2790 m3 s-219 

1). Even lower Pbd concentrations were determined during spring 2013 under intermediate river flow 220 

conditions (1,673 m3 s-1) with an average Pbd concentration of 0.08 ± 0.03 nM. The dissolved Pb 221 

concentrations measured in the Loire estuary were in the range of concentrations reported by Waeles 222 

et al. (2008) and almost ten times lower than earlier studies in the Loire by Boutier et al. (1993) or in 223 

the Seine River (Chiffoleau et al. 1994) (Fig. 2). Both dissolved and particulate Pb in the Loire 224 

estuary, reported in this study, were in the range of world river average concentrations (e.g., Viers et 225 

al. 2009; Table SF2).  226 

Pb isotope ratios from dissolved and particulate samples of the summer 2012 cruise are reported in 227 

Table I. For Pbd, 206Pb/207Pb ratios ranged from 1.157 to 1.180, and 206Pb/208Pb ratios ranged from 228 
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0.474 to 0.480. Concerning Pbp, 206Pb/207Pb ratios ranged from 1.170 to 1.182, and 206Pb/208Pb ratios 229 

ranged from 0.478 to 0.481. 230 

3.2. Lead concentrations and isotope ratios in sediment and biological tissue 231 

Surface sediments from the Loire estuary and nearby coastal sites sampled in 2014 ranged 232 

from 15.8 to 65.7 mg kg-1. The highest concentrations were observed near the river mouth and close 233 

to Nantes city (64 ± 1 mg kg-1). The lowest concentrations were observed at the coastal sites with 234 

values around 25 ± 9 mg kg-1. Al-normalized data ranged from 2.3 to 11.9 (Table II), and enrichment 235 

factors (EF) were less than 1.1, which indicates a negligible anthropogenic contamination compared 236 

to the local geochemical background, as determined using concentrations in the lowest part (>200 237 

cm) of the PV1 core. Sediment lead isotope ratios ranged from 1.158 to 1.187 for 206Pb/207Pb ratios 238 

and from 0.473 to 0.480 for 206Pb/208Pb ratios (Fig. 3A). The lowest 206Pb/207Pb ratio (1.158) was at 239 

the “Paimboeuf” site, which is routinely in the turbidity maximum zone (TMZ) and, unsurprisingly, 240 

adjacent to a former leaded gasoline additive plant. Lower 206Pb/207Pb and 206Pb/208Pb ratios could be 241 

explained by the presence and/or remobilization of legacy anthropogenic Pb with lighter isotopic 242 

composition. The highest 206Pb/207Pb values (~1.187) were localized outside the estuary at the 243 

southern coastal studied sites “Mariolle HF3” and “Embarcadère” (see map in Fig. 1). Except for a 244 

relative “hotspot” near Paimboeuf, no geographical trend could be observed from the distribution of 245 

Pb isotope ratios in the sediment of the Loire estuary, suggesting laterally homogeneous mixing of 246 

surficial sediments. Most of the Pb isotope ratios in surface sediment samples were in the range of 247 

those of SPM, all being closer to the “natural background” ratios found at 200 cm depth in the PV1 248 

core. Those found by Négrel and Petelet-Giraud (2012), which were collected in 1997, had more 249 

elevated estuarine 206Pb/207Pb values (between 1.145 to 1.151), possibly due to the greater proximity 250 

of the plant’s activity period. 251 

The lead concentration depth profile of the PV1 core displays a general increase from the ~96 252 

cm deep horizon (76 mg kg-1), followed by a peak at ~14 cm (134 mg kg-1) then a sharp decline from 253 
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14 cm deep to the top of the core (Table II). Lead isotope ratios ranged from 1.142 to 1.184 for 254 

206Pb/207Pb ratios and from 0.472 to 0.479 for 206Pb/208Pb ratios. The general trend observed in Pb 255 

concentrations is also observed in isotope ratios. The deepest part of the sediment core presents the 256 

highest Pb isotope ratios while the peak of concentration, around 14 cm depth, presents the lowest 257 

isotope ratios (1.142 206Pb/207Pb and 0.472 206Pb/208Pb). 258 

Pb isotope ratios measured in seabass livers (mean  SD for 206Pb/207Pb = 1.169  0.003 and 259 

206Pb/208Pb = 0.477  0.001) and in their typical prey (whole shrimps) (206Pb/207Pb = 1.172  0.007; 260 

206Pb/208Pb = 0.477  0.002) were similar (Fig. 3B), showing Pb does transfer unfractionated through 261 

trophic levels in the Loire estuary. Hence, the Pb isotope ratio results from seabass and shrimps do 262 

integrate the Pb distribution in the food web of the Loire estuary system in 2014. Pb isotope ratios 263 

measured in these biological samples were also in the range of those measured in surface sediment 264 

from 2014 and in dissolved samples from the Loire estuary, strongly suggesting a similar origin of 265 

lead (Figs. 3A and 3B). More specifically, fish and shrimp isotopic Pb signatures suggest that Pb 266 

sources currently integrating the Loire food web are a mixture of legacy industrial emissions and 267 

natural Pb sources (see discussion 4.2). This is consistent with other recent studies using Pb isotope 268 

ratios in fish from other coastal regions of the world showing that bioaccumulated coastal Pb 269 

originates from both anthropogenic (atmospheric aerosols, fossil fuels…) and natural geogenic 270 

sources, with anthropogenic sources even surpassing the natural ones in marine fish (Li et al. 2020; 271 

Chételat et al. 2022). 272 

4. Discussion 273 

4.1 Behavior of Pb in Loire estuary 274 

Since Pb concentrations in Loire River waters are low, the present distributions of Pbd through 275 

the salinity gradient are monotonous and near the biogeochemical background. It contrasts with 276 

previous observations when estuarine Pb levels were markedly higher. During the 1980s and late 277 

1990s, Pbd concentrations showed an increase of concentrations in the 1–17 salinity range (Boutier 278 
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et al. 1993; Fig. 2). The contribution of industrial inputs in the estuarine waters was identified as the 279 

main Pbd origins. Then, the Octel corporation was producing tetra-alkyl lead (~20,000 T y-1) between 280 

1938 and 1996 and discharged about 50 kg d-1 into the estuary during this period (Anonymous 1993). 281 

Later, Waeles et al. (2008) observed a non-conservative behavior regarding a theoretical dilution line, 282 

which suggested a removal of the dissolved metal. This pattern has been observed in many estuaries 283 

(Windom and Niencheski 2003) linked to metal adsorption to suspended particles or coprecipitation 284 

with iron and manganese oxides (Elbaz-Poulichet et al. 1984; Négrel and Petelet-Giraud 2012).  285 

Pb concentrations in particulate matter were even more stable regardless of riverine discharge 286 

conditions and the SPM concentrations, with an average Pbp concentration of 62.3 ± 7.4 mg kg-1. The 287 

range of Pbp concentration was between 48.0 and 77.9 mg kg-1. These variations of concentrations in 288 

SPM and the important differences of concentrations between dissolved and particulate Pb are 289 

reflected by the particle-water distribution coefficient  (log10 KD, Sung 1995), which is high and quite 290 

constant during both the temporal surveys and the estuarine transects (6.1 to 6.8 L kg-1). The particle-291 

water distribution coefficient, expressed as log10 KD (L kg-1) (Sung 1995), describes the metal 292 

partitioning between particulate and dissolved concentrations. Briefly, log10 Kd (in L kg-1) is the ratio 293 

between Pbp (mg kg-1) and Pbd (mg L-1). Pb reactivity and affinity for particles is important 294 

(Brügmann et al. 1985; Balls 1989). The conservative behavior of Pbd observed in 2013 could be 295 

related to particle concentrations through the estuary, which leads to stable dissolved and particulate 296 

Pb distributions, even if the estuarine conditions are changing. The estuary thus appears as a 297 

transitional environment that does not retain nor release significant Pbd. It seems that the Pb 298 

concentrations in the estuarine waters have reached an equilibrium with available particles and they 299 

follow a simple dilution behavior between upstream stations and the river mouth (Fig. 2).  300 

Riverine influxes and effluxes have been calculated assuming equations reported in the 301 

companion paper (Briant et al. 2021) and following the Boyle et al. (1974) model. River fluxes of 302 

elements are strongly influenced by varying discharges throughout the year, so only the most 303 
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contrasted discharge conditions of the river are presented here to illustrate the wide range of variation 304 

of hydrological conditions and subsequent changes in Pb inputs and effluxes of the Loire River. 305 

During summer 2012, when a low river discharge (Q ~ 210 m3 s-1) was recorded, the calculated 306 

riverine Pbd input flux was 0.35 ± 0.02 kg d-1 and the Pbp flux was 11.9 ± 0.6 kg d-1. During winter 307 

2014, the Loire River discharge was high with Q ~2,790 m3 s-1, so the calculated influxes were 8.0 ± 308 

1.2 kg d-1 for Pbd and 821.7 ± 119.0 kg d-1 for Pbp. Despite lower SPM, the latter was much higher 309 

due to the high-water discharge. To look at the potential extreme range of Pb fluxes in the Loire River, 310 

extrapolation fluxes have been calculated using the water discharge of the 2012 and the 2014 311 

campaigns. Extrapolated annual Pb fluxes in the Loire River ranged from 0.13 T y-1 to 2.93 T y-1 for 312 

Pbd and from 4.36 T y-1 to 299.92 T y-1 for Pbp. Dissolved fluxes from the present study were lower 313 

than fluxes calculated by Boutier et al. (1993) and Anonymous (1987; in Boutier et al. 1993) with 314 

10.95 and 18.25 T y-1, respectively, but in the range of fluxes determined by Waeles et al. (2008). 315 

Calculated fluxes from this study were in the range of the Seine River (Pbp = 96 T y-1; Thévenot et 316 

al. 2009) but one order of magnitude lower than large world rivers, such as the Yellow River (Pbp = 317 

4,049 T y-1; Hu et al. 2015). This difference with the large rivers can be explained by the difference 318 

in flow rate (around 2 to 3 times less for the Loire) and suspended matter load (up to 100 times less 319 

for the Loire) and by the Pb inputs associated with anthropogenic activities present in the estuarine 320 

watershed. 321 

Current observations show that the estuarine region is neutral with respect to fluxes of Pb and 322 

that an equilibrium has been reached between the different estuarine compartments; however, 323 

knowledge of the fate of buried Pb becomes important for stakeholders and water resource managers. 324 

Indeed, beyond the well-known estuarine biogeochemical behavior of lead, the questions about the 325 

trajectory of the different compartments once the pollution ceases are worthy of investigation.  326 

The distribution of Pb isotope ratios in the estuarine water along the estuary was stable, with a 327 

ratio variation around 1.007 ± 0.003. Paired dissolved and particulate samples have systematically 328 
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distinguishable isotope ratios. Particulate Pb is always slightly enriched in 206Pb, resulting in higher 329 

206Pb/207Pb (+0.01) and 206Pb/208Pb (+0.001) ratios. The fractionation is constant and small throughout 330 

the estuary allowing us, as it is generally assumed for Pb isotopes, to use Pb isotopes as a tracer of 331 

pollution (Rabinowitz & Wetherill 1972; Wiederhold 2015). No significant correlations with salinity 332 

(Spearman test, p-values = 0.37) or particulate organic carbon (Spearman test, p-values = 0.15) were 333 

found. Slight variation in dissolved and particulate 206Pb/207Pb ratios through the estuary were 334 

observed with the variations of SPM concentrations, even if it was not significant (Spearman test, p-335 

value = 0.88). From the riverine end-member at the “Montjean” site, which is 117 km (PK117) 336 

upstream of St Nazaire, 206Pb/207Pb ratios were close to “geogenic” values (Komárek et al. 2008) 337 

(Table I, Pbd: 206Pb/207Pb = 1.172 and 206Pb/208Pb = 0.479; Pbp: 206Pb/207Pb = 1.182 and 206Pb/208Pb = 338 

0.480). Then, in the mixing and tidally active parts of the estuary, where SPM concentrations increase, 339 

the 206Pb/207Pb ratios decreased. This could be explained by a potential remobilization of a small part 340 

of anthropogenic Pb. In 1986, Elbaz-Poulichet et al. found slightly lower 206Pb/207Pb ratios for 341 

particulate Pb in the Loire estuary, with values ranging from 1.145 to 1.158 and much lower 342 

206Pb/207Pb ratios for dissolved Pb with 1.129 ± 0.007. It was explained by the input of industrial 343 

tetra-alkyl Pb in the estuary with a low 206Pb/207Pb ratio during the 1980s, which was also observed 344 

and suggested by Boutier et al. (1993). 345 

4.2 Evolution of Pb isotopes in the estuary over three decades: a trajectory of ecosystemic 346 

resilience 347 

The results from the sediment core and mussel analyses (Fig. 4) show the general decrease in 348 

elemental Pb levels, accompanied with changes of Pb isotopic signatures between the mid-1980s and 349 

the present. Such changes indicate source apportionments changes. The concomitant evolution of 350 

concentrations and isotope ratios are consistent with a single major source during this period. Then, 351 

the decrease of Pb concentrations is due to increasingly stringent limits on Pb emissions into the 352 

environment, such as the 1998 Aarhus Protocol on Heavy Metals, as reported by Couture et al. (2010).  353 
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Using a strategy that involved projecting an isotopic ratio as a function of 1/[Pb] of samples 354 

from the same geographical entity, the isotopic ratio of the contaminating source can be determined 355 

(Supplementary File). This method, which has its drawbacks as well, has often been applied 356 

convincingly (e.g., Ferrand et al. 1999, Alleman et al. 2000, and Cloquet et al. 2006). From those 357 

results, the evolution of the inputs of Pb in the sediment of the Loire estuary can be retraced. Before 358 

the twentieth century (deeper than 96 cm in the PV1 core), the Pb isotope ratio from the source is 359 

located around 1.180 for 206Pb/207Pb. This ratio corresponds to ratios found by Négrel and Petelet-360 

Giraud (2012) for weathering of the natural geologic rocks. Between 69 cm and 15 cm depth, which 361 

corresponds approximately to the 1920–1995 period, Pb concentrations and isotopic ratios rose. The 362 

estimated Pb isotope ratios for the source (1.077 for 206Pb/207Pb) are consistent with European 363 

gasoline (Monna et al. 1997) with 206Pb/207Pb ratios in gasoline ranging from 1.061 to 1.094. Finally, 364 

the Pb concentrations decrease in the upper part of the core and the ratios rise. It is estimated that the 365 

current potential source has a 206Pb/207Pb ratio of approximately 1.110. This ratio is still quite low 366 

and corresponds to an industrial footprint (Harlavan, Almogi-Labin, and Herut 2010; Komárek et al. 367 

2008); however, looking at the ratios and the evolution of the Pb concentrations, we can hypothesize 368 

that the Pb found in the top layer of sediment is a mix of old contaminated sediment and new Pb ratios 369 

linked to new atmospheric inputs and geogenic inputs from the watershed.  370 

The evolution of Pb concentrations and ratios in mussels at the estuary mouth allows us to 371 

verify this information (Figs. 4A and 4B). Between 1981 and 2008, mussel Pb concentrations 372 

decrease 4- to 5-fold from 3.8 to 0.8 mg kg-1. Between 1985 and 1995, ratios as low as 1.120 to 1.140 373 

were reflecting the composition of anthropogenic Pb inputs from various sources [e.g., aerosols 374 

(Bollhöfer and Rosman 2001), automobile exhausts (Monna et al. 1997), and gasoline (Komárek et 375 

al. 2008)]. If airborne particulate matter, incinerator ash, and gasoline have represented the major 376 

sources of Pb pollution in urban areas in France during the 1990s (Monna et al., 1997), the major part 377 

of the Pb contamination in the Loire estuary was linked to the presence of an alkyl Pb plant located 378 
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in Paimboeuf (Elbaz-Poulichet et al. 1986; Boutier et al. 1993). From 1937 to 1993, the chemical 379 

plant produced tetra ethyl and tetra methyl Pb, which released up to 23x103 kg y-1 of Pb in the Loire 380 

estuary (Boutier et al. 1993), overwhelming all other sources including geogenic ones (Couture et al. 381 

2010). The increase of 206Pb/207Pb ratios between 1985 and 2005 could be linked with the progressive 382 

closure of the plant and the decreased phasing-out of leaded gasoline production (Shiel et al. 2012). 383 

Concomitantly, a relative increase in natural Pb fraction bioaccumulated in the bivalves could be 384 

observed. 385 

After 2008, the 206Pb/207Pb and 206Pb/208Pb ratios stabilized around 1.167 ± 0.002 and 0.477 ± 386 

0.001, respectively, which is consistent with ratios observed in the surface sediments and the signature 387 

of particles originating from bedrock weathering upstream of the estuary (Négrel and Petelet-Giraud 388 

2012). Looking at mussels as organisms representative of their estuarine environment, Pb 389 

concentrations (and hence inputs) in the Loire River seem to approach the geogenic levels. 390 

Although each source of Pb has a specific isotopic composition, it is important to know that 391 

the distinct, well-mixed geochemical reservoirs (i.e., sediment, water, atmosphere) are linked by 392 

fluxes of Pb and, therefore, a given isotopic composition within a given reservoir results from the 393 

mixing of the different sources (Komárek et al. 2008). Sediment and organisms (mussels, seabass, 394 

and shrimps) considered in our study exhibit present-day (after 2014) 206Pb/207Pb ratios ranging 395 

between 1.161 to 1.187. This narrow range is close to the geochemical background ratio and shows 396 

that the Loire estuary seems to be returning to its natural baseline, both in terms of ratios and 397 

concentrations. 398 

Although a currently active source with an industrial isotope signature is possible, remobilization of 399 

legacy Pb likely occurs in the estuary. If this hypothesis is verified, the Pb isotope signature of 400 

estuarine organisms will asymptotically approach values of the geogenic background at a temporal 401 

rate limited by the exhaustion of the legacy industrial Pb buried in the entire estuary.  402 

5. Conclusion 403 
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Water, sediment, biota, and their elemental concentrations and Pb isotope ratios were used to 404 

examine the behavior of Pb in the Loire estuary. Time-integrated matrices, such as a sediment core 405 

and estuarine dwelling organisms, show a decrease in concentrations since the end of the twentieth 406 

century. The Pb levels in the Loire estuary have returned to near background levels, but anthropic Pb 407 

is still observable. Thus, environmental laws and directives have a key role in reducing harmful metal 408 

emissions, and their effects are observable on a decadal time scale. While this study was conducted 409 

with relatively low precision isotopic measurements, future studies of local Pb sources (atmospheric 410 

deposits, water from urban catchment areas, and wastewater treatment plants) could provide 411 

additional details and help refine our understanding of the origin and fate of Pb in the Loire estuary. 412 

Using new proxies, like rare earth element (REE) patterns or other stable isotopic systems of emergent 413 

metal contaminants (e.g. Li, Sb), could also be used to differentiate past from current anthropic 414 

emissions. Finally, sediment diagenetic processes linked to the tide or climate change scenarios are 415 

also interesting ways of investigating Pb behavior. 416 
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Table I: Metadata, chemical characteristics, Pb concentrations and isotope ratios of water and suspended particulate material at the sampled stations 

for the three CAMELIA campaigns. QLoire River ~ 210 m3 s-1 with rising tide during the 2012 campaign, QLoire River ~ 1673 m3 s-1 with rising tide 

during the 2013 campaign and QLoire River ~ 2790 m3 s-1 with ebb tide during the 2014 campaign. (SPM: suspended particulate material; Pbd : 

dissolved Pb, Pbp : particulate Pb, n.d : not-determined) 

N° station Latitude Longitude  date  salinity 
SPM  

(mg L-1) 

Pbd 

(nM) 

Pbp       

(mg kg-1) 

log 

Kd 
206/207Pbd 206/208Pbd 206/207Pbp 206/208Pbp

 

Montjean 

(River site) 
47.3929 -0.8607 19/09/2012 0.0 14.4 0.09 45.7 6.4 1.172 0.479 1.182 0.480 

Tabarly bridge 47.2121 -1.5289 19/09/2012 0.0 269.7 0.11 60.8 6.4 1.165 0.476 1.176 0.479 

CAM1  ST15 47.2699 -2.1885 28/09/2012 23.7 83.1 0.26 70.5 6.1 1.161 0.476 1.174 0.479 

CAM1  ST16 47.2872 -2.1673 28/09/2012 22.9 39.7 0.14 58.1 6.3 1.161 0.477 1.175 0.480 

CAM1  ST17 47.3007 -2.1235 28/09/2012 17.2 71.1 0.15 55 6.3 1.167 0.477 1.177 0.480 

CAM1  ST18 47.3034 -2.1007 28/09/2012 14.2 212.9 0.15 64.1 6.3 1.162 0.476 1.178 0.479 

CAM1  ST19 47.3007 -2.0502 28/09/2012 11.2 1413.2 0.14 67.1 6.4 1.162 0.476 1.180 0.481 

CAM1  ST20 47.2937 -2.0202 28/09/2012 8.2 1146.3 0.19 72.6 6.3 1.166 0.478 1.176 0.479 

CAM1  ST21 47.2909 -2.0127 28/09/2012 5.4 2106.2 0.15 77.9 6.4 1.165 0.477 1.174 0.480 

CAM1  ST22 47.2875 -1.9966 28/09/2012 3.2 1323.8 0.14 76.1 6.4 1.164 0.477 1.175 0.479 

CAM1  ST23 47.2842 -1.9725 28/09/2012 1.6 751.2 0.14 67.2 6.3 1.161 0.477 1.174 0.480 

CAM1  ST24 47.2811 -1.9261 28/09/2012 0.0 999.6 0.13 72.9 6.4 1.164 0.475 1.178 0.480 

  Montjean 

(River site) 
47.3929 -0.8607 15/04/2013 0.0 60.8 0.14 55.7 6.3 n.d n.d n.d n.d 

Tabarly bridge 47.2121 -1.5289 15/04/2013 0.0 64.9 0.15 58 6.3 n.d n.d n.d n.d 

CAM-2  ST12 47.1530 -2.3278 25/04/2013 27.5 9.4 0.04 61.5 6.8 n.d n.d n.d n.d 

CAM-2  ST13 47.1721 -2.3065 25/04/2013 22.1 27.4 0.06 51.3 6.6 n.d n.d n.d n.d 

CAM-2  ST14 47.1950 -2.2896 25/04/2013 22.0 21.9 0.10 60.8 6.5 n.d n.d n.d n.d 

CAM-2  ST15 47.2109 -2.2800 25/04/2013 17.7 45.0 0.09 61.4 6.5 n.d n.d n.d n.d 

CAM-2  ST16 47.2161 -2.2763 25/04/2013 16.2 66.1 0.10 64.8 6.5 n.d n.d n.d n.d 
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CAM-2  ST17 47.2782 -2.1784 26/04/2013 13.2 74.7 0.06 64 6.7 n.d n.d n.d n.d 

CAM-2  ST18 47.2878 -2.1658 26/04/2013 10.3 43.8 0.07 55.1 6.6 n.d n.d n.d n.d 

CAM-2  ST19 47.2994 -2.1375 26/04/2013 7.1 97.7 0.07 65.2 6.7 n.d n.d n.d n.d 

CAM-2  ST20 47.3040 -2.1051 26/04/2013 4.1 91.3 0.07 63.8 6.6 n.d n.d n.d n.d 

CAM-2  ST21 47.3025 -2.0689 26/04/2013 1.0 411.2 0.15 71.3 6.4 n.d n.d n.d n.d 

CAM-2  ST22 47.1997 -1.6842 26/04/2013 0.0 21.7 0.09 48 6.4 n.d n.d n.d n.d 

  Montjean 

(River site)   
47.3929 -0.8607 28/01/2014 0.0 52.6 0.16 64.9 6.3 n.d n.d n.d n.d 

Tabarly bridge  47.2121 -1.5289 28/01/2014 0.0 58.5 0.15 59.2 6.3 n.d n.d n.d n.d 

CAM-3  ST1 47.1969 -1.5819 01/02/2014 0.0 46.1 0.18 51.3 6.1 n.d n.d n.d n.d 

CAM-3  ST2 47.1986 -1.6812 01/02/2014 0.0 60.1 0.14 55.7 6.3 n.d n.d n.d n.d 

CAM-3  ST3 47.2992 -2.1373 01/02/2014 0.0 381.1 n.d 64 5.5 n.d n.d n.d n.d 

CAM-3  ST4 47.298 -2.1413 01/02/2014 0.1 683.7 0.16 67.9 6.3 n.d n.d n.d n.d 

CAM-3  ST5 47.2972 -2.1451 01/02/2014 3.7 493.0 0.20 68.1 6.2 n.d n.d n.d n.d 

CAM-3  ST6 47.2843 -2.1707 01/02/2014 6.4 144.1 0.12 61.7 6.4 n.d n.d n.d n.d 

CAM-3  ST7 47.2677 -2.1906 01/02/2014 8.9 95.9 0.10 62.3 6.5 n.d n.d n.d n.d 

CAM-3  ST8 47.236 -2.2545 02/02/2014 11.2 51.3 0.09 57.6 6.5 n.d n.d n.d n.d 

CAM-3  ST9 47.1769 -2.3037 02/02/2014 13.7 66.7 0.09 57.2 6.5 n.d n.d n.d n.d 

CAM-3  ST10 47.1729 -2.3062 02/02/2014 17.1 40.3 0.09 55.2 6.5 n.d n.d n.d n.d 

CAM-3  ST11 47.1651 -2.3124 02/02/2014 20.2 26.4 0.08 58.4 6.5 n.d n.d n.d n.d 

CAM-3  ST12 47.1354 -2.3538 02/02/2014 21.9 22.8 0.08 53.7 6.5 n.d n.d n.d n.d 

CAM-3  ST13 47.1263 -2.3673 02/02/2014 24.0 21.9 0.06 55.6 6.7 n.d n.d n.d n.d 
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Table II: Lead concentrations and isotope composition of sediment samples (surface sediments and 

PV1 sediment core). EF: Enrichment Factor from the local geochemical background (LB).   

Number 

in Fig. 1 
Site 

 Pb   

   (mg kg-1)  

Al 

(%) 
Pb Normalized  EFLB 206/207Pb  206/208Pb  

1 Ste Luce – 44 L014 63.6 6.2 10.3 1.0 1.175 0.479 

2 Indre - 44 L015  64.3 6.2 10.4 1.0 1.180 0.480 

3 Paimboeuf 88.5 7.3 12.1 1.1 1.158 0.473 

4 
Pont de Saint-Nazaire 

amont 
45.1 4.9 9.2 0.9 1.169 0.477 

5 Face pointe de Mindin 65.7 6.8 9.6 0.9 1.176 0.480 

6 St Brévin Mindin 63.4 7.4 8.6 0.8 1.179 0.479 

7 Villes - Martin (a) 38.0 4.6 8.3 0.8 1.172 0.477 

8 Face St Brévin 53.9 6.2 8.8 0.8 1.182 0.478 

9 Est Petit Gavi 53.8 6.3 8.6 0.8 1.181 0.479 

10 Ouest Lancastria 40.3 5.2 7.8 0.7 1.175 0.478 

11 
Sud phare de la 

Banche 
57.9 6.4 9.0 0.8 1.177 0.479 

12 Loire 26 55.5 6.8 8.2 0.8 1.178 0.479 

13 Banc de Bourgneuf 48.2 5.5 8.7 0.8 1.177 0.477 

14 Coupelasse Nord 30.6 4.7 6.5 0.6 1.178 0.479 

15 Mariolle HF3 15.8 6.8 2.3 0.2 1.187 0.480 

16 
Noirmoutier –  

Gresse-loup 
34.3 3.0 11.4 1.1 1.179 0.479 

17 Embarcadère 23.9 2.0 11.9 1.1 1.183 0.480 

        
 PV1 sediment core       

 
1 cm 88.5 7.3   1.158 0.473 

 
6 cm 90.9 7.0   1.156 0.474 

 
9 cm 103.5 7.1   1.150 0.473 

 
14 cm 134.1 7.6   1.142 0.472 

 
21 cm 131.5 7.6   1.146 0.472 

 
35 cm 124.4 7.4   1.161 0.476 

 
42 cm 105.9 7.4   1.162 0.476 

 69 cm 116.2 7.4   1.158 0.475 

 96 cm 75.8 6.4   1.179 0.479 

 163 cm 83.2 6.8   1.178 0.478 

 210 cm 75.4 6.6   1.179 0.479 

 296 cm 58.1 6.1   1.184 0.479 

 390 cm 101.8 6.8   1.182 0.480 

  495 cm 107.6 6.8     1.183 0.481 
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Figure 1: Sampling sites in the Loire estuary. Circles are water sampling sites during the 

CAMELIA campaigns in September 2012 (gray). April 2013 (white) and February 2014 (black). 

Yellow stars and the orange square are sediment sampling sites numbered in Table 1. The green 

triangle is the location of the bed of wild mussels (Mytilus edulis) “Pointe Chemoulin” of the 

ROCCh monitoring program. Shrimps and seabass sampling area is represented by the light blue 

area. The light red areas correspond to the main cities along the estuary.  
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Figure 2: Comparison of Pbd concentrations along the Loire Estuary salinity gradient for the three 

Loire estuary studies. Black dots are data from Boutier et al.. 1990 with the right y-axis. White dots 

are data from Waeles et al.. 2007 study and grey dots correspond to this study. Solid line: best fit for 

salinity range 5-30 (Boutier et al.. 1990) used in the 1990 flux computation. 
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Figure 3: Isotope Pb ratios distribution in Loire River water column and sediments (A). Lead gasoline and industrial emissions correspond to data 

from Monna et al.. (1997). Natural lead corresponds to background values from Komárek et al.. (2008). Isotope Pb ratios distribution in biological 

tissue from Loire River fauna (B).  
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Figure 4: Mussels Pb concentrations (A) and 206/207Pb isotopes ratios (B). Blue triangles are data from 

Couture et al., 2010 and yellow triangles are from this study. Sediment core Pb concentrations and 
206/207Pb isotopes ratios (C). Roman numbers represent the estimated centuries.  
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