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Geochemistry of Bivalve Shells As Indicator of Shore
Position of the 2™ Century BC

Vincent Mouchi®, Laurent Emmanuel’, Vianney Forest™ and André Rivalan

In an area named Mermian (municipality of Agde, South of France), a significant amount of fragmented
italic amphorae from the 2™ century BC was discovered, located at a depth of 6 to 8 meters under the
bed of the Hérault river. As no ship wreck was found in the vicinity, the reason of the presence of these
amphora fragments, whose faces present a large accumulation of oyster shells, is unknown. Reconstructed
geomorphological maps of the area present Mermian as a riverine site already at this period, and several
hypothetical explanations on the role of these amphorae exist (landfill linked to a neighbouring habitat,
bank reinforcement linked to a ford crossing, river landing, etc.). In order to define whether the amphorae
were transported to this location and from where, we analysed the stable carbon and oxygen isotopes
of the oyster shells. The 6'3C and 60O indicate that all oysters lived in the same environment, refuting
a potential transport during the oyster accumulation. Moreover, the analysis of Mytilaster sp. shells in
the sediment around the oyster shells also reported a marine origin, suggesting that these oysters were
also buried in a marine deposit. Transport to Mermian from a coastal locality is unlikely but may still
have happened, although no trace of human handling were observed on the fragments. Still, the presence
of other marine or brackish molluscs in the sediment discards the interpretation of Mermian being a

continental locality.
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Introduction

A dive carried out in 2004 as part of an archaeological sur-
vey of the Hérault river, led to the discovery in an area
named Mermian (municipality of Agde, South of France)
of a significant amount of fragmented italic amphorae
located at a depth of 6 to 8 meters. This singular discovery,
added to several testimonies of looting in its immediate
surroundings, subsequently motivated the realization of
several archaeological surveys between 2008 and 2009,
followed in 2015 and 2016 by two campaigns consisting
in the realization of test pits (Rivalan et al. 2017). At the
end of the latter, it appeared that, despite the presence of
actual traces of looting on the site, the initial hypothesis
of an ancient boat wreck had to be rejected. The many
test pits carried out indicate the existence of an impor-
tant dump (18 m?, 30—-40 cm thick) of fragmented italic
amphorae dating from the end of the 2" century BC or
the beginning of the 15 century BC, whose faces present
a large accumulation of oyster shells. Despite these facts,
the reasons for such an accumulation of ceramics in this
part of the river remain highly uncertain (ie, landfill
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linked to a neighbouring habitat, bank reinforcement
linked to a ford crossing, river landing, etc.).

The underwater site of Mermian is located in the heart of
the lower Hérault valley, only five kilometers from the cur-
rent Mediterranean coast (South of France; Figure 1). This
vast alluvial plain is characterized by its borders consisting
of ancient volcanic formations (Agde/Mont Saint-Loup and
Saint-Thibéry) and alluvium from the Quaternary Period
(Continental Pliocene), as well as its extensive continen-
tal and central filling linked to the floods of the Hérault
river (Ambert 2001: 53-54). If this geographical context
leads to the existence of areas systematically located in dry
locations and provided with a good building material (ie.,
basalt), it also implies a major alluvial overlay and above
all, numerous transformations of the landscape over time:

‘If it is not possible to isolate within this sedi-
mentation, in the absence of absolute dating or
archaeological documentation, the sedimentary
levels which belong to protohistory and antiquity,
it is nonetheless permissible to conclude that
the lower Hérault plain has undergone profound
changes over time’ (Ambert 2001: 54).

Taking these two characteristics into account therefore
allows us to better understand the location of the antique
sites associated with this geographical area, but also their
near absence, all periods considered, along the Hérault river:
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Mediterranean Sea

Figure 1: Localization of the Mermian site on the Mediterranean Sea coast, South of France. The reconstructed extension
borders of the lagoons from the 2™ century BC are indicated in green (from Devillers et al. 2015).

‘For the Gallo-Roman period, and especially during
the Early Roman Empire, in view of the distribu-
tion map, one can speak of a strong anthropogenic
pressure on the environment and in an agricul-
tural context of full terroir. Only the banks of the
Hérault river are empty of archaeological sites, but
this is due to the mask of alluvial deposits: the only
two points recognized are discoveries made at a
depth of nearly 3 m, during powerful earthworks.’
(Lugand & Bermond 2001: 93).

Although the alluvial overlay mentioned above (Ambert
2001: 54) logically implies an apparent absence of
archaeological sites along the banks of the Hérault river,
the immediate surroundings of Mermian nevertheless
show traces of ancient occupation. Vestiges of an antique
building dating back to the end of the 2" century or the
beginning of the 1% century BC has indeed been discov-
ered about 500 meters northwest of the site at a depth
of several meters (Lugand & Bermond 2001: 146). The
presence of this building and above all its apparent con-
temporaneity with the underwater site of Mermian makes
it therefore possible to imagine a relationship between
these two sites, while providing a better understanding of
the unearthed ceramics (i.e., dump linked to the adjacent
habitat or to a contemporary landing site, bank reinforce-
ment intended to protect neighbouring agricultural par-
cels, or to consolidate a crossing system). That being said,
the nature of this ceramic cluster, and especially the pal-
aeoenvironment of the site, nevertheless raises a doubt as
to the reasons that may have led to such an accumulation
of ceramics in this particular location of the river.

The site of Mermian lies between 6 and 8 meters deep,
and consists of a thick layer of clay, basalt blocks and
ceramic fragments closely tangled. The latter have no par-
ticular organization and consist almost exclusively of frag-
mented italic amphorae and some elements belonging to
the Dressel 1A type (Py 1993) which stems from the Italian

Tyrrhenian coast and was largely produced between 135
and 50 BC. These fragments share not only similar dimen-
sions and a relatively close level of entanglement, but
also quasi-systematic remnants of pitch on their inner
side, as well as many oyster shells (also present on the
basalt blocks). The presence of pitch therefore allows us
to deduce that these ceramics are derived from functional
amphorae, while that of oysters implies their immersion
in saltwater or brackish environment. Both left and right
valves of these oysters are present, still attached on some
specimens, which tends to indicate that these oyster-
rich amphora fragments were not transported. However,
numerous juvenile (<5 cm long) specimens are observed,
mainly on late generations of oysters (ie, the juvenile
specimens are attached to pre-existing full-grown right
valves themselves attached to the amphora fragments).
This observation may imply a change in the environment,
towards less favourable conditions for oyster growth and
survival, such as a riverine habitat. The accumulation of
oyster shells on all visible faces of the ceramics (includ-
ing the broken side) is also particularly interesting, since
it tends to indicate the fixation of oyster spats and their
growth within a cluster subjected to a powerful stream of
salt water, or at least submitted to a low level of sedimen-
tation. This last point is however somewhat problematic
in that the work carried out through the DYLITAG project
(Devillers et al. 2015, 2019) tends to show the remoteness
of the riverine site from the lagoon of the time, and there-
fore an unfavourable environment for the accumulation
of natural oysters. These various observations therefore
raise doubt on the environmental conditions of Mermian
at that time, and/or whether the amphora fragments were
transported to this riverine location from the coastline.
Mollusc shells are ubiquitous remains amongst those
found in archaeological sites (Bardot-Cambot 2014;
Cariou et al. 2018; Forest 1998, 2003; Marchand et al.
2018). Multiple uses of these animals and their shells in
various periods have been recognized (Claassen 1998)
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and include food source (Waselkov 1987), ornamentation
(Dupont, Hingant & Merle 2017; Ridout-Sharpe 2017),
tool manufacture (Manca 2014; Szab6 2017), banking
(Gruet 1993) and currency. Archaeologist can not only
study the reason for their presence in specific sites, but
also use sclerochronology (the shell equivalent to dendro-
chronology where each growth increment represents a
specific time interval) to deduce the season of collection
of studied specimens (Andrus 2011) and the ecology of
known species to obtain information on the environment
(Allen 2017). Moreover, the shells are made of calcium
carbonate and they can also be used for absolute dating
using radiocarbon method (Douka 2017; Fernandes &
Dreves 2017). Last but not least, shell chemical composi-
tion can also hold substantial information regarding their
living environment and the climate conditions (Andrus &
Thompson 2012; Duprey et al. 2014; Harding et al. 2010).

As bivalve shells are built by the organism from chemi-
cal elements in its environment, the composition of the
carbonate shell constituents can be used to reconstruct
physicochemical settings of the living locality (Grimstead
etal. 2013; Leng & Lewis 2016; Mouchi et al. 2018). In par-
ticular, the relative proportion of oxygen stable isotopes
(compared to a standard value; 6'®0) in biogenic carbon-
ates are often used to reconstruct seawater temperature
(Craig 1965). This temperature proxy is however challeng-
ing to interpret in coastal areas due to salinity fluctuations
that also have an influence on the shell §'0 through the
seawater value of "0 (5'°0, ), which induces strong varia-
tions in shell §'®0 unrelated to temperature (Sharp 2007).

The ratio of carbon stable isotopes (3C) is generally
more complex to interpret due to several potential fac-
tors of fluctuations in biogenic carbonates such as shells.
Contrary to §'®0, 8"C is not only influenced by environ-
mental parameters, but also with metabolic processes that
differ between species. In bivalve shells, 3°C is influenced
by: the dissolved inorganic carbon (DIC) which is naturally
occurring in seawater; the 3"°C of the food source of the
studied organism; and internal metabolic processes still
not fully understood (Gillikin et al. 2006; Lartaud et al.
2010a; Riera & Richard 1996).

This study uses these isotope ratios as indicators of the
living settings of the Mermian oysters for two purposes.
Firstly, we wish to define if the specimens were trans-
ported at a time during their accumulation. Secondly, we
discuss if they lived in an open marine location or in close
proximity to a river output. A change in the isotopic com-
position of successive generations of shells would indicate
a modification of the living settings for the organisms. We
also compare these data with the isotopic signature of
small bivalves found in the sediment around the ampho-
rae to identify the post-mortem environmental conditions
of the oysters.

Material and Methods

Modern hydrological context

The Mermian site is nowadays located beneath the Hérault
river, which reaches the shore of the Mediterranean Sea
over five kilometres downstream. The Hérault river rep-
resents one of the main reserves of freshwater of the
region, with a mean rate of flow of 50 m?*s~', along with
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periodic flooding of over 400 m*:s~' (http://www.hydro.
eaufrance.fr/). The Mediterranean Sea is a large enclosed
basin with limited water input from the Atlantic Ocean
through the Straits of Gibraltar, which induces a very low
tide (a few centimetres, compared to metric range in the
Atlantic Ocean; McElderry, 1963). This particularity of the
Mediterranean Sea prevents the tidal-influenced flooding
of the lower part of the Hérault river, and salinity is there-
fore kept low across the entire stream. The seawater tem-
perature of this area ranges from 12 to 23°C throughout
the year (www.meteociel.fr). Temperature of the Hérault
water ranges from 13 to 25°C from April to July (www.
naiades.eaufrance.fr) and down to 6°C from December
to February (observations from diving computer; Rivalan,
personal communication). Salinity from measurements
at the Florensac station (located approx. 2 km upstream
Mermian on the Hérault river) is 0.1%o (www.naiades.
eaufrance.fr). The current malacofauna of the Hérault
river reflects that low salinity (e.g., Dreissena, Sinanodonta
woodiana). The mean salinity along the French Mediter-
ranean coastline is 37.5%o.

Specimen preparation
In order to define the living environment of the oysters
and if it changed during the accumulation of successive
generations (such as if the oysters were transported),
multiple specimens (some attached to amphorae and
some attached to pre-existing generations of oysters;
Figure 2a) were analysed to maximize the chances of
obtaining specimens which could have lived in different
environments.

All specimens were cleaned from their surrounding
sediment under tap water. Several specimens of the mussel

Figure 2: Preparation of Mermian oyster shells.
a-b: Oyster shells attached to amphora fragment
with some successive generations (see upper part of
b). c: Oyster shell showing the umbo region of the left
valve. The dashed line represents the cut direction for
a section. d: Section of the umbo region. The arrow
indicates the growth direction on the pristine foliated
carbonate microstructure.
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Mytilaster sp. (rarely holding both valves) were found dur-
ing this process. Oyster shells were then cleaned from epi-
bionts (barnacles) using a Dremel. The umbo region of the
left valves, holding the complete and condensed accumu-
lation of carbonates formed during the entire shell growth
(Kirby, Soniat & Spero 1998; Lartaud et al. 2010b), were
subsequently cut and embedded in Huntsman Araldite
2020 to ensure the physical preservation of the struc-
tures (Figure 2b—c). The umbo regions were cut along
the maximum growth axis (through the middle of the
hinge region to the ventral shell margin). The two result-
ing halves of each umbo were used to make thin sections
and isotopic sampling. Thin sections were used for micro-
scope and cathodoluminescence observations to ensure
the pristine state of the shells and to obtain a seasonal-
scale temporal calibration (Langlet et al. 2006; Mouchi et
al. 2018). Cathodoluminescence observations were per-
formed on a Cathodyne OPEA cold cathode with operating
settings of 15-20 kV and 200-400 pA-mm-~2. Specimens
exhibiting suspicious microtextural patterns were dis-
carded. Intensity of luminescence (in arbitrary units) were
obtain along a continuous transect using the NIH-Image]
software (ver. 1.52a) and high values were considered to
correspond to parts of the umbo formed during summer
periods (Figure 3). More precisely, substantial drops of
luminescence on the profiles were assumed to correspond
to the middle of a winter period. Verification was made on
the pictures (Figure 3a) for each of these assumed posi-
tions, as bias may occur depending on the trajectory of the
selected transect on Image]. In such cases, modifications
of the positions of winter periods were made from visual
observations of luminescent bands. As a confirmation, a
second seasonal calibration method from Kirby, Soniat &
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Spero (1998) was attempted. This technique uses a sclero-
chronological record on the ligamental area in the form
of external convex and concave bands. Unfortunately,
umbos from these specimens did not exhibit the neces-
sary curved surface to conduct such a study.

Isotope measurements

Atotal of 13 specimens were selected from their preserva-
tion state for stable isotope analysis. Successive samples
were collected from the remaining half of the umbo
region (i.e, the half not used for thin section) of each spec-
imen to obtain a minimum of 40 pg of carbonate powder
per sample using a dentist drill with a 0.5 mm burr. Posi-
tions of the samples were chosen to cover the extrema of
cathodoluminescence intensity (i.e, summer and winter
periods) in order to get the maximum amplitude of sea-
sonal temperature contrasts. Cathodoluminescence
seasonal calibration was checked on specimen M2 by
performing isotope analysis on an extended profile. Varia-
tions of 80 follow the seasonal model as expected, with
low and high isotopic values corresponding to high and
low values of cathodoluminescence intensity, respectively.
Note that for specimen M1, 11 samples were collected and
analysed but only eight are in the range of the cathodo-
luminescence analysis of the corresponding thin section.
Juvenile shells could not be analysed due to the extremely
thin foliated calcite available on the umbo region (<0.1
mm thick; Supplementary Information 1) which could not
be sampled without contamination from the resin and the
external edge of the shell. Moreover, a sample from a Myt-
ilaster sp. specimen found in the sediment surrounding
the oyster shells was collected. The very fragile shell of this
species prevented multiple successive sampling following

a

b 160

140

120

100

80

60

40

Luminescence intensity (arbitrary unit)

Distance from start of umbo (mm)

Figure 3: Seasonal calibration of the umbo region of an oyster shell from cathodoluminescence. a: Cathodoluminescence
image of the umbo region of an oyster shell (as shown on Figure 1c). b: Intensity of luminescence (with moving
average) taken from a transect following growth (white line on a). The vertical dashed lines represent the positions of
the winters. This specimen is interpreted to be 8 years old at the time of its death.
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growth structures, and a bulk sampling strategy was used
instead.

Analyses were performed at Sorbonne Université
(Paris, France) using a Kiel IV carbonate device and a
DELTA V isotope ratio mass spectrometer by measur-
ing the oxygen and carbon stable isotopes of carbon
dioxide generated by the dissolution of samples using
anhydric orthophosphoric acid at 70°C (McCrea 1950).
Isotope values are reported in delta (8) notation, relative
to Vienna Peedee Belemnite. Accuracy and precision of
0.08%o (1 o) were determined by repeated analyses of a
marble working standard, calibrated against the interna-
tional standard NBS-19.
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Results
Stable isotopes
Oxygen stable isotope ratios range from —1.55 to 2.14%o
(VPDB) (Figures 4 and 5, Table 1). Multiple comparison
procedure indicates that the range of these values is not
statistically different for all specimens (Tukey test, p > 0.14).
Carbon stable isotope ratios present values between
—1.84 and 0.33%o (VPDB) (Figures 4 and 5, Table 1).
Tukey test does not report statistically different popula-
tions between all specimens (p > 0.84).
Correlations between 0 and 3"C for all specimens,
except specimen M6, are non-significant positive or nega-
tive correlations, depending on the specimens. Specimen
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Figure 4: Carbon (grey diamonds) and oxygen (black squares) stable isotope ratios of specimens M1 to M8 with inten-
sity of cathodoluminescence profiles (in blue, with smoothed signal in red for clarity). The abscissa represents the
positions of cathodoluminescence intensity and isotope samples along the umbo region of each specimen, with
the origin as the apex. The cathodoluminescence profile of specimen M1 passes through chalky structures which
artificially induce high intensity of luminescence unrelated to season. Positions of interpreted winter extrema from
cathodoluminescence are indicated by dashed vertical lines.
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of cathodoluminescence intensity and isotope samples along the umbo region of each specimen, with the origin as
the apex. Positions of interpreted winter extrema from cathodoluminescence are indicated by dashed vertical lines.

Table 1: Stable isotopes from the Mermian oyster shells.

Sample Position (mm) &'3C (%o VPDB) §'®0 (%o VPDB)

M1 5.6 -0.46 -0.12
6.5 -1.01 0.47

8.3 0.00 0.17

10.6 -0.59 -0.56

11.7 -0.61 0.21

12.5 -0.28 -0.50

13.7 -0.22 -0.57

15.3 -0.51 -0.60

M2 26 -1.06 0.70
4.0 -0.76 -0.18

5.7 -0.67 -0.09

7.2 -0.32 1.10

9.0 -0.12 -0.41

9.25 -0.80 -0.29

9.5 -0.36 2.14

9.75 -1.58 -0.14

(Contd.)
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Sample Position (mm) &§'C (%o VPDB) &'®0 (%o VPDB)

M3

M4

M5

M6

10.25
10.5
11.0

11.75

12.25
12.5
13.0
13.5
13.8
14.0
14.5
15.0
15.5

15.75
16.0

16.25
16.5

0.5
1.9
3.4
54
7.8
9.0
10.1
11.6
3.5
43
55
6.7
9.0
9.6
10.7
11.9
13.1
14.0
0.5
13
4.1
0.6
13
4.7
54
6.0
7.8

-0.20
-1.61
-1.84
-1.01
-0.77
-0.80
-1.24
-0.62
-0.88
-1.32
-0.56
-0.55
-0.54
-0.68
-0.58
-0.41
-0.58
-0.19
-0.07
-1.00
-0.07
-0.74
-0.71
-1.44
-0.69
-0.43
-0.58
-0.30
-0.53
-1.19
-0.96
-0.65
-0.54
-1.00
-1.01
-0.27
-0.62
-0.36

0.33
-0.40
-0.72
-1.36
-0.61
-0.11

0.34
0.54
1.17
0.29
0.58
1.96
1.64
0.54
1.17
0.67
0.33
0.23
0.18
-0.04
0.05
-0.20
1.62
-0.12
-0.44
-0.23
0.34
-0.65
-0.21
-0.14
0.89
0.40
0.59
-0.17
-0.06
-0.89
-0.09
-0.31
0.09
0.51
0.59
0.37
0.26
1.70
1.88
0.94
-0.36
-1.35
-0.56
-0.18
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Sample Position (mm) &'3C (%o VPDB) §'80 (%o VPDB)

M7

M8

M9

M10

M11

M12

12
17
39
46
5.7
6.4
8.0
9.0
9.4
1.0
3.1
5.2
56
8.5
9.3
10.4
0.2
12
2.8
42
5.0
6.0
7.1
9.0
10.1
15
47
7.1
8.9
96
10.3
112
0.9
14
18
22
44
76
5.0
6.4
7.5
8.6
8.9
110

-0.33

0.06
-0.60
-1.47
-1.61
-0.72
-1.65
-0.50

0.13
-0.97
-1.05
-1.17
-0.12
-0.58
-0.88

0.22
—-0.05
-1.38
-0.52
-0.04
-0.71
-0.27
-0.38
-1.14
-0.76
-0.43
-0.38
-0.94
-0.61

0.00
-0.65
-0.88
-1.01
-0.97

0.04
-0.07
-0.76
-1.17
-1.07
-1.39
-1.50
-1.11
-0.44

0.28

0.64
1.15
0.15
-0.04
-0.41
-0.91
-1.34
-0.33
0.00
-0.45
-0.79
-0.01
-1.30
—0.46
-0.15
0.54
0.39
-0.82
0.33
0.20
-0.40
-0.02
-0.16
0.12
-0.32
0.42
-0.45
-0.19
-0.13
-0.26
-0.73
-0.32
-0.69
-0.57
-0.04
-0.19
-0.47
0.33
0.55
0.28
0.35
1.26
1.47
1.60
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Sample Position (mm) &§'C (%o VPDB) &'®0 (%o VPDB)

11.7
13.4
14.2
15.5
16.3
17.3
18.4
M13 13

1.9
2.5
3.8
49
6.4
73
8.6
8.9
9.4
10.5
12.0
13.9

M6 presents a significant positive correlation between
%80 and 8°°C (p = 0.03).

The bulk analysis of the Mytilastersp.specimen indicated
a mean 40 of 0.83%o (VPDB) and 8'*C of 0.09%o (VPDB).

Growth rates of oyster shells

The smoothed intensity of luminescence (using a moving
average; Figures 4 and 5) allows the estimation of age
for each specimen at the time of death. The resulting age
models gave lifespans for each individual oyster between
3.5and 9 years. These ages were compared to the total size
of the shell in order to obtain the mean growth rate for
each specimen. The mean shell growth rate for all speci-
mens (Figure 6) follow a linear distribution. The data were
tested for outliers (considering an outlier is more than
three scaled median absolute deviations (MAD) away from
the median) which could be interpreted as a significantly
different growth rate which could be reflecting different
environmental settings. No outlier was detected.

Discussion

The isotopic composition of the shells allows to obtain
information on the living environment of oysters.
Although absolute values cannot be properly compared
between localities due to differences in seawater and
freshwater 80, Figure 7a presents datasets from vari-
ous environments exhibiting characteristic dispersion of
values. In close proximity and influence of a river output,
the freshwater induces a depletion in 80, and thus shell
8'80 as well as occasionally large amplitude of values (ie.,
estuarine from Walther & Rowley 2013; Figure 7a). Alter-
natively, in locations without direct freshwater input such

0.33 0.54

0.20 0.01

0.03 -0.45
-0.51 -0.82
-0.46 -0.82
-0.97 -1.24
-1.70 -1.55
-0.71 0.97
-0.50 0.98
-0.33 0.58
-1.23 -1.03
-0.84 0.00
-0.32 -0.31
-0.05 0.11
-0.39 117
-1.27 -0.40
-0.59 -0.12
-0.88 0.49
-1.08 0.66
-1.03 0.66

as open marine settings, 80 fluctuations are governed
by temperature variations (i.e., marine from Tynan et al.
2014; Walther & Rowley 2013; Figure 7a). The §"*C is how-
ever challenging to interpret. It has been demonstrated
that the carbon isotopic composition from oyster shells
fluctuates with the dissolved inorganic carbon in the
water, the food source and metabolic processes (Gillikin et
al. 2006; Lartaud et al. 2010a; McConnaughey & Gillikin
2008), and the comparison of data from a selection of
publications on Figure 7a (Surge & Lohmann 2008; Tynan
et al. 2014; Walther & Rowley 2013) indeed illustrates the
potential influence of several parameters. Inter-specific
differences cannot be the major factor as Crassostrea vir-
ginica exhibits distinct 8'*C in Florida (Surge & Lohmann
2008) and Texas (Walther & Rowley 2013). Local condi-
tions therefore control the shell §°C, whether from the
dissolved inorganic carbon or the food source. It is known
that particulate organic carbon is generally enriched in *C
(less negative 8'*C) from riverine to marine environments
(Hughes & Sherr 1983; Incze et al. 1982; Riera & Richard
1996). The 95% confidence intervals of the distributions
of the various estuarine datasets in Figure 7a tend to fol-
low this behaviour, with not only larger amplitude of 3"*C,
but also with more negative §"C values associated with
depleted oxygen composition (reflecting lower salinity in
those environments) due to freshwater input, with differ-
ent food source for the oysters compared to marine water.

The shape of these 95% confidence intervals tends to
be a vertically-oriented ellipse with restricted amplitudes
of both isotopic ratios for open marine settings (without
significant correlation between 8™C and '°0; in magenta
and dark blue on Figure 7a), and is a larger-amplitude
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Figure 6: Regression relation between shell length and estimated age from cathodoluminescence profiles. Black dots

correspond to superimposition of two observations.

Surge & Lohmann (2008) Florida, estuarfe
Tynan et al. (2014) Australia, marine
Tynan et al. (2014) Australia, tidal lake
2 Walther & Rowley (2013) Texas, marine
Walther & Rowley (2013) Texas, estuari
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Figure 7: Oxygen and carbon stable isotopes from oyster shells in different environmental settings for distribution
comparison. Each domain from this figure encloses the 95% confidence interval error ellipse of the distribution of
carbon and oxygen isotopes from multiple measurements along the shell of several specimens. a: Selected modern
environments from the literature, corresponding to estuarine and open marine. Estuarine environments corre-
spond to positive correlation patterns (tilted ellipses) while open marine localities present no significant correlation.
b: Mermian specimens. For comparison, the large black dot indicates the bulk isotopic composition of a Mytilaster sp.
shell found in the sediment surrounding the oysters at Mermian.

diagonally-oriented ellipse for estuarine environments
(corresponding to a highly significant positive correlation
between both stable isotope ratios; p < 0.01, in cyan, black
and red on Figure 7a). The shapes of the distributions of
Mermian specimens (Figure 7b) are not as clear as the
other distributions from the literature, although no sig-
nificant correlation has been found on most specimens
between 4°C and §'®0. Most Mermian specimens mainly
correspond to open marine distribution with some speci-
mens showing slightly tilted ellipses (i.e., M6, M7, M9). The
only specimen exhibiting a significant positive correlation
is specimen M6. This specimen was one of those directly
attached to an amphora fragment. Although a definite rel-
ative chronology of the accumulated specimens is impos-
sible due to probably numerous successive generations
of oysters, such position of the specimen should indicate

that it predates at least some other specimens. This is
also the case for specimen M7, which also exhibits a non-
significant positive correlation. This would argue against
the interpretation, by taking in consideration only these
observations, of a change of environment chronologically
from an open marine setting to a closer proximity to a
river output, but rather the opposite. Also, the amplitude
of both isotope ratios are not higher than those of other
specimens, contrary to what is observed in the literature
between open marine and estuarine localities (Figure 7a).

The observed distributions of all Mermian isotopic data
tend to indicate that most specimens did not live in direct
proximity to a river output, as observed for the data pre-
sented in Figure 7a (Surge & Lohmann 2008; Tynan et
al. 2014; Walther & Rowley 2013) and from other data
collected on oyster shells from various coastal areas of
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France (Lartaud, 2007). It is however possible that this can
be due to missing data during low temperature and/or
salinity periods. Indeed, interspecific differences on the
temperature and salinity tolerance may be at play, with
0. edulis unable to build shell increments in lower salinity
settings. This way, no shell carbonate could be sampled for
isotopic analysis to obtain the complete record of the envi-
ronment. This assumption has been advanced by Surge
and Lohmann (2008) to explain the range of 0 of their
specimens, which is lower than expected considering the
large salinity variations observed on site. If O. edulis speci-
mens would have experienced low salinity conditions and
been able to produce shell increments, additional data
would probably be present on Figure 7b at the bottom
left corner of Mermian distributions, where 80 (for low
salinity) and 8'C (for food from continental origin) would
be lower than presently represented, and the distribution
would have a shape of diagonally-oriented ellipse with sig-
nificant positive correlation.

By considering there was no transport of the amphora
fragments (and thus of the oysters), we can reconstruct
temperatures from the 30 of specimens M6 and M12,
which present the largest range of values (Figures 4 and
5), and two possible values of 3'%0_ have to be tested: a
seawater value and an estuarine value. To do this, we used
the equation of Pierre (1999) set up in the Mediterranean
Sea and linking salinity to 80 with salinity values of
37.5 and 22%o for the Mediterranean Sea and a value cor-
responding to the minimum salinity for which O. edulis
can grow (Marteil 1960; His 1968), respectively (see first
section of the Material and Methods). We obtained ™0,
of 1.23 and —2.96%o for the Mediterranean Sea and the
low salinity setting, respectively. Using these values in
the temperature reconstruction model from shell 80 of
Anderson and Arthur (1983), we obtained temperatures
from specimen M6 ranging from 13.3 to 27.5°C and from
—1.0 to 9.6°C for a Mediterranean Sea and a low salinity
setting, respectively, and for specimen M12 from 14.5 to
28.5°C and from —0.2 to 10.4°C for a Mediterranean Sea
and a low salinity setting, respectively. The lower limit of
the Mediterranean Sea interpretation is similar to modern
values (12°C; www.meteociel.fr), but the upper limit is 4 to
5°C higher than modern observations (23°C; www.meteo-
ciel.fr). Lower salinities can overestimate reconstructed
temperatures, but the largest difference compared to
modern values occurs in summer, while flooding from the
Hérault river generally happen during autumn and winter
months. It is also possible that the South of France dur-
ing the 2™ century BC was subject to higher summer tem-
peratures than today, although Luterbacher et al. (2016)
reconstructed similar climate at this time compared to pre-
sent. The values interpreted from the low salinity 60 are
systematically aberrant, which confirm the impossibility
of growth in direct proximity of the river output. Another
test can be performed by considering a mean salinity of
35%o (corresponding to an environment nearby a river
output in the Mediterranean Sea), which, using the same
equations cited above, would give a 50, of 0.55%o and
reconstructed temperatures ranging from 10.7 to 24.3°C
and from 11.8 to 25.3°C for specimens M6 and M12,
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respectively. These values are more in accordance to the
expected temperature range. In absence of transport of
the shells, the isotopic data are thus in direct opposition
to the reconstructed map of the area corresponding to the
27 century BC (Devillers et al. 2015, 2019), which indicates
that Mermian was already a fluvial locality at this period.

A possible explanation to this discrepancy is the hypoth-
esis that the amphorae (and the oyster shells) were trans-
ported to Mermian from a coastal location further South.
Oyster aquaculture, and the related transport of the
amphorae fragments, was the starting point of this study
for it would have provided an appropriate explanation to
the presence of the oyster cluster at this precise location.
Antique sources do tend to indicate that oyster growth
on ceramic fragments had already been observed at that
time (Brien-Poitevin 1996, p. 317 and Bardot-Cambot and
Forest 2013, p. 373-374), but no archaeological evidence
supports that this knowledge was used to get “oysters to
eat” in the way of modern oyster farming (Bardot-Cambot
and Forest 2013). The only elements which can be related
to oyster farming are representations of Ostriaria on glass
vases of Baies (Campania) dating back to the 3 and 4" cen-
tury AD (https://arachne.dainst.org — Cologne University,
objects number 608604, 608598 and 608586), however
the precise function of the wooden structures figured still
remains uncertain (Le., oyster refining structures or real
breeding supports; Bardot-Cambot and Forest 2013, p.
377-378). Moreover, the use of ceramics during the 2™
century BC would be too early as the large consumption
and selling of oysters only started in the few years prior to
the common era in the region (Bardot-Cambot and Forest
2014). Transport for (or due to) aquaculture is therefore
discarded.

Although the apparent large proportion of juvenile
shells amongst the latest generations of oysters (which
could have been interpreted as an environmental change
less favourable for oyster development, such as a river-
ine site), the homogeneity of the isotopic composition
between specimens indicates that all specimens have lived
in the same coastal environment, therefore no evidence
of transport during the growth of the oyster generations
can be found. The growth rate measurements (Figure 6)
also confirm the same environmental conditions, as it
has been shown that local settings induce differences in
growth rates from one locality to another (Lartaud et al.
2010c). Moreover, the bulk sample of Mytilaster sp. also
presents a marine isotopic signature with a positive 3®0
(Figure 7b) which coincides with the known ecology
of this taxon restricted to marine and brackish environ-
ments (MolluscaBase 2019a). Indeed, a freshwater 380
signature would be represented by a strongly negative
value (Pfister et al. 2019) and estuarine environments
would be represented by intermediate values. This tends
to prove that both O. edulis (5'®0 between —2 and 2%o)
and Mytilaster sp. (80 = 1%o) lived by the shore and not
in direct proximity to the river output. The presence of
marine Mytilaster sp. in the sediment directly surround-
ing the amphorae indicates that these bivalves lived there
contemporaneously and probably after the oysters. This
observation implies that these sediments correspond to
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marine (or at least coastal) deposits after the burial of
the amphorae and the oysters. Some Cerastoderma shells
(known to live in brackish and marine environments;
MolluscaBase 2019b) were found in the sediment of the
same stratigraphic unit (Rivalan et al. 2017). It is possi-
ble that these specimens lived in a lagoon and that the
amphorae were transported there. These organisms are
however not able to survive in freshwater, and the inter-
pretation of a fluvial dump site (or bank reinforcement
linked to a ford crossing) is challenged. Moreover, as the
sediment around the oyster shells (and the amphorae) was
very easily removed under tap water also argues against
a transport to a fluvial environment as the consequent
rate of flow of the Hérault river would have washed away
this sediment and the Mytilaster sp. shells. In order to
indicate whether the amphorae fragments were trans-
ported from the shore to a lagoon, a more comprehensive
study of the sediment, involving particle size analysis and
mineralogical assemblage, would be required on sedi-
ment cores in order to note potential changes within the
stratigraphic unit holding the amphorae and the various
bivalve species presented here.

If an anthropic transport of these amphorae has indeed
happened, it appears that these fragments were moved
not only along with the oysters after their death but also
with a substantial amount of surrounding sediment host-
ing the Mytilaster sp. shells (that somehow resisted to the
rate of flow of the Hérault river) and the basalt blocks
from a coastal locality (maybe nearby a river output) to
a lagoon, where the Cerastoderma could be an indica-
tor. No evidence of handling of the amphora fragments
(ie., broken pieces of the ceramics and the shells) were
observed, which tends to refute this hypothesis. The
alternative hypothesis would involve to challenge the
reconstructed geomorphological map (Devillers et al.
2015, 2019) by considering the Mermian site as a coastal
area with the Hérault river reaching the shore at a nearby
location. In any case, no evidence of fluvial settings was
found in the malacological assemblage observed from the
amphora fragments accumulation.

Conclusion

This study presented an application of stable isotopes as
a means to indicate a change in the living environment of
mollusc species attached to amphora fragments. The iso-
tope results are in accordance to the setting reconstruction
from the assemblage. Our results refute the hypothesis of a
transport of these amphorae during the growth of the oys-
ters and contradict the reconstructed geomorphological
map of the area during the 2™ century BC.

The presence of the amphora fragments there remains
to be explained, but it appears that any previous interpre-
tation considering a continental setting (such as landfill
linked to a neighbouring habitat, bank reinforcement
linked to a ford crossing, and river landing) have to be
discarded. Our results indicate a lagoon or an estuarine
setting, with clear marine influence, at Mermian during
the studied period.

Although a definite answer has not yet been pro-
vided regarding the anthropic transport of the amphora
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fragments, this work highlights the benefits of mollusc
shell geochemistry as a tool for palaeoenvironmental
reconstructions when combined with the archaeologic
reasoning in marine and coastal settings.
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