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Abstract :

Zinc (Zn) isotope compositions in soft mussel tissues help identify internal biological processes and track
coastal Zn sources in coastal environments, thus aiding in managing marine metal pollution. This study
investigated the seasonal and multi-decadal Zn isotope compositions of blue mussels (genus Mytilus)
from two French coastal sites with contrasting Zn environmental contamination. Concurrently, we
characterized the isotope ratios of sediments and plankton samples at each site to understand the
associations between organisms and abiotic compartments. Our primary objective was to determine
whether these isotope compositions trace long-term anthropogenic emission patterns or if they reflect
short-term biological processes. The multi-decadal isotope profiles of mussels in the Loire Estuary and
Toulon Bay showed no isotope variations, implying the enduring stability of the relative contributions of
natural and anthropogenic Zn sources over time. At seasonal scales, Zn isotope ratios were also constant;
hence, isotope effects related to spawning and body growth were not discernible. The multi-
compartmental analysis between the sites revealed that Toulon Bay exhibits a remarkably lower Zn
isotope ratio across all studied matrices, suggesting the upward transfer of anthropogenic Zn in the food
web. In contrast, the Zn isotope variability observed for sediments and organisms from the Loire Estuary
fell within the natural baseline of this element. In both sites, adsorptive geogenic material carrying
significant amounts of Zn masks the biological isotope signature of plankton, making it difficult to
determine whether the Zn isotope ratio in mussels solely reflects the planktonic diet or if it is further
modified by biological homeostasis. In summary, Zn isotope ratios in mussels offer promising avenues for
delineating source-specific isotope signatures, contingent upon a comprehensive understanding of the
isotope fractionation processes associated with the trophic transfer of this element through the plankton.
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Highlights

» Pristine and contaminated sites show samples with distinct isotope fingerprints. » Systematic lighter
0%6Zn values identify anthropogenic Zn in contaminated samples. » Zn isotopes trace upward transfer of
anthropogenic Zn in the food web. » Isotope biomonitoring indicates no alterations in Zn sources over
four decades. » Zn isotope ratio constancy at seasonal scale discards biological isotope effects.

Keywords : metal stable isotopes, isotope tracer, biomonitoring, marine pollution, trace metal
bioaccumulation, zinc contamination
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1. Introduction

Zinc (Zn) is a trace metal essential to life with a complex marine biogeochemical cycle
involving diverse processes (biological uptake, adsorption, ligand complexation, etc.) through
sediment, water, and biological interfaces (Rainbow, 2007). However, human activities have
disturbed its natural cycle by increasing Zn inputs in bioavailable forms into the marine
environment. These disruptions have led to the bioaccumulation of Zn in many marine species
at elevated levels, negatively impacting biota health and marine seafood quality (de Souza
Machado et al., 2016; Sen and Peucker-Ehrenbrink, 2012).

In nature, Zn primarily exists as five stable isotopes: ®4Zn, %zn, %7zn, %8zn, and "°Zn
(Moynier et al., 2017). These isotopes possess different atomic masses and form bonds with
varying quantum energies, resulting in their uneven distribution through biogeochemical
processes, and significant variability in isotope compositions across natural materials
(Wiederhold, 2015). These isotope compositions, expressed as the ratio between the
abundances of two isotopes, can change in time and space as they are modulated by different
factors such as geochemical sources, the reversibility of chemical processes, temperature,
coordination chemistry (geometry and bond length), and biological regulation (Albarede et al.,
2016; Andronikov et al., 2021; Aucour et al., 2015; Juillot et al., 2023; Komarek et al., 2021,
Sullivan et al., 2022; Wang et al., 2022). Thus, natural samples have their own Zn isotope
"fingerprints" that provide integrated information on the environmental trajectory of this metal,
including sources and the processes leading up to its uptake and bioaccumulation (Albaréde et
al., 2011; Jaouen et al., 2018; McCormack et al., 2021; Schilling et al., 2021; Toubhans et al.,
2020).

Continuous analytical and methodological improvements in multicollector inductively
coupled plasma mass spectrometry (MC-ICP-MS) have facilitated the isotope characterization
of various marine matrices in diverse applications (Aradjo et al., 2022b; Little et al., 2021,
2014). For example, the metal isotope compositions of marine sediments reflect source mixing
processes and can help verify records of anthropogenic sources, primary activities, and
sedimentary material mixing (Aradjo et al., 2019b; Little et al., 2018, 2016; Zhang et al., 2018).
In addition, they can shed light on different feeding strategies for Zn uptake in deep-sea marine
sponges (i.e., Zn associated with dissolved vs. particulate phases; Hendry and Andersen, 2013).
Zn isotopes in marine carbonates and corals have shown promise for tracking metal pollution
and ancient seawater conditions in paleoceanography (Little et al., 2021; Liu et al., 2023; Xiao
et al., 2020; Zhang et al., 2022). Unicellular organisms, such as diatoms, have also been shown
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to fractionate Zn isotopes depending on transport mechanisms across cell membranes via active
and passive mechanisms (John et al., 2007; Kobberich and Vance, 2019). These examples
underscore the capacity of Zn isotopes to provide insights regarding the metal itself and the
physiological mechanisms associated with its cellular transport and processes. Moreover, such
insights can be garnered across various levels of biological organization, from molecular
chemistry to unicellular organisms to populations of a particular species and ultimately to
complete ecosystems.

As a globally abundant bivalve group inhabiting marine environments, mussels have
been a staple in human seafood consumption for centuries (Beyer et al., 2017). Today, mussels
are a marine commaodity, accounting for nearly one-third of all aquaculture products sold in the
European Union (FAQ, 2024). Given that the majority (90%) of commercial of marine bivalves,
including mussels, oysters, and clams, comes from aquaculture, the environmental quality and
sanitary conditions of coastal marine environments are critical to ensure sustainable aquaculture
practices (Wijsman et al., 2019). France is the third-largest European producer of mussels,
following Spain and Italy (Rodriguez-Rodriguez and Bande Ramudo, 2017). While regulations
on metal emissions have reduced metal release in coastal environments in developed countries,
new technological uses of metals and remobilization from legacy contaminated sediments
require constant monitoring (Barreira et al., 2024; Thibon et al., 2021; Thibon et al., 2021).

Mussels, like many other bivalves, feed on phytoplankton by pumping and filtering
large volumes of water over their ciliated gills; thus, they incorporate metals dissolved in the
water and through the ingestion of filtered particles (Gosling, 2015). Thus mussel "soft tissues"
are good biomarker of metal exposure, suitable for biomonitoring anthropogenic contamination
in aquatic systems (Cai and Wang, 2019; Goldberg, 1975; Krishnakumar et al., 2018; Lu and
Wang, 2018). Several mussel biomonitoring networks, the so-called "Mussel Watch Programs”
(MWP), have been implemented in North America, Europe, and Asia (Briand et al., 2023;
Briant et al., 2021b; Cantillo, 1998; Claisse, 1989; Cossa and Tabard, 2020; Couture et al.,
2010; Jeong et al., 2021b; Lu et al., 2020; Lu and Wang, 2018; Shiel et al., 2012; Wang et al.,
2022). The French MWP is a successful example of a perennial biomonitoring project that has
operated uninterrupted since the late 1970s, filling a substantial bivalve soft tissue sample bank
covering the country's shoreline. This sample collection is highly valuable to test new analytical
techniques, including "non-traditional” stable metal isotopes (Araujo et al., 2021b; Shiel et al.,
2013). Combined with isotope approaches, such environmental samples help reconstruct the
contributions of metal pollution sources or to infer environmental changes that impact marine
biota, especially in farm aquaculture under intense anthropic pressure from legacy
contamination (Aradjo et al., 2021b; Barreira et al., 2024). Subsequent spatial analysis
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conducted on mussels from the Korean coast show that they reflect the natural and
anthropogenic source apportionment of Zn in the surrounding environment (Jeong et al.,
2021b).

In this study, we investigated multi-decadal and seasonal variations in the Zn isotope
compositions of blue mussels (Mytilus edulis and Mytilus galloprovincialis) from two distinct
environmental locations in France, each characterized by unique pollution histories: the Loire
Estuary and Toulon Bay. Our primary objective was to determine whether these isotope
compositions trace long-term anthropogenic emission patterns or if they reflect short-term
biological processes. To achieve this, we contextualized mussel isotope patterns with those of
local sediments and plankton samples to evaluate Zn transfer mechanisms between the studied

compartments.

2. Material and methods

2.1 Study sites

The macrotidal Loire Estuary (~106 km long) is located on the Atlantic coast at the mouth of
the Loire River, a major European river with a mean annual water flow of ~900 m® s. The
well-mixed and highly turbid sedimentary plume of this estuary extends over a large part of the
northern Bay of Biscay continental shelf (Dulaquais et al., 2020; Waeles et al., 2004). The
maximum turbidity zone (MTZ) is about 20-50 km long and extends over the Bay of Biscay
continental shelf (Briant et al., 2021a; Jalon-Rojas et al., 2016). The Loire Estuary traverses an
industrialized and urbanized watershed that comprises the metropolitan areas of Nantes and
Saint-Nazaire with over 800,000 inhabitants (Coynel et al., 2016; Grosbois et al., 2012).
Concentrations of trace metals in sediments from the Loire Estuary and its nearby coastal
environment show an overall and significant decline in metal contaminant levels (lead [Pb], Zn,
and copper [Cu]), probably due to a drop in metal emission subsequent to deindustrialization
and emission regulations since the 1980s (Briant et al., 2024). There is also an apparent increase
in the relative importance of metals related to diffuse urban sources (Aradjo et al., 2019b; Briant
et al., 2021a; Coynel et al., 2016).

Toulon Bay is an urbanized coastal ecosystem that has historically hosted naval
activities (ports and shipyards) and approximately 600,000 inhabitants (Tessier etal., 2011; Fig.
1). Two freshwater rivers—the Las and Eygoutier—discharge into Toulon Bay (Fig. 1). A dike
built in the 19th century divides Toulon into two sub-basins labeled the "Small Bay" (9.8 km?,
semi-enclosed inner basin) on the northwestern side and the "Large Bay" (42.2 km?, outer basin)
on the southeastern part (Fig. 1). The Small Bay is bordered by continuous urbanized areas,

military zones, industries, recreational and commercial ports, and former shipyards (last one
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closed in 1989). In the same zone at the Saint Lazareth site, shellfish farming developed at the
end of the 19th century. The Large Bay has a single military zone, small beaches, and tourist
ports.

In November 1942, the French Navy fleet was scuttled and 100 ships were destroyed
and sunk, mostly in the Small Bay (Grasset, 2011). The subsequent raising and treatment of the
wrecks resulted in strong polymetallic contamination of Cu, Zn, mercury (Hg), cadmium (Cd),
Pb, and other trace metals in the bay's sediment (Dang et al., 2015b; Tessier et al., 2011). As a
result, the concentrations of metals, including Cu and Zn, are extremely high in the Small Bay.
Despite the low hydrodynamic energy that preserves the sedimentary stratum and its legacy of
anthropogenic metals, resuspension events in its shallow zone can mix contemporary and
legacy sedimentary metals (Araujo et al., 2019a; Pougnet et al., 2014). Indeed, sediment cores
reveal that the extreme Zn contamination associated with warfare materials and fleet scuttling
has shown only a minor decrease in metal levels in the sedimentary layers since the post-WWII
period (Tessier et al., 2011).

2.2 Mussel sampling

The preserved tissue samples of mussels used in this study were obtained from bank samples
collected through the French National Monitoring Network 'ROCCH' (Observation Network of
Chemical Contamination of the Marine Environment), managed by Ifremer (the French
Research Institute for Exploitation of the Sea). The mussel samples selected for this study were
obtained from the Chemoulin site in the Loire Estuary and the Saint Lazaret site in Toulon Bay
(Fig. 1). The Chemoulin site near the Loire Estuary mouth constitutes a beach system with a
coarse deposition of sand grains via high hydrodynamic energy from the sea. The Saint Lazaret
site, located in inner Toulon Bay (Small Bay), has very low hydrodynamic energy, possesses a
shallow water column (~9m) where high load of fine sediments are often resuspended from the
bottom sediments due to seawater currents and intense navy boat traffic.

Two collections of mussel samples spanning four decades of biomonitoring from the
early 1980s to the end of the 2010s, were selected from the Loire Estuary (Chemoulin site) and
Toulon Bay (Saint Lazaret site), respectively. These multi-decadal bivalve series used samples
collected in the same season (autumn) to minimize the potential influence of seasonally varying
parameters, such as the organism's spawning cycle, primary production, water biomass, and
continental runoff fluxes. Two other collections of mussels from Chemoulin and Saint Lazaret
sites representing an entire seasonal period (winter-spring-summer-autumn) in 1997 was also

included.
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All mussels samples followed the same sampling and chemical preparation protocols
(Grouhel, 2023). Briefly, these bivalve mollusks were harvested from beach rocks (Loire
Estuary) or aquaculture cages (Toulon Bay) and transported to the laboratory, where they were
kept in local seawater for 24 hours to depurate. Each sample represented a pool of at least 50

mussels that were crushed, homogenized, and freeze-dried.

2.3 Plankton

Plankton samples were collected were collected using a polymeric cod-end attached to a
plankton net with circular openings of 0.25 m2 and a mesh size of 63 um. The net opening was
pulled horizontally at a depth of 5 m below the water surface at a speed of 0.2-1.0 knots. The
plankton size fractions were obtained by filtering the contents of the plankton net's cod-end
through a vertical array of nylon sieves with decreasing mesh sizes (from 1000 to 63 pm) to
obtain three plankton size classes: 1000-500 pum, 500-250 pm, and 250-63 pm. For each sieve,
the plankton fraction was collected in acid-cleaned polyethylene tubes, frozen, freeze-dried,
and stored for later analysis. Sampling in the Loire Estuary dates back to the spring of 2013 at
two stations (LE1 and LE2), and in Toulon Bay, it took place during the spring and autumn of
2018 at two stations (TB1 and TB2). For LE2 station, the 500-1000 um particle-size class is

missing due to insufficient material for chemical analysis.

2.4 Sediments

In the Loire Estuary 17 surface sediments (0-5 cm) collected in 2014 using an Ekman and
Reineck crabs were acquired from the sample bank of the ROCCH monitoring framework. In
addition, a sediment core labeled "PV1" (300 cm length) was sampled on the inner intertidal
mudflat of the Loire Estuary (Fig. 1) during the Paleovase mission in March 2015. The coring
used aluminum tubes (6 m long, 74 mm internal diameter, and 1 mm wall), and, was then
subsampled into 2-cm-thick sediment slices every 5 cm in the upper meter, and every 10 cm
for the rest of the sediment core. The #%Pb dating technique and geochemical metal
concentration profiles enabled us to infer the commencement of the postindustrialization period
at a depth of 96 cm in the PV1 core, corresponding to approximately the end of the 19th century
(Aratjo et al., 2021b). In Toulon Bay, 52 sampling sites of surface sediment (0-5 cm) were
collected between November 2008 and June 2009 within the framework of the CARTOCHIM
project (Fig. 1).

2.5 Sample preparation and chemical analysis
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Approximately 200 mg of dry bivalve tissue samples were digested using an HNOgz solution
(50% v/v) in a microwave (MARS 5, CEM®). Dry aliquots of sediments were digested in
Teflon® bombs on a Teflon-coated graphite block using multistep additions of high-quality
concentrated HF, HCI, and HNOs for trace metal analysis. Plankton samples were prepared by
following the same protocol as sediments but without HF. Aliquots were taken from final
digestion solutions for subsequent elemental and isotope analysis. To ensure accuracy,
procedural blanks and certified reference materials were processed in each batch of sediment
samples following all procedures (digestion, elemental analysis, ion-exchange chromatography,
and isotope determination). Certified reference materials included oyster and mussel tissues
(SRM 1566b;NIST®, and ERM-CE278k;ERM®), plankton (BCR-414) and sediments (MESS-
3 and PACS-2 from NRC — CNR®).

Elemental Zn was measured by ICP-MS (iCAP, Thermo Scientific), and isotope
analyses were conducted using Multicollector (MC-)ICP-MS (Neptune, Thermo Scientific) at
the PSO platform (Pbéle Spectrométrie Océan, Ifremer, France). The measured Zn
concentrations aligned with the certified value of the reference material within £10%. Isotope
sample runs followed the standard bracketing mode combined with external normalization (Cu-

doping). The final Zn isotope compositions are expressed using d-notation as follows:

566/64Zn]MC—Lyon (%0) = ( e — 1w x 1000 (Eq' 1)

667,
Rl ——
|2
JMC—-Lyon

To ensure analytical quality control, reference materials of bivalve mollusk tissues, plankton,
and sediments were measured at least two times during each analytical session. The average
values for §°®Znsmc-Lyon are reported in Table 1. The precision of a given sample measure was
two standard deviations (2s) and commonly below 0.1%o. All reagents, labware cleaning, and
solution dilutions for elemental and isotope analyses were performed using 18.2 MQ c¢cm H20

(Nanop System®) and high-purity acids (PlasmaPure Plus grade, SCP science®).

3. Result and discussions
3.1 Zinc datasets summary
Table 2 summarize all data utilized in the present study, encompassing both newly collected
information and compiled data. The plankton data samples from the Loire Estuary were
compiled from a prior study (Araujo et al., 2022a) and can be found in Table S1 (Supplementary
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Material). Additionally, new plankton data from Toulon Bay are presented this study (Table
S1). All bottom sediment data were compiled from previously published studies in Toulon Bay

Tables S2 and S3. All mussel isotope data presented here is summarized in the Table S4.

3.2 Elemental and isotope profiles of Zn in mussels at seasonal scale

Both the Loire Estuary and Toulon Bay showed similar seasonal patterns of Zn
bioaccumulation, with mussels having higher Zn concentrations in winter and lower levels in
summer (Fig. 2). In contrast, the Zn isotope profile in mussel populations of both sites remained
seasonally constant over the 1-year biomonitoring period (1997), around +0.89 +0.05 (n = 4,
2s) and +0.27 £0.05%o (n = 4, 2s), for the Atlantic and Mediterreanean sites, respectively. The
detailed isotope dataset for mussel samples are included in Table S4.

The seasonal growth and reproductive cycle of mussels strongly influence their
bioaccumulation of trace metals at a seasonal scale. Mytilus mussels become sexually mature
after 1-2 years and tend to spawn in the spring, synchronizing with the main phytoplankton
bloom in spring (Beyer et al., 2017). During cold periods (winter and early spring), energy
requirements, gonadal development, and gametogenesis increase, leading to higher
bioaccumulation of trace metals such as Cu and Zn (Azizi et al., 2018; Benali et al., 2015; Soto
etal., 2000). The highest Zn concentrations in the winter samples align with this expected trend.
However, it is worth noting that this increase can coincide with anthropogenic inputs via runoff
triggered by rainy French winters (Nicolau et al., 2012; Oursel et al., 2014; Schlacher-
Hoenlinger and Schlacher, 1998).

In spring, mussel body growth increases with food availability, leading to a biodilution
of metal concentrations (Azizi, 2018). In the subsequent spawning period (later spring and
summer), the emission of gametes can significantly decrease mussel biomass and metal
contents (Adami et al., 2002; Azizi et al., 2018). The timing of Mytilus population spawning
varies greatly with geographic location (Latouche and Mix, 1981; Lobel and Wright, 1982).
The Zn concentrations in Loire Estuary mussels showed drastic concentration decreases of
almost 50% between winter and spring, which seems unlikely to be restricted to biodilution
effects. We suggest that these mussels start the spawning period earlier, in spring, compared
with bivalves from Toulon Bay, which have a summer spawning period. Therefore, organism
growth and reproduction cycles likely explain the decreased Cu and Zn concentrations in spring,
with the lowest values in summer.

In contrast to elemental data, a constant seasonal Zn isotope profile indicates that body

growth and reproductive cycles do not affect the isotope compositions of soft tissues. It is well
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known that Zn coordination changes can trigger isotope fractionation through transport,
compartmentalization, detoxification, and excretion in living organisms (Balter et al., 2010;
Caldelas et al., 2011; Caldelas and Weiss, 2017; Moynier et al., 2020). We can then hypothesize
that internal cellular Zn trafficking modulated by ligands with similar electron donors, such as
metallothionein proteins (S-donors), leads to similar Zn speciation among cellular and tissue

Zn pools, resulting in a negligible isotope fractionation during spawning processes.

3.3 Elemental and isotope profiles of Zn in mussels over decades

The Zn isotope compositions in mussels from both sites have remained almost constant during
several decades (Fig. 3). In the Loire Estuary, mussels have §%Znivc-Lyon Values ranging from
approximately +0.7%o to +0.9%o and concentrations around 135 + 77 pug g* (n = 10, 2s). Toulon
Bay mussels have lighter 8%¢Znimc-Lyon values, falling in the range of +0.2%o to +0.4%o, and
relatively higher concentrations with an average of 180 + 97 pg g* (n = 14, 2s). The lack of
discernible temporal trends in elemental and isotope Zn patterns complicates the attribution of
isotope shifts to changes in source apportionment. Nevertheless, the remarkable disparity in
isotope signatures among sampling stations stands out. In subsequent sections, we employ
sediment data to contextualize natural and anthropogenic Zn sources. Additionally, we explore
the roles of plankton size classes in the trophic Zn transfer to explain the observed spatial

differences.

3.4 Zn systematics in sediments
Metal concentrations in sediments are susceptible to grain-size distributions, especially when
comparing sediments from different geological settings. Given the acknowledged significance
of analyzing finer fractions in the assessment of trace metals, which demonstrate a high affinity
for adsorption onto clay minerals and Fe and Mn-oxyhydroxides, we opted in this study to use
aluminum (Al) as a proxy for the clay fraction content and to normalize concentrations based
on 5% of this element (Kersten and Smedes, 2002; OSPAR, 2018). Consequently, normalized
Zn concentrations in sediments are used henceforth in the following discussion

In the Loire Estuary, surface and core sediments display low to moderate Zn
concentrations varying between 43 and 157 pg g, an overall average of 116 + 28 ug g* (n =
32, 1s, Fig. 4) (Fig. 4). The Zn isotope compositions of sediments are relatively homogeneous
(Fig. 4), with 8%Znmc-Lyon averaging +0.24%o + 0.11%o (2s, n = 26) (Fig. 4). Most 8%Znjmc-
Lyon Values of Loire sediment fall within the crustal range, indicating dominance of geogenic
Zn. This pattern seems consistent considering Zn concentrations are close to the natural
background estimated at 90 pug g to the North-East Atlantic coast (OSPAR, 2018). Some
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samples with Zn concentrations above 100 ug g fall outside the geogenic isotope range, likely
indicating a minor influence of anthropogenic sources. Overall, anthropogenic urban Zn sources
tend to have lighter §%Znyvc values than the geological background, such as tire wear (from
+0.00%0 to +0.20%o), gasoline (from —0.50%0 to +0.07%o), urban runoff (from +0.13%0 to
+0.15%o0), wastewaters and sludge (~0.05%o), industrial effluents (chemical and agro-food
industry, from +0.10%o to +0.15%o), and atmospheric industrial emissions (from —0.6%o to
+0.15%0). A detailed compilation of Zn sources for aquatic systems can be found in Desaulty
and Petelet-Giraud, (2020). Nevertheless, the relatively close values between natural (~0.3)
and anthropogenic Zn (~0.1), along with the low degree of Zn enrichment in the investigated
samples, make it challenging to precisely define and compute the anthropogenic Zn's relative
influence.

In turn, the levels of Zn contamination in Toulon's Small and Large Bays show a
remarkable contrast (Fig. 4). In the Small Bay, sediments are highly enriched in Zn, averaging
around 387 + 320 ug g (n = 24, 1s), while in the Large Bay, Zn concentrations remain mostly
within 125 + 55 pg g* (n = 28, 1s). Nevertheless, Zn isotope compositions in the Small and
Large Bays have identical averages: +0.06%o £ 0.05%o (1S, n = 24) and +0.06%o £ 0.11%o (n =
28, 1s), respectively (Fig. 4). Similarly, the spatial distribution of Pb isotopes in surface
sediments are relatively homogeneous between the two sub-bays, despite higher Pb
contamination levels in Small Bay (Dang et al., 2015b). The consistent spatial isotope
distribution pattern of Zn and Pb may be attributed to the significant export of anthropogenic
Zn from the inner bay toward the open sea. Thus, the mussel sampling station located in the
Small Bay, with an overwhelming dominance of anthropogenic Zn, provides an opportunity to
test whether anthropogenic isotope signals from the mussel's environment can be transduced
into mussel tissues or whether they remain traceable after isotope fractionation by

biogeochemical processes.

3.5 Zn systematics in plankton

The plankton from Toulon Bay exhibit greater isotope homogeneity across different plankton
sizes (Fig. 5a), with 8%Znimc-Lyon Values displaying a remarkably consistent range of around
+0.08%0 + 0.06%0 (n = 9, 2s). We found no significant spring-to-summer change in the Zn
isotope compositions (average A*®Znspring-summer = —0.01%o). Spatial comparison between sites
located in the Small and Large bays from Toulon Bay (TB1 vs. TB2) were very similar (Fig.
5a). Zinc concentrations vary between 95 and 264 ug g* (Table S1), and are uncorrelated to
isotope ratios. Comparatively, the observed 5%¢Znimc-Lyon values in plankton sub-fractions from

the Loire Estuary display a broader range, from +0.14 to +0.76%0 (Fig. 5a) and lower Zn
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concentration levels, with minimum and maximum of 66 to 199 pg g%, respectively (Table S1).
The LE2 stations stand out with the larger plankton sizes showing more positive isotope ratios.
These two samples also accompany the lowest Al contents (Fig. 5b).

Geogenic particles carrying substantial amounts of Zn can obscure the biogenic Zn
signal. Utilizing Al and iron (Fe) as proxies for terrigenous materials allows us to observe a
considerable presence of geogenic material in plankton samples (Fig S1). Consequently, the
close isotope values between some plankton size classes and sediments observed at the two
sites are likely related to the contamination of geogenic particles in plankton (Fig. 6). A survey
on Mediterranean plankton has demonstrated a tendency for plankton samples associated with
geogenic particles to enrich in Zn lighter isotopes (Chifflet et al., 2022). In Toulon Bay, the
homogeneity of Zn isotope composition is likely explained by the resuspension of sediment
particles from the seafloor. This process increases the abundance of geogenic materials in
Toulon Bay's shallow water column, masking the small biogenic fraction of the seston. In the
Loire Estuary, the balance between geogenic and biogenic pools can vary based on the
hydrodynamic particle sorting along the estuary's sediment plume dispersion (Araujo et al.,
2022a). Nevertheless, we infer that the low Al contents in the two exceptional samples from the
Loire Estuary (LE2 station, 250-500 and 500-1000 um) suggest minimal geogenic material,
indicating biogenic Zn dominance. Notably, these two samples exhibit isotope ratios more in

line with those of mussels from the Loire Estuary, even though they do not overlap (Fig. 6).

3.6 Multi-compartmental Zn isotope analysis: summary and final considerations

Multi-compartmental Zn isotope patterns reveal a distinct trend toward a lighter isotope
composition for sediment, plankton, and mussels from Toulon Bay compared with the Loire
Estuary (Fig. 6). In Toulon Bay, we identified this light isotope signature in sediments as
anthropogenic. The high contents of geogenic elements (Al and Fe) in plankton samples
indicate an important fraction of mineral material. Thus, the close values between plankton and
surface sediments are likely a result of sediment particle resuspension from the bottom to the
water column in this shallower area of the inner bay. Consequently, the obscured isotope signals
of the ‘true plankton fraction contribute to uncertainty in understanding whether the observed
isotope offset in Mytillus galloprovincialis at this site stems from a possible biological isotope
fractionation process related to the internal Zn regulation. In the Loire Estuary, sediments
mostly fall in the natural isotope range of Zn for coastal sediments. The plankton of different
size classes exhibits varying isotope variability. However, as noted for Toulon Bay, the isotope
signal of the biogenic fraction can be masked depending on the relative presence of geogenic
material (Aradjo et al., 2022a). The heavy Zn isotope ratio for biogenic particles (identified
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here with low Al contents, Fig. 5b) falls close to the isotope range of mussels. Nevertheless,
conducting additional plankton sampling in the vicinity of bivalve mollusks could enhance the
precision of the analysis of biogenic Zn pools.

The presented multi-compartmental analysis shows thus that understanding the isotope
composition of plankton is crucial for a more nuanced comprehension of Zn food-web transfers
and the associated isotope fractionation. Mussels species have physiologies adapted to feed on
specific plankton communities that vary in size and Zn contents (Gosling, 2015). Therefore, it
becomes imperative to conduct isotope analyses targeting specific plankton fractions that
constitute the specific diets for each species. However, the inherent mineral "contamination™ of
plankton sampling in turbid coastal environments makes determining its specific isotope
compositions analytically challenging. As a result, establishing elusive isotope baselines for the
marine food web remains a significant challenge. The temporal isotope profiles of mussels over
multi-decadal periods remain relatively constant in both the Loire Estuary and Toulon Bay,
suggesting that the relative contributions of natural and anthropogenic Zn sources have
remained unchanged. In contrast, in the Loire Estuary, natural zinc is expected to be more
dominant. Building upon previous studies, we posit that anthropogenic zinc is likely strongly
associated with suspended particles and susceptible to exchange with biotic interfaces (Dang et
al., 2015a; Tessier et al., 2011). Thus, we conclude that the elevated concentration of
anthropogenic Zn in Toulon Bay has moved up in the food web, bringing lighter isotope ratios
in the mussels.

At short seasonal scales, internal biological isotope fractionation linked to spawning and
body growth does not significantly affect Zn isotope ratios over seasons. Given the consistent
Zn isotope ratios in mussels throughout seasonal and multi-decadal scales, they can offer
potential avenues for delineating source-specific isotope signatures, contingent upon

understanding the isotope fractionation related to the trophic transfer of Zn via plankton diets.
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Fig. 1. Geographic distribution of sampling stations: mussel stations (rhombus symbols) are positioned at the Chemoulin site (Loire Estuary) and
the Saint Lazaret site (Toulon Bay).
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Fig. 2. Seasonal elemental and isotope variations in zinc (Zn) in mussels.

(6/6r) uz



—@— 5°°Zn (Loire) —O— Zn con. (Loire)
—A— 5%Zn (Toulon) —~— Zn con. (Toulon)

1.4

BGGZnJMC-Lyon (%o)

0.0 .

400

- 300

- 200

- 100

1980 1984 1988 1992 1996 2000 2004 2008 2012 2016
Year

Fig. 3. Elemental and isotope variations in zinc (Zn) in mussels over decades.

(6/61) uz



0.6

0.4
Upper Continental Crust
£ 02
c
5 4 5
o 0.0 -
=
-
N
9 -0.2 A
) 2
@ Loire Estuary
-0.4 + A Toulon (Small Bay)
/\ Toulon (Large Bay)
'06 T T
10 100 1000 10000
Zn (pgl/9)

grain-size normalized

Fig. 4. Zinc (Zn) elemental and isotope data of Loire Estuary and Toulon Bay sediments. The Zn concentrations are normalized to grain size using
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Table 1. Isotope compositions of reference materials (RM)s reported against the "JMC-Lyon" standard. The "n" refers to number of distinct
aliquots procced through all procedure. Each aliquot was analysed twice or thrice.

Matrix Reference material 8% Zn (this study) 8% Zn (Literature) authors

Oyster SRM 1566b 0.70£0.05 (n=5) 0.71£0.02 (n=4) Jeong et al., 2021

Mussel ERM-CE278K 0.41+0.05(n=3) 0.56 £0.04 (n=4) Jeong et al., 2021
Sediment MESS-3 0.26 £0.06 (n = 10) 0.28 £0.02 (n=13) Druce et al., 2020

Plankton BCR 414 0.23+0.09 (n=1) 0.29+0.04 (n=14) Jeong et al., 2021



Table 2. Summary of elemental and isotope datasets of zinc used in this study.

Site
Loire Estuary

Toulon Bay

Matrix
Surface sediment/Sediment core
Plankton
Mussel

Surface sediment
Plankton
Mussel

Sampling date
2014 and 2015
2013
From 1981 to 2016

2008 and 2009
2018
From 1987 to 2016

Reference
Aradjo et al., 2022a
This study

This study
This study

Table
S3
S1
S4

S2
S1
S4




Highlights

Pristine and contaminated sites show samples with distinct isotope fingerprints.
Systematic lighter §°¢Zn values identify anthropogenic Zn in contaminated samples.
Zn isotopes trace upward transfer of anthropogenic Zn in the food web.

Isotope biomonitoring indicates no alterations in Zn sources over four decades.

Zn isotope ratio constancy at seasonal scale discards biological isotope effects.
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