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Abstract :

The abundances of some macronutrients, and trace elements (K, Al, P, V, Mn, Co, Ni, Cu, Zn, Rb, Sr,
Mo, Cs, Ba, Pb, Th, U, Y and REE) were determined in a series of coralline algae (Lithothamnion
corallioides) samples (n=101) collected alive in the Bay of Brest and the Iroise Sea (Western Brittany,
NW France), in order to assess the potential of these algae as archives of seawater chemistry and
potential metal pollution. REY patterns are similar in shape to those of local seawater, exhibiting similar
La, Ce and Y anomalies, but with abundances ranging between 4 and 5 orders of magnitude higher than
seawater values. Variations in La anomalies (La/La* = 1.29-2.08), Y anomalies (Y/Ho = 38.6-55.8), and
heavy rare earth enrichments (Prsn/Ersn = 0.22—0.52) are consistent with mixing of seawater with rivers
flowing into the Bay of Brest. The behavior of other trace elements, such as Al and Cs, also reflects this
mixing. Other parameters and processes can control the abundances of the other elements measured.
For example, the presence of organic matter in studied samples controls the abundances of K and Rb.
The abundances of base metals (e.g., Co, Ni, Cu) are highly sensitive to the various pollutants present in
the Bay of Brest. In particular, the Pb content of coralline algae clearly reflects the pollution caused by
mining of a nearby Pb deposit from the 18th to the early 20th century. Our results demonstrate the
potential of coralline algae not only for tracing water masses, but also for studying metal pollution.
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1/ Introduction

For more than 50 years, geochemists and biogeochemists have recognized that
biogenic carbonates offer a valuable window into the composition of seawater, and their study
has been an extremely active research field. The composition of these minerals is largely
controlled by the physico-chemical properties of the water from which they have precipitated.
Corals and microbialites (i.e. microbially-mediated carbonates), for example, display rare
earth element (REE) patterns parallel to those of seawater (e.g., Sholkovitz and Shen, 1995;
Webb and Kamber, 2000). The chemical composition of these carbonates records the
signature of ambient water masses, which can be used to address various issues related to e.g.
pollution (Fallon et al., 2002) or environmental changes (e.g., Wyndham et al., 2004).
Moreover, early work on corals, for example, has shown that seawater temperature can be
inferred from Sr/Ca ratios (e.g. among many others, Smith et al., 1979; McCulloch et al.,
1994; Reynaud et al., 2007). Therefore, biogenic carbonates are generally considered as
excellent archives that record long-term environmental changes. Additionally, considerable
effort has been made to investigate the suitability of other biogenic carbonates such as
foraminifera, fish otoliths, and mollusk shells as archives of past seawater chemistry (e.g.,
Rosenthal et al., 1997; Bath et al., 2000; Eggins et al., 2003; Immenhauser et al., 2016). Other
elements such as e.g. B, Ba, U, Co, Ni, Ti, Mn, have also been investigated as proxies for
temperature, salinity, pH, phytoplankton dynamics, dissolved oxygen in seawater (Gillikin et
al., 2006; Rollion-Bard et al., 2011; Frieder et al., 2014; Norrie et al., 2018; Poitevin et al.,
2022; Schone et al., 2022). Despite promising results, the ability of trace elements in biogenic
carbonate as environmental proxies is not always simple. While it is certain that the
incorporation of trace elements by shells or corals is partly controlled by environmental
parameters, biological effects (called “vital effects”) are of variable magnitude depending on

the species involved. Meibom et al (2008) have shown that at the micrometric scale in corals,



trace element abundances display variability far beyond what can be attributed to variations in
the marine environment. Furthermore, calibration attempts performed on several bivalve
species (e.g., Poulain et al., 2015, Norrie et al., 2018, Wanaker and Gillikin, 2019) as well as
systematic study of trace element distributions in shells (e.g., Schone et al., 2011, 2023, Wang
et al., 2020; Barrat et al., 2022a and b, among many others), have shown that physiological
processes are determinant at least for some elements, including REEs. All the above-
mentioned observations motivate further investigation of other biogenic seawater archives for

which vital effects may be less pronounced.

Coralline algae (Corallinales, Sporolithales, Corallinophycidae, and Rhodophyta) also
generate significant quantities of Mg-rich calcite (e.g., Kamenos et al., 2015). These algae are
ubiquitously distributed worldwide, occurring in coastal waters from polar regions to
subtropical environments (e.g., Johansen, 1981). They have been previously studied for their
variability in Mg/Ca, Li/Ca, and Sr/Ca ratios as a seawater temperature proxy (Kamenos et
al., 2008; Halfar et al., 2008), yielding time series spanning several decades (e.g., Halfar et al.,
2013; Chan et al., 2017; Hetzinger et al., 2018). However, the chemistry of these algae has
received far less attention compared to corals and bivalves, except for a handful of studies
focused on particular trace elements such as U (Hetzinger et al., 2011), B (Cusack et al., 2015;
Piazza et al., 2022) or Ni, the latter to trace pollution linked to metal production in New
Caledonia (Darrenougue et al., 2018). Here we have conducted a detailed geochemical study
of some macronutrients and trace element concentrations in coralline algae (maerl) from the
Bay of Brest and the Iroise Sea (Brittany, France). Our aim was to assess the potential of these
organisms to study the chemical characteristics of coastal seawater, with particular attention
on their possible use for tracing water mass mixing using REEs and to detect metal pollution.
We show here that these algae have great potential for studying marine biogeochemical

processes, but also for tracing the composition of water masses.



2/ Sampling and procedures

2.1/ Study area

The Bay of Brest (Western Brittany, NW France) is a semi-enclosed macrotidal
coastal system (180 km?) connected to the Iroise Sea by a narrow and short 50-m deep strait
(Fig. 1). The Bay is generally shallow, with 50 % of its surface less than 5 m deep. It collects
freshwater inflows provided mainly by the local Aulne, the Elorn and the Daoulas rivers, with
an average winter discharge of 54, 10 and 3 m%s respectively (Auffret, 1983). The Aulne
River is by far the dominant source of freshwater with more than 60 % of the inflow. These
river waters mix rapidly with the bay waters by a residual counterclockwise current (Le Pape
et al., 1996). As a result, bottom water salinities vary between 32 and 35.3 g/l (Qui-Minet et
al., 2018). Lower values are transitorily observed after heavy winter rainfall events, especially
near the river mouths (Poppeschi et al., 2021). These freshwater inputs are however
proportionally limited, since the total annual river discharge is equivalent to the volume
exchanged with the Iroise Sea during a single tidal period (Le Pape et al., 1996). Water

residence times in the Bay of Brest range from 7 to 25 days (Poppeschi et al., 2021).

The region around the Bay of Brest is economically very active, with various industrial
activities that can generate significant metal pollution. First and foremost, Brest is one of
France's leading ship repair centers, specializing in the maintenance of large vessels,
particularly liquefied natural gas (LNG) carriers. Hull maintenance, for example, can generate
antifouling paint particles containing base metals (e.g., Soroldoni et al., 2018). In addition to
these industrial activities, the area is also home to intensive agricultural and farming practices.

Pig and poultry farming is particularly noteworthy, accounting for about 500 and 240



industrial farms respectively in the areas drained by the Elorn and Aulne rivers. Copper and
Zn are frequently added to pig and poultry diets (digestive flora regulators), and consequently
are present in the manures spread as fertilizer on cultivated soils. These elements are further
transported by run-off water and eventually discharge into coastal waters. This pollution is
well known and has been studied both in Brittany and worldwide (e.g., Arzul and Maguer,

1990; Lopez-Alonso et al., 2002).

In addition to metal pollution from agricultural and farming activities, there are two
other anthropogenic sources of dissolved trace metals to the Bay of Brest. Firstly, during the
Second World War, the Brest area was bombed (more than 30,000 tons of bombs were
dropped during this period), and the city was destroyed in 1944. The corresponding ‘metal
signature’ of the WW?2 is recorded in sediments from the Bay of Brest. Corroded ammunition
and unexploded bombs from this period are still regularly found at sea and on land, and may
locally explain the abundances of e.g., Co, Cu, Ni, Mn (e.g., Siano et al., 2021). Secondly, to
this rapid inventory must be also added pollution linked to past mining activity. A deposit of
argentiferous lead is known since antiquity in the Monts d'Arrée (SW of Brest). The
Poullaouen and Huelgoat mines exploited it industrially between the 18th and 20th centuries,
producing over 65,000 tons of Pb and 100 tons of Ag during this period. As the deposit is
located in the Aulne watershed, this river was polluted by Pb from these mines, and still
contributes to the metal pollution in the Bay of Brest (e.g., Lemiere et al., 2000; Nasri et al.,

2021) and associated marine fauna (e.g., Guillou et al., 2000; Cariou et al., 2017).

2.2/ Sampling stations

Several maerl beds are present in the Iroise Sea and the Bay of Brest, with coverage
areas ranging from a few to several km? (Fig. 1). They are formed by the accumulation of free

thalli of Lithothamnion corallioides (P & H Crouan) (Fig. 2) and sometimes of



Phymatholithon calcareum (Pallas), a less abundant species (Grall, 2002). Some of these
beds were actively exploited in the 19th and 20th centuries for soil conditioning. These
coralline algae have very slow growth rates, since their fine and brittle "branches" only grow
less than 300 pm per year (Bosence and Wilson, 2003). Maerl beds are therefore particularly
fragile ecosystems which takes a very long time (decades to centuries) to recover from

anthropogenic effects (Grall and Hall-Spencer, 2003).

Three “purely” marine maerl stations (i.e. far from river mouths) were sampled in the
Iroise Sea: Brenterc’h (48°23.7504' N, 004°46.7777° W; 10 m water depth), Camaret
(48°17.598' N, 004°34.797' W; 18 m) and Moléne (48°23.207°N, 004°51.279° W; 8 m). Five
other stations were selected in the Bay of Brest: Le Dellec (48°21.4595' N, 4°33.0756' W; 13
m) and Lanvéoc (48°17.75716’N , 004°26.015’W; 10 m), both situated in areas without any
direct river influence; Lomergat (48°17.4485' N, 004°21.0750° W; 6 m) and Rozegat
(48°19.1921' N, 004°23.9357" W; 7 m), in areas whose surface waters are close to the mouth
of the Aulne River; and Keraliou (48°21.8695"' N, 004°26.5532' W; 6 m), in close proximity to
the Elorn estuary (Fig. 1). Samples of L. corallioides were all collected by scuba divers on

April and May 2023.

Finally, we collected two mud samples from the riverbeds of the Elorn (Chapelle Saint
Jean) and the Aulne (cale de Tregarvan) in order to determine trace element concentrations in

the sediments feeding the Bay of Brest.

2.3/ sample preparation and analytical procedures

2.3.1/ Algae



We selected only live thalli for this study. Samples were immediately rinsed with
seawater to remove any possible adhering sediment or small animals (e.g., crabs) and dried in
an oven (60°C) for about 12 hours. Cleaned fragments (branches) of about 100 to 250 mg

weight (Fig. 2) were selected for analyses.

Each sample was spiked with a solution of pure Tm (Barrat et al., 1996) and attacked
with 5 ml of 25 N HCI, at room temperature for one day. This procedure allows total
digestion of the carbonates, leaving an organic residue representing only ~4% of the sample
mass, on a dry basis. An aliquot of the sample solution containing the equivalent of 5 mg of

sample was dried and the residue was taken up in 5 ml of 2.5% HNO3 before analysis.

Element concentrations (K, Al, P, V, Mn, Co, Ni, Cu, Zn, Rb, Sr, Y, Mo, Ba, REEs, Pb,
Th and U) were determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS),
using two separate Thermo Scientific ELEMENT XR™ spectrometers at the Pole
Spectrométrie Océan (Brest). Each solution was analyzed in triplicate using our routine
procedure (the reader is referred to Charles et al., 2021 for interference corrections, and
instrumental settings which were the same with both instruments), and the results were
averaged. Results on two carbonate standards (CAL-S and BEAN) obtained during the
sessions are compared with literature values in Table S1. Based on standards (carbonates and
silicates), accuracies (RSD) for concentrations comparable to those measured here and

elemental ratios are generally better than 3 % (e.g., Barrat et al., 2012, 2016, 2020).

For the normalization of the concentrations, we use the Post Archean Australian Shale
(PAAS) average obtained by Pourmand et al. (2012), adjusted to standard results obtained in
our laboratory (Barrat et al., 2020). The La, Ce, and Gd anomalies are calculated using the
La/La*, Ce/Ce*, Gd/Gd* ratios, where X* is the extrapolated concentrations for a smooth

PAAS-normalised REE pattern and Xs, is the concentration of element X normalised to



PAAS: Lag* = Prs,*/Ndsn?, Cesn* = Pren?/Ndsn, Gdsn* = Then?/Dysn. (e.g., Barrat et al., 2022a,

2023).

2.3.2/ Muds

About 2-3 g of mud were first dried overnight in a Teflon beaker on a hot plate at
120°C. 100 mg were precisely weighed, spiked with Tm using the same spike solution as
above, dissolved and analyzed using a routine silicate protocol (e.g., Barrat et al., 2012,

2016). The accuracy is about 3 % for all the elements listed in Table-S1.

3/ Results

3.1/ Coralline algae

We analyzed 101 samples (9 to 15 samples per station), and the results are given in
Table S1. Most of the elements analyzed show extremely variable abundances. Rare earth
elements (REE) and yttrium (REY), for example, have low concentrations, and show
variations of around an order of magnitude (e.g., La abundances range from 45 to 591 ng/g).
REY patterns are light-REE depleted relative to PAAS (Prs./Ers, = 0.22-0.52) with positive La
(La/La* = 1.29-2.08) and Y (Y/Ho = 38.6-55.8) anomalies (Fig. 3). They are strikingly
similar to those of local coastal seawater (Freslon et al., 2011). No positive Gd anomaly
(Gd/Gd*= 0.89-1.25) that could be ascribed to a pollution by contrast agents used in medical

imaging is detected.

Like REY, many of the other elements we analyzed show variations of an order of

magnitude or more: Al (1-254 pg/g), V (0.35-5 pg/g), Mn (16-248 pg/g), Co (52 ng/g-2.64



Mg/g), Cu (0.21-1.68 ug/g), Zn (7.7-69 pg/g), Cs (3-58 ng/g), Pb (0.4-9.6 pg/g) and Th (0.6-
43 ng/g). A few other elements, such as K (787-3026 ug/g), Rb (239-950 ng/g), Sr (1791-
2559 pg/g and 1994-2559 ug/g only if we exclude two outliers), P (143-637 ug/g), Ni (0.32-
1.39 pg/g), Mo (27-175 ng/g), Ba (5.1-6.8 pg/g) and U (252-663 ng/g), show more limited

variations. All these variations will be discussed below.

3.2/ Muds

The results obtained on the two mud samples complement the data published by
Bayon et al. (2015) on a similar sample from the Elorn River whose clay fraction is composed
essentially of illite and chlorite in similar proportions. Both mud samples display typical
geochemical compositions of detrital sediment, except for anomalously high Pb content
measured in the Aulne River sediment (281 pg/g), illustrating the Pb pollution mentioned

above for this river.

4/ Discussion

First, it should be emphasized that we analyzed fragments of fresh algal thalli (alive
when sampled on the sea floor), clearly recognizable by their reddish color (Fig. 2). We can
directly eliminate any post-mortem processes, including diagenesis, and the formation of
authigenic minerals, which could alter the chemical composition of the thalli. Furthermore,
our dissolution protocol, using only 2.5 N HCI at room temperature, has a limited effect on
the organic matter, since cell residues representing ~4 % of the mass of the samples (on a dry
basis) resist this acid attack. The same applies to any possible detrital sediment particles

adhered onto the thalli and not removed during sample preparation, which — if present - are



unlikely to have been fully dissolved upon acid digestion. Our analyses therefore essentially
correspond to the biogenic mineral fraction of the thalli, with minor contributions from algal

cells and eventually from terrigenous particles.

4.1/ Organic matter : K, Rb, P and U

Algae are enriched in alkali elements and in P. Phosphorus and K are major elements,
with concentrations measured in red or black macroalgae of the order of 1 wt% or more (e.g.,
Tibbetts et al., 2016). Rubidium is present in macroalgae in concentrations of tens of pg/g, on
a dry basis (e.g., Black and Mitchell, 1952; Hou and Yan, 1998). It is therefore not surprising
that we measured sizeable amounts of these elements here, which probably derive from partial
remineralization of the labile organic fraction associated with the thalli. We do not know
whether the alkaline elements in coralline algae are contained mainly in the fluid of the cell
vacuoles, or both in the vacuoles and elsewhere in the cell material. In any case, the K and Rb
concentrations (K= 787-3026 pg/g, Rb=239-950 ng/g) we obtained are well above those of
seawater, but below what would be expected if all the organic matter had been quantitatively

dissolved.

Samples from the Iroise Sea and from the sites in the Bay of Brest where the fluvial
influences are low show K/Rb ratios similar to those of seawater (Fig. 4). Some samples from
sites closer to river mouths have lower K/Rb ratios, in between crustal values, and therefore

suggesting the contribution of river waters.

Algae are well known for their ability to concentrate U (e.g., Mann and Fyfe, 1984),
and concentrations between 230 and 4800 ng/g have been measured, for example, in brown
and red macroalgae from Japan (Sakamoto et al., 2008). The U contents of the thalli we

analyzed are in this range (U=252-663 ng/g), and correlate well with P abundances (r=0.80,



n=101, Fig. 5), suggesting that the labile fraction of organic matter dissolved during the

preparation of the samples, could control U abundances in studied samples.

4.2/ The effect of terrigenous particles

Compared with the coralline algae, sediments are considerably enriched in terrigenous
trace elements such as REY and Th, but also in Al. At first glance, we cannot rule out the
possibility that some clay-size detrital particles may have been incorporated onto the surface
of the thalli, or incorporated into them as they grew. While our sample dissolution protocol is
unlikely to have resulted in total dissolution of clays, we cannot exclude partial detrital
contamination in studied samples. Their possible contribution can be constrained using REEs,
because their abundances in terrigenous sediments brought by rivers are well known, and the
clays contained in the muds of the Elorn River were previously determined (Bayon et al.,
2015). Contamination of thalli by minute amounts of terrigenous material would produce a
strong enrichment in light REEs coupled with an increase in concentrations in all the REEs
(Fig. 6). Such an effect is not observed. On the contrary, for each site, REE ratios and
anomalies vary little and are independent of REE concentrations (e.g., at the Keraliou station,
Sm concentrations in thalli vary from 19 to 127 ng/g, while Prg,/Smg, ratios only vary between
0.63 and 0.66). The mixing lines we have calculated imply that our samples contain much less
than 0.05% clay particles. Very similar results are obtained with the two mud samples we
analyzed (not shown). Thus, we are confident that the dissolution of terrigenous particles

cannot account for the observed variability of trace element abundances in the thalli.

4.3/ Uptake of seawater REY by coralline algae



Two immediate observations emerge from the REY patterns (Fig. 3). Firstly, the REY
patterns of coralline algae are extremely similar in shape to those of coastal seawater. The
similarities between the patterns of coralline algae and seawater collected from the same
station (Le Dellec; Freslon et al., 2011) are particularly striking (Fig. 3b and 3e). Secondly,
REY abundances are extremely variable. For each of these elements, abundances vary by
about an order of magnitude across all samples, and significant variations are observed within
samples from the same station. For example, Yb concentrations range from 8 to 82 ng/g for

all samples, and from 10.9 to 60.9 ng at Keraliou.

Coralline algae are considerably richer in REY than seawater. On average, algae are
~30,000 times richer in light REE and around 15,000 times richer in heavy REE than seawater
(Fig. 7). The La, Ce and Y anomalies in the algae are also identical to those in seawater,
confirming that the algae faithfully preserve the main REE characteristics of ambient
seawater. They concentrate more REY (by an order of magnitude) than corals or mussel
shells, without fractionating the light REE. Their ability to concentrate REY is similar to that
of living foraminifera, but weaker than that of microbialites (Webb and Kamber, 2000;
Terakado et al., 2010). Therefore, coralline algae appear to represent promising archives for

studying the REY characteristics of coastal water masses.

4.4/ REY and the mixing of seawater and river waters

If coralline algae are able to record the chemical characteristics of ambient seawater,
they should also provide suitable sedimentary archives for investigating coastal processes
such as changes in riverine discharges near estuarine regions. The behavior of REY in
estuarine waters is complex, since their abundances cannot be described by a conservative

mixture between a seawater and river water (e.g., Elderfield et al., 1990, Andersson et al.,



1992). Despite evidence for limited freshwater discharge into the Bay of Brest and near
constant bottom-water salinities near the mouths of the Aulne or Elorn rivers (Qui-Minet et
al., 2018), the possibility that the compositions of coralline algae may record estuarine

processes needs to be evaluated.

While REY abundances determined on algae from all the stations appear at first glance
to display similar distribution patterns (Fig. 3), element ratios, such as those quantifying
heavy REE enrichments (e.g., Pr/Er), Y anomalies (Y/Ho), and La anomalies (La/La*) show
very significant variability. In fact, significant differences can be observed between samples
collected at stations influenced by fluvial inputs and those from open ocean settings (Fig. 8).
Thalli sampled in the Iroise Sea at Brenterc'h have the highest Y/Ho and La/La* ratios, and
the lowest Pr/Er ratios. Those taken near the mouths of the Elorn and Aulne rivers show the
lowest Y/Ho, La/La* and highest Pr/Er ratios. The other samples taken in the Iroise Sea
(Camaret and Molene), as well as those taken in the Bay of Brest where river contributions
are negligible (Le Dellec and Lanvéoc), have intermediate characteristics. They are likely to
have recorded the chemical signature of regional seawater in this area. In the Y/Ho and Pr/Er
vs. La/La* diagrams, the trends obtained are in agreement with the involvement of two
endmembers: a marine component with La/La* ratios close to 2, and a river water component
with a La/La* ratio closer to 1. The spread of the data in the Ce/Ce* vs. La/La* diagram,
shown by both the Iroise Sea and the Bay of Brest samples, suggest that river waters and the

seawater have Ce anomalies in the same ranges.

The correlation trends observed between some element ratios (Fig. 8c) are
nevertheless surprising, given the limited salinity variations (35.3-32 %o) recorded at stations
near the mouths of the Elorn and Aulne rivers (Qui-Minet et al., 2018) and the limited volume
of river water entering the Bay of Brest. They demonstrate the capability of coralline algae to

record water chemical features and their potential for studying coastal processes.



4.5/ Other elements

As mentioned earlier, many of the elements we measured have concentration ranges
that are proportionally as large as those of the REEs (i.e. variations of an order of magnitude).
To describe the behavior of the elements, we have chosen to represent the data in diagrams

with La abundances on the abscissa to illustrate possible decoupling from REE.

45.1/ Sr and Ba

These two elements are the least variable of those analyzed (Fig. 9a and 9b). The
relative homogeneity of Sr concentrations is not surprising, since the budget for this element
is certainly dominated by seawater, fluvial waters being relatively depleted in Sr compared to
seawater. No difference is apparent between the purely marine samples and those from the
Bay of Brest. For Ba, although variations are small, they seem to correlate with La
abundances. Differences between stations are not marked, but samples from the Iroise Sea

seem to be slightly less enriched in Ba than those from the Bay of Brest.

45.2/ Al and Cs

Variations in these two elements in coralline algae are extremely similar, suggesting
that they behave in the same way and are controlled by the same processes. Their abundances
show a wide dispersion in the Al and Cs vs. La plots (Fig. 10), with samples from stations
close to estuaries tending to have higher concentrations than those from marine stations. The
concentrations of these two elements are remarkably correlated (Fig. 11, r=0.97, n=101). This

correlation cannot be possibly explained by a contribution from Al- and Cs-rich terrigenous



sediments, since such a contribution would produce a mixing line significantly different from
the observed trend (Fig. 11). More likely, the concentrations of these elements in coralline

algae reflect those in water.

The behavior of these two particular elements in estuaries is quite complex, involving
adsorption and desorption of terrigenous particles as well as flocculation of colloidal matter,
which can cause a significant drop in dissolved Al in estuarine and coastal waters (e.g., Hydes
and Liss, 1977; Mackin and Aller, 1984). Al and Cs abundances in coralline algae appear to
be at least partially controlled by water mixing, since Al/Er (and Cs/Er, not shown) ratios are
correlated with (Pr/Er)s, ratios, whose variations are produced by this mixing (Fig. 12). Note
that the data are scattered and the trend obtained does not appear to be linear, indicating that

the mixing is not perfectly conservative for these elements.

45.3/ Th, Mn, Mo, and base metals

The abundances of Th (Fig. 9¢), Mn and Mo (Fig. 13 a and c) follow those of La. For
these elements, no clear differences can be identified between samples from the Iroise Sea and
the Bay of Brest. On the other hand, marked differences can be distinguished between
samples from Bay of Brest and Iroise Sea for V (Fig. 13d), and especially for Ni, Co, Cu and
particularly Pb (Fig. 13b and Fig. 14). For these latter elements, concentrations in coralline
algae from the Bay of Brest are higher than those from the Iroise Sea for any given La
abundance, clearly pointing towards an anthropogenic origin. The high Pb concentrations that
control the Bay of Brest trend come from Lomergat (Fig 14a). This station is close to the
mouth of the Aulne River, which is still polluted by former mining activities of the Huelgoat
lead deposit. Excesses of Ni and Co are probably mainly linked to the port and industrial

activities in Brest, but also to those located in the Aulne and Elorn catchment areas.



However, a residual contribution from rusty debris or ammunitions dating back to WW?2
cannot be ruled out. Cu excesses can at first glance be attributed to pig and poultry farming.
Cu pollution linked to these activities has been well documented (e.g., Arzul and Maguer,
1990), and it is therefore not surprising to observe an excess of Cu in the Bay of Brest,
especially since this activity in the Finistére (the administrative department where Brest is

located) account for about 20 % of the French national production of pigs.

The behavior of Zn is more difficult to explain. Admittedly, Zn concentrations in
coralline algae from the Bay of Brest are higher than those observed in samples from certain
stations located in the Iroise Sea, notably Camaret (Fig. 1). It is tempting to suggest that the
high concentrations observed in the Bay of Brest could also result from anthropogenic
pollution. They could indeed be explained by pig or poultry farming, but this interpretation is
not unique, given the multiplicity of Zn uses (roofing, galvanizing, antifouling paints,
sacrificial (galvanic) anodes for boat hulls...). However, high levels in excess of 50 pg/g Zn
have also been observed in some samples from the Iroise Sea, for example, those collected at
Brenterc'h, hence suggesting that other local, non-anthropogenic, parameters could possibly
account for the observed high concentrations at this site. The wreck of an 82 m-long
Panamanian cargo ship lies in the area. This ship, the Taboga, sank in 1953, and it seems
unlikely that this wreck would still have an effect on the seawater Zn budget in the
environment today, if it ever did. The origin of high Zn concentrations in coralline algae from
the Iroise Sea and Bay of Brest is hence not fully understood and would require further
investigation. The possibility that a significant proportion of Zn is also bound to organic
matter, and thus participates in the biochemical cycles of these algae, could also be

considered.

5/ Conclusions



Coralline algae are excellent archives of seawater chemistry for many trace elements,
including REYs. Our study of algae from the Bay of Brest (Brittany, France) and the nearby
Iroise Sea shows that their composition can be used to characterize water masses, but also to
trace estuarine processes (freshwater/seawater mixing) and metal pollution. Given their
worldwide distribution, they have enormous potential for studying marine processes,
complementing what can be obtained with other archives commonly used today, such as

corals and foraminifera.

In addition to studies on other regions or other species that can be immediately
envisaged, it would be particularly interesting to complement this explorative work with
further microscale observations, in order to better understand where and how trace elements
are incorporated into these algae, but also how the recorded signatures resist aging in vivo,
and post-mortem processes. These data, currently lacking, are essential for the validation of
future time series based on chemical concentrations of trace elements such as REY or other

metals.
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Figure 2. Detail of the surface of a maerl bed (Camaret, depth= 18 m), showing between pieces of bivalve shells,
live (pink-purple) and dead (white) L. corallioides thalli.
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Figure 3. PAAS-normalized REY patterns and Nd-normalized REY patterns for coralline algae from Bay of

Brest and Iroise Sea. Pattern of local seawater is shown for comparison (Freslon et al., 2011).
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Figure 9. Sr (a), Ba (b) and Th (c) vs. La plots for coralline algae from Bay of Brest and Iroise Sea.
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Figure 10. Al (a), and Cs (b) vs. La plots for coralline algae from Bay of Brest and Iroise Sea.
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Figure 11. Cs vs. Al plot for coralline algae from Bay of Brest and Iroise Sea.
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Figure 12. Al/Er (both elements in pg/g) vs (Pr/Er)s, for coralline algae from Bay of Brest and Iroise Sea.
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Figure 13. Mn (a), Ni (b), Mo (c) and V (d) vs. La plots for coralline algae from Bay of Brest and Iroise Sea.
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Figure 14. Pb (a), Cu (b), Co (c) and Zn (d) vs. La plots for coralline algae from Bay of Brest and Iroise Sea.
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Graphical abstract

Coralline algae are good recorders
of water chemical features.

fresh coralline algae
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Highlights
- First detailed investigation of rare earth elements in coralline algae.

-Coralline algae bioaccumulate rare earths, yttrium and other trace elements (Sr, Ba, U,
Pb...).

-REY distributions in coralline algae and seawater are similar.

-Coralline algae record base metal pollution and river water/seawater mixing.



