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ARTICLE INFO ABSTRACT

Keywords: Sediments deposited in the lower Argens valley at Fréjus, a well-known Roman Imperial harbor in northwestern
Geoarchaeology Mediterranean, reveal pollutant metal imprints since the Iron Age. Lead, copper and zinc concentrations in

Fréjus sediments above a facies transition from sand (lower) to silt (upper) at 1820-1946 cal. BP (65-130 cal. CE) are

Roman harbor four times higher than in the non-contaminated geochemical background unit at the bottom of the core. These

Pouut,am metals correlated chemical and sedimentological shifts in the ancient marine bay follow the growth of the Augustan city

Lead isotopes [ . . .

Iron Age subsequent to the building of the Roman harbor during the late first century BCE. Trace metal enrichment factors
(calculated from background concentrations) display a slight but significant increase (1.3 to 1.5) in sediments
deposited during the Fréjus protohistoric period, just below the facies transition. This enrichment is corroborated
by mean 2°°Pb/2%7Pb isotope ratios that vary from 1.179 ( + 0.002) to 1.193 ( + 0.002) and 1.202 ( + 0.002)
in the Roman, protohistoric and background units respectively. These findings are the first evidence of pollutant
metal release into the lower Argens ria during the protohistoric period, as far as 2600 years ago. Lead isotope
signatures in the protohistoric sediment layers shed light on several possible geographic origins for ores from
which accumulated pollutant metals may originate. These include copper mines in the Alps or the Languedoc
regions. Cyprus may also be isotopically invoked as a source that is not supported by archaeological findings and

would constitute, if proven true, a new insight regarding metal trades in protohistoric Gaul.

1. Introduction

Fréjus is located in southeastern France, in the distal margin of the
Permian basin of the Argens river (Fig. 1a), at the mouth of an alluvial
Mediterranean delta of which extension evolved according to combined
climatic and anthropogenic interactions during the Holocene
(Bertoncello et al., 2014; Bertoncello and Devillers, 2006; Dubar,
2004). The 114 km long low-sloping Argens river has a watershed of
2500 km?, with mostly non-navigable waters. The Romans took ad-
vantage of Fréjus geographic and geomorphologic assets with the
proximity of the connecting road between Ligurian Italy and the Lower
Rhone valley, the existence of an opened marine bay and a sandstone
promontory that protects the city from riverine flooding (Bony et al.,
2011; Chevallier, 1998; Devillers et al., 2007; Excoffon et al., 2006;
Gébara and Morhange, 2010) to establish Forum Iulii during the first
century BCE. (Gascou, 1982; Gascou and Janon, 1985). The foundation
of Forum Iulii would not be older than 49 BCE, when a Forum was

established by Jules Cesar (Brun, 1999; Duval, 1971; Gascou and Janon,
1985). Historical and epigraphical sources suggest that Fréjus acquired
the status of Roman colony with Octavius around 30 BCE (Christol,
2015; Gascou, 1982) with the establishment of legion veterans, not long
after the arrival of the captured Mark Antony fleet after the defeat of
Actium in 31 BCE. The development of Forum [ulii is described by many
archaeological studies (building remains, soundings, geophysical pro-
spection, artifacts, excavations) (see references in Gébara, 2012;
Pasqualini, 2011; Rivet et al., 2000).

While the Roman colony has left numerous archaeological imprints
and has clearly modified the local geomorphology, there are much
fewer indications of occupation at Fréjus itself during the Iron Age
(between the VIIIth and the Ist century BCE.) (Bérato et al., 1991; Brun,
1999; Excoffon et al., 2010a; Rivet et al., 2000). Some protohistoric
remains were found in the Saint-Antoine hillcock (portion of a wall
associated to pre-roman pottery) (Rivet et al., 2000) but they are too
scarce to identify an occupation of some importance at Fréjus before the
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Fig. 1. a) Geographical location of Fréjus and Cu mining
sites that are described in the text; b) Palaeogeographical
reconstruction of the lower Argens valley during the second
Iron Age and the Augustan period (from Bertoncello et al.,
2014) with the location of FIX sedimentary core in Fréjus
Roman harbor and of the Escaravatiers Iron Age settlement.
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founding of the Forum Iulii. On the contrary Iron Age occupation is well
evidenced outside of Fréjus in the Argens valley, about 10-30 km up-
stream from the delta (Bérato and Magnin, 1989; Bérato et al., 1990;
Bérato et al., 1991; Bertoncello, 1999, 2005; Pellissier, 2006). Proto-
historic habitats were identified within 15 km of Fréjus at the Arc-sur-
Argens, Roquebrune-sur-Argens and Le Muy (Brun, 1999). The closest
and most developed settlement (1,5 ha) is located at Puget-sur-Argens,
at the Escaravatiers Highs, 3 km north of Fréjus (Fig. 1b). It was oc-
cupied from the end of the VIth c. BCE to likely the first quarter of the
Ist c. BCE (Fiches et al., 1995). The quantity and quality of the ar-
chaeological remains recovered by field survey on the site and its
continuous occupation for more than 4 centuries, suggest that it was
one of the major settlements in this part of eastern Provence during the
Iron Age, although its exact form and function remain unknown as no
archaeological excavation was conducted on the site. At the time of its
occupation, the site may have been only a few kilometers away from
the seashore (Fig. 1b; Bertoncello et al., 2014; Devillers and Bonnet,
2006; Dubar, 2004; Fiches et al., 1995). Paleoenvironmental proxies
also reveal protohistoric occupation along the Argens river in the lower
valley, meanwhile, no archaeological evidences have been found in the
ancient alluvial delta, possibly owing to erosion or sedimentary burying
due to prograding processes (Bertoncello et al., 2008, 2014; Provansal
et al., 2006).

Nowadays, the chronology of Fréjus foundation and the growth of
the initial Forum and the Colony are acknowledged, meanwhile, the
initial operating of the harbor remains uncertain. This is in part due to
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its layout in a opened marine bay as shown by paleoenvironmental
results that include sedimentology, granulometry, palynology and
fauna assemblages records among others (Bertoncello et al., 2014; Bony
et al.,, 2011; Devillers et al., 2007; Excoffon et al., 2010a, 2010b;
Excoffon et al., 2016). As such these investigations aim at defining the
paleogeographical evolution of the shoreline in relation to land occu-
pation, marine dynamics and riverine progradation since the Neolithic
period and the landscape that existed at the foundation of the city
during the first century BCE (Bertoncello et al., 2014; Bony et al., 2011;
Devillers et al., 2007; Excoffon et al., 2006; Gébara and Morhange,
2010).

The foundation and development of Ancient cities is usually asso-
ciated with the accumulation of pollutant metals into nearby soils and
sediments owing to aerosol deposition and water run-off particle dis-
persion from forge/metallurgical activities as shown in several coastal
lagoons and harbors during the Antiquity (Delile et al., 2014; Elmaleh
et al., 2012; Le Roux et al., 2003, 2005; Stanley et al., 2007; Véron
et al., 2006; Veron et al., 2013). Metals may not only be complementary
markers of Forum Iulii growth but also of protohistoric human activities
in the lower Argens valley. Indeed, protohistoric sepulchers and habi-
tats have divulged a few metal artifacts, mostly bronze made, that in-
cluded jewels, coins and weapons (Bérato et al., 1991; Brun, 1999;
Excoffon et al., 2010a, 2010b; Fiches et al., 1995) suggesting the use of
copper (Cu) ingots and/or local forges that may have left imprints in
soils and sediments of the valley.

Here we propose to investigate pollutant metal accumulated within
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the Roman harbor of Fréjus as indicators of human activities to discern
chemical imprints of the city growth and nearby protohistoric activities.
While trace metals are found enriched in many Ancient harbors, mi-
neralogical and sedimentological variations may partly conceal an-
thropogenic imprints, most particularly when metal enrichments are
faint. In such case, ratios of stable lead (Pb) isotopes have been found
efficient to evidence the use of metals and/or smelting technologies in
Mediterranean harbors (Delile et al., 2014; Le Roux et al., 2003, 2005;
Veron et al., 2013). There are 4 stable Pb isotopes, 2°*Pb, 2°°Pb, 207pb,
208ph, the last three being end-members of the natural Uranium (U)-
Thorium (Th) decay chains. As such, the relative amount of these iso-
topes varies in different Pb and Cu ores according to the initial Th and U
concentrations and the age of the ore bodies (Doe, 1970). Crustal Pb
deposits found in marine unconsolidated sediments originate from
natural geological erosion and display specific isotopic imprints that are
different from those of ores. Not only Pb isotope imprints allow to
discriminating the crustal (“natural”) and ore (“anthropogenic”) origin
of Pb encountered in sediments, but they also provide insights on the
geographic origin of ore bodies from which accumulated metals have
been mined (Brill and Wampler, 1967; Gale, 1999, 2001; Gale and Stos-
Gale, 1982, 2000; Philip et al., 2003; Sayre et al., 2001; Spooner and
Gale, 1982; Stos-Gale et al., 1997; Véron et al., 2012, 2013). Pb (and
most other metal contaminants) is proven immobile once deposited and
buried into marine sediments, as shown with the comparison of Pb and
its corresponding stable isotope imprints in *'°Pb/**C dated cores to
atmospheric time series and/or specific deposition events, and there-
fore is an efficient marker of past anthropogenic activities as revealed
from well-dated levels (Ferrand et al., 1999; Miralles et al., 2006; Véron
et al., 2006; Angelidis et al., 2011). As such we expect to chemically
characterize (1) the development of the Roman city and most particu-
larly of its harbor and (2) the impact of protohistoric communities,
owing to the release of metals and corresponding isotope markers into
their nearby environment.

2. Methods

We have chosen to investigate chemical markers from a core col-
lected within the ancient harbor of Forum Iulii, at the bottom of the
Saint-Antoine hillcock promontory (Fig. 1b), as part of the ANR pro-
gram Paleomed. This 9 m core (FIX) was sampled along with two other
sedimentary cores by Bony et al. (2011) in order to answer two main
paleoenvironmental questions, i.e. the genesis and evolution of the
Roman harbor in relation to riverine and/marine progradation and how
natural coastal constraints and hazards have impacted upon the harbor.
Combining archaeological and geomorphological data the authors re-
constructed paleogeographic and chrono-stratigraphic evolution of the
marine bay (Bony et al., 2011). A detailed stratigraphic log of the core
can be found in Bony et al. (2011). Briefly, FIX sediment core is

Table 1
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characterized by two main lithologic units including coarse sands
(9.1-6.8 m) and silts (6.8 m and above) that suggest different sediment
deposition dynamics. The transition from sand to silt facies sediments at
6.8 m (1820-1946 cal. BP) also corresponds to a biostratigraphic shift
from subtidal and benthic marine macrofauna to ostracod (Cyprideis
torosa) dominated lagoonal biocenoses (Bony et al., 2011). This sudden
change from a protected marine cove to an euryhaline open lagoon is
seen within the three sediment cores collected in the harbor basin
(Bony et al., 2011). This paleoenvironmental shift may be linked to the
layout of the port infrastructures, although the chronological span
given by the radiocarbon date is too wide to precisely date the building
of the Roman harbor (120 cal BCE-60 cal CE, Bony et al., 2011). Fol-
lowing this transition, Bony et al. (2011) evidence several storm events,
progradation of the Argens river and subsequent landlocking of the
harbor that may have led to anthropogenic dredging of the basin, as
suggested by the lack of sediment deposition record during the first
centuries CE. Here we shall focus our chemical investigation on core
FIX around (1) the transition from sand to silt facies at
1820-1946 cal. BP as identified by Bony et al. (2011) and (2) the se-
diment record at the bottom of the core in order to detect any an-
thropogenic imprint that may have predated the founding of Forum Iulii.
A total of nine '*C dates were measured at Poznan Radiocarbon la-
boratory in Poland. Age calibration was performed using Oxcal V3.10
with IntCal04 (for wood, grains, continental organic matter) and
Marine04 (for marine shells, posidonia). 14¢ age model for sediment
deposits are presented in cal. BP. (calculated Before Present, i.e. before
1950, prior to the atmospheric dispersion of *C from nuclear tests).
More details regarding the stratigraphy of core FIX can be found in
Bony et al. (2011).

Sediments were subsampled from core FIX of which exact location
in Fréjus harbor basin and sedimentological description can be found in
Bony et al. (2011). About 50 mg of each sample were dissolved with
concentrated acids (HCl, HNO; and HF) at 130 °C. A fraction of the
digested sediment was diluted in 1% HNO3; before Pb, Cu (copper), Zn
(zinc) and Ti (titanium) analysis by Inductively Coupled Plasma Mass
Spectrometry (ICPMS Perkin Elmer Nexlon 300X) at CEREGE. Total
blanks accounted for less than 1% (Pb, Ti) and 5% (Cu, Zn) of measured
amounts. Analytical precision was below 3% for all measured elements.
Metal concentrations are shown in Table 1 and Fig. 2 with corre-
sponding depths and calibrated ages determined from '“C dating (see
Bony et al., 2011). Stable lead isotope ratios were determined by Multi-
Collector Inductively Coupled Plasma Mass Spectrometry (MC-ICPMS
Isoprobe) at GEOTOP (University of Quebec at Montreal) on the other
digested sediment fraction following AG1X8 resin extraction as de-
scribed in Manhes et al. (1978). Isotopic ratios were normalized to
multiple measurements of the NBS981 standard (Doucelance and
Manhes, 2001). Long-term reproducibility assessment from internal
standard measurements was better than 0.03% for all reported Pb

Trace metal concentrations (ug-g~ ' or ppm) and enrichment factors (EF) for sediment deposits of core FIX with depth (m) and corresponding ages (years cal. BP). Note that trace metal

concentrations are missing for samples FIX28 and FIX46.

Sample. Depth Age Ti Pb Cu Zn EFr; (Pb) EF7; (Cu) EFr; (Zn)
Ref. (m) (cal. BP) (ppm) (ppm) (ppm) (ppm)

FIX12 3.1 181 2496 91.5 28.6 109 3.0 3.6 2.4
FIX21 4.5 754 2205 94.6 44.7 118 3.5 6.2 2.9
FIX32 6.3 1879 2426 102 23.9 92.0 3.4 3.0 2.0
FIX33 6.4 1857 1858 65.9 14.7 45.0 2.9 2.4 1.3
FIX36 6.8 2027 2101 35.1 8.74 40.0 1.4 1.3 1.0
FIX39 7.1 2162 1849 24.7 8.25 44.9 1.1 1.4 1.3
FIX40 7.2 2207 2085 329 10.0 48.1 1.3 1.5 1.2
FIX43 7.6 2342 1013 17.1 6.48 40.0 1.3 1.9 2.1
FIX47 8.4 2628 1479 15.9 3.95 25.5 0.9 0.8 0.9
FIX49 8.6 2718 1364 19.3 5.64 30.5 1.1 1.3 1.2
FIX52 8.9 2815 1814 18.6 5.30 30.8 0.8 0.9 0.9
FIX54 9.1 2907 772 12.8 2.57 13.2 1.3 1.0 0.9
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Fig. 2. Trace metal concentrations (Cu-open circles; Pb-dark closed circles; Zn-grey closed
circles) with depth (m) in core FIX. The sand to silt “facies transition” grey unit is defined
in core FIX from Bony and al. (2011) paleoenvironmental study. The “background” grey
unit is defined from trace metal concentrations measured in the core as part of this study.

isotopic ratios. Because of their precision and sensitivity 2°°Pb/?°’Pb
ratios have been very much used in the literature and shall be presented
in our discussion. Taking into account the analytical precision and the
observed natural variation in 2°°Pb/2°’Pb isotope ratios, differences
above 0.2% (an order of magnitude above the analytical precision) may
be considered geochemically significant to discuss isotope-based shifts
in anthropogenic and/or crustal sources. Ratios of stable Pb isotopes are
shown in Table 2 and Fig. 3. Ti was used as crustal reference to cal-
culate Enrichment Factors (EF) for each metal (Me) as the ratio of Me/
Ti in each sample to that of a defined “natural” background in the core
(see De Vleeschouwer et al., 2007, 2009; Shotyk et al., 2002 for more
details regarding the use of Ti as crustal reference). This background is
defined with the less likely contaminated samples for concentrations
and stable lead isotope ratios. The degree of contamination relies on EF
values: with EF close to 1, there is no enrichment versus the crustal
contribution, with EF < 3, a minor enrichment may be considered,
while EF > 5 are indicative of a significant non-crustal input of exo-
genous metal, likely due to anthropogenic activities (see Py et al., 2014;
Veron et al., 2013 for archaeological relevant application). EF for Pb,
Cu and Zn are presented in Table 1 and Fig. 3.

3. Metal enrichments in sediment deposits

A well-defined decreasing trend is evidenced for trace metal content
(Tab. 1, Fig. 2) with concentration ranging between 95-16 ppm,
45-2.6 ppm and 118-25 ppm for Pb, Cu and Zn respectively. These
anthropogenic markers display a sharp significant decrease at
6.2-6.4m into the core (student t-test p < 0.05) with mean con-
centrations varying from Pb=87.6 = 19.3 ppm, Cu=32.4 + 10.9
ppm, Zn =106 + 13 ppm at the surface (intermediate bracketed values
in Fig. 2 are not taken into account for Pb and Cu mean calculations) to
Pb = 22.8 = 8.5ppm,Cu = 6.4 = 2.5ppm,Zn = 35.3 = 11.3 ppm
below the interface between marine sands and silt deposit facies (Fig. 2)
as identified by sedimentological and fauna assemblage at 6.4-6.6 m
depth in core FIX (Bony et al., 2011). This concentration change at
1820-1946 cal. BP may result from the building of the Roman harbor
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Table 2
Pb isotopic ratios in core FIX with depth (m) and corresponding ages (years cal. BP).

Sample. Depth Age 206pp/207ph 208pp, /206t 206pp/204ph
Ref. m cal. BP

FIX12 3.1 181 1.1788 2.0880 18.462
FIX21 4.5 754 1.1781 2.0907 18.450
FIX28 5.8 1323 1.1768 2.0936 18.416
FIX32 6.3 1879 1.1832 2.0850 18.538
FIX33 6.4 1857 1.1781 2.0886 18.440
FIX36 6.8 2027 1.1922 2.0832 18.682
FIX39 7.1 2162 1.1937 2.0788 18.702
FIX40 7.2 2207 1.1941 2.0786 18.732
FIX43 7.6 2342 1.1953 2.0745 18.742
FIX46 8.2 2583 1.1911 2.0795 18.661
FIX47 8.4 2628 1.2049 2.0764 18.896
FIX49 8.6 2718 1.2007 2.0754 18.838
FIX52 8.9 2815 1.2012 2.0776 18.841
FIX54 9.1 2907 1.1997 2.0813 18.828

and the growth of the Augustan city. This result is consistent with local
paleoenvironmental reconstructions (Bony et al., 2011) and proposed
dating of the oldest harbor infrastructures (Gébara and Morhange,
2010). There is a more subtle trend below this transition (student t test
p=<0.05), at 8m, with mean concentrations shifting from
Pb = 30.9 + 5.5ppm, Cu = 8.4 * 1.5ppm, Zn = 43.6 * 3.5 ppm
above 8m to Pb=16.7 = 3.0ppm, Cu=4.4 + 1.4ppm,
Zn = 35.0 = 8.2 ppm below (Fig. 2). The deepest least concentrated
fraction (below 8 m) may be considered as the geochemical background
of the core with little or no contaminated particles (Fig. 2). The mean
background value calculated for Pb (16.7 + 3.0 ppm), a highly sensi-
tive and well-monitored anthropogenic marker, is within the expected
crustal concentrations measured in non-contaminated sediments from
coastal Western Mediterranean areas (13-20 ppm; Ferrand et al., 1999;
Miralles et al., 2006; Roussiez et al., 2005).

The use of trace metal concentrations alone may be ambiguous
because of natural variations resulting from changes in the miner-
alogical content of the sediment core. This uncertainty can be partly
overcome with Enrichment Factors (EF) normalization and the use of a
naturally occurring element (Ti) as described in the "Methods" section.
We calculate EFs for Pb, Cu and Zn from mean concentrations measured
in the background section below 8 m as defined previously (Figs. 2 and
3) with Ti = 1354 + 428 ppm, Pb = 16.7 * 3.0 ppm, Cu = 4.4 +

1.4 ppm and Zn = 35.0 = 8.2 ppm. Taking into account the standard
deviation of these mean concentrations, we consider no contamination
enrichment in sediment deposits with EF below 1.2 (Fig. 3). EFs are
consistent with concentration trends, and are significantly (student t-
testp < 0.05) above unity in the silt facies unit, down to the transition
area at 1820-1946 cal. BP. (Fig. 3). Mean EFs shift from 3.2 + 0.3
(Pb), 3.8 + 2.8 (Cu) and 2.1 + 0.7 (Zn) in the top silt facies unit to
1.3 £ 0.1 (Pb), 1.5 £ 0.1 (Cu) and 1.4 = 0.4 (Zn) in the sand facies
unit, just above the background. It should be noticed that EF differences
are statistically significant for Pb and Cu (student t-test p < 0.02) be-
tween the silt and the sand facies, but not for Zn (p = 0.1) owing to
substantial standard deviations for mean concentrations of the latest.
Trace metal concentrations and corresponding EFs not only suggest a
significant anthropogenic imprint starting at 1820-1946 cal. BP in
Fréjus, supposedly related to the development of the Roman harbor and
the Augustan city, but also suggest a protohistoric imprint between
2000 and 2350 years cal. BP (Table 1, Figs. 2 and 3). Using con-
centrations one may calculate the anthropogenic fraction (Me,) for each
enriched metal as followed:

Me, = [Mes; — Tig(Me/Ti),]

With Me; and Ti; being the amount of Me and Ti in the sample,
while (Me/Ti), is the ratio of Me to Ti in the background unit. The
excess anthropogenic fraction in the well-established Roman harbor is
40-70 ppm (Pb) and 9-16 ppm (Cu) while it reaches 2-9 ppm (Pb) and
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Fig. 3. Trace metal enrichment factors (EF) and
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2-3 ppm (Cu) in the protohistoric sediment layers. Pollutant metal ac-
cumulation in the Roman harbor largely exceeds that during the pre-
ceding Iron Age as expected from previous findings in Mediterranean
Ancient harbors (Le Roux et al., 2003, 2005; Véron et al., 2006).
Meanwhile, Pb enhancement between the two periods (5-35 times) is
much larger than that for Cu (3-8 times) suggesting a largest pa-
leoenvironmental contamination than expected during the proto-
historic period for Cu.

The choice of a given crustal reference may affect EF values de-
pending on the mineralogical content of the core (Huisman et al.,
1997). Here Ti may be influenced by Ti rich minerals such as rutile,
ilmenite or titanite, particularly in fined silt sediments as those en-
countered in the contaminated top core unit above the
1820-1946 cal. BP transition. Such Ti enrichment would lower EF cal-
culated in this top unit, and therefore our EF estimates would then be
minimal, suggesting an even larger contamination impact from the
Roman city, and therefore greater enrichments versus the protohistoric
levels. In order to confirm and investigate more thoroughly chemical
imprints during the Iron Age, we have analyzed other chemical mar-
kers, stable Pb isotope ratios, that are very efficient to evidence metal-
associated anthropogenic activities as explained in the “Introduction”
section.

4. Isotopic evidence of protohistoric imprints

Lower concentrations at the bottom of FIX core, within the geo-
chemical background unit, are consistent with more radiogenic Pb iso-
topic imprints (mean 2°°Pb/2’Pb = 1.202 = 0.002 at 8.4-9.1 m, FIX47
to 54) (Table 2, Fig. 3) that are similar to those from non-contaminated
sediments in the Western Mediterranean (Angelidis et al., 2011; Ferrand
et al., 1999; Miralles et al., 2006). Isotopic ratios confirm the choice of
the geochemical background based on concentration alone. Cu and Pb
ores (and artifacts made of) generally produce less radiogenic isotope
signatures, i.e. lower 2°°Pb/2°’Pb ratios (see ref. in Veron et al., 2013).
The 2°°Pb/2%7Pb ratios display a significant trend in the core (student t-
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test p < 0.002) from (A) 3.1-6.4m (t < 1850yearscal. BP)
(mean 206p,/207ph = 1.179 + 0.002), to (B) 6.8-8.2m
(2027 < t < 2583 years cal. BP) (mean 2°°Pb/?*’Pb = 1.193 + 0.002)
and © 8.4-9.1m (t > 2628 year cal. BP) (mean
206ph,/297ph = 1.202 + 0.002). These three geochemical units are
consistent with the sedimentological-fauna based facies units observed
by Bony et al. (2011) and trace metal concentrations measured in core
FIX (Fig. 3). Unit (A) closely fits within the well-identified silt unit while
(B) and (C) correspond to sub-units we have identified in the marine sand
facies, i.e. the protohistoric imprint and the geochemical non-con-
taminated background. Mean 2°°Pb/2°’Pb ratios confirm the occurrence
of a protohistoric imprint in Fréjus ancient bay, between approximately
2000 and 2600 year cal. BP. From these results we may infer that pro-
tohistoric occupation contributed to the release of pollutant metals into
the lower Argens delta during the second Iron Age, prior to the founding
of Forum Iulii. These significant geochemical imprints likely result from
the use of metal ingots and forges rather than ore treatment since no Cu
or Pb mines and metallurgical relics have been found within 50 km of
Fréjus (Brun, 1999; Pages, 2008). The dispersion of such contamination
into Fréjus marine bay could result either from local aerial dispersion
and/or run-off from protohistoric settlements located on highs or along
opened coastal lagoons nearby the coastline during the Iron Age
(Fig. 1b). Additional archaeological and paleoenvironmental investiga-
tion are needed to ascertain the role of the Escaravatiers site and/or
reveal further Human occupations within the lower valley during the
protohistoric period.

The remarkable correlation between Cu, Zn and Pb concentration in
sediments suggest a polymetallic ore source of which geographic origin
may be investigated thanks to the use of Pb isotopes. Meanwhile, such
geographic determination in unit (A) would be very uncertain owing to
the lack of sediment deposits (possibly due to harbor dredging; Bony
et al.,, 2011; Morhange and Marriner, 2010). Considering the proto-
historic period (unit B), we only did take into account Cu mine sources
owing to (1) the significant occurrence of Cu artefacts (and the lack of
Pb ones) in regional Iron Age settlements (Fiches et al., 1995; Rivet
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Fig. 4. 2°°Pb/2°°Pb versus 2°°Pb/?°’Pb isotopic data plot (open squares) with possible
matching ore imprints from Cyprus, Alpine, Languedoc (circled light gray) and Cycladic
(circled dark grey) geographic sources (see details in text). Note that modern and Roman
(< 1900 years cal. BP) and background (> 2600 years cal. BP) deposits are circled
opened squares. Other samples belong to the enriched protohistoric unit (B) as described
in the text.

et al., 2000) and (2) the fact that excess anthropogenic Cu is less than
ten times more enriched in the Roman harbor as compared to the
protohistoric levels, suggesting the use of Cu forges during the proto-
historic period to explain the contamination of the valley to such de-
gree. Pb isotopes allow to investigating the geographical origin of Cu
ingots used for bronzes and native Cu-artifacts (Brill and Wampler,
1967; Gale, 1999, 2001; Gale and Stos-Gale, 1982, 1986, 2000; Stos-
Gale and Gale, 2009; Knapp, 2000; Scaife, 1997) of which imprints are
recorded from Fréjus ancient bay sediments. Isotopic mixing between
natural and various ore sources enable to identifying possible geo-
graphic origins in 2°°Pb/?7Pb vs. 2°°Pb/2%°Pb isotope plots (Fig. 4).
Here we show that the most relevant possible Cu mine origin, based on
Pb isotopes, for the sediments deposits during the protohistoric period
in the marine sand unit (B) is either from the Alps (Roua and Saint
Veran), the Languedoc region (Cabriéres) (Fig. 1a) and/or the Limni-
Solea district of Cyprus and the island of Siphnos (Cyclades) in eastern
Mediterranean. The regional Cu mines of Roua and Saint Veran located
in the Southern French Alps, about 150 km and 280 km north of Fréjus
respectively, are among the mines that comprise easily extractible na-
tive Cu in the Alps. Along with Cabriéres mines, there are among the
very few known metallurgical Cu sites in southern Gaul during the
protohistoric period. Their contribution to Cu ores production in the
Mediterranean is negligible as compared to that of the Iberian or Cyprus
regions. All of these mines in the Alps, the Languedoc, Cyprus and the
Cyclades have been quarried at least since the Bronze Age (Ambert,
1999; Bourgarit et al., 2008, 2010; Cattin, 2008; Chalkias et al., 1988;
Domergue et al., 2006; Espérou et al., 1994; Gale and Stos-Gale, 1985,
1986, 1999; Gale et al., 1981, 1997; Hamelin et al., 1988; Mari, 2002;
Prange and Ambert, 2005; Rostan and Mari, 2005; Spooner and Gale,
1982; Stos-Gale and Gale, 1994; Stos-Gale et al., 1996, 1997; Web et al.,
2006) and therefore their ingots could have contributed metal imprints
and associated enrichments found in protohistoric sediment deposits at
Fréjus. Several uncertainties are associated with the use of Pb isotope
ratios to determine the geographic Cu and Pb ore provenance based on
Pb isotope ratios that include (1) ore deposit heterogeneity, (2) isotopic
fractionation during metallurgical processes and (3) recycling and
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Fig. 5. 1/Pb versus 2°°Pb/2°’Pb ratios plot with linear curve fits between the background
unit (open squares) and (B) the protohistoric period (circled grey closed squares). The
Roman and modern period (A) is shown in dark closed squares.

pooling of re-smelted metal artifacts. Isotopic fractionation on Pb iso-
tope ratios from smelting operation is generally below 0.2% (Barnes
et al., 1974; Stos-Gale and Gale, 2009) and therefore shall not impede
our conclusions. Unfortunately much fewer data are available for the
Alpine and Cycladic Cu mines considered for this study (Cattin, 2008).
Possible geographic mine fields do not overcome the protohistoric
Fréjus data set (Fig. 4) owing to the contribution of Pb from both Cu
ingots and crustal (background) origin. In order to correct this back-
ground contribution and verify our isotopic-based provenance de-
termination we combine Pb concentrations and corresponding
206ph /207ph ratios as shown in figure 5 where mixing lines are drawn
between the geochemical background data points and measurements in
unit (B) (protohistoric period):

(B) y = 1.188 + 0.189x with correlation factor r = 0.71 where
x = 1/Pb and y = 2°°Pb/2°Pb

The intersect between linear curve fit (B) and the y-axis (1/Pb)
provide the best possible estimate on the mean signature of the an-
thropogenic sources (and mix thereof) that contributed to the mean
206ph,/207ph  ratio measured in  the sediment unit, i.e.
206pp /207ph = 1.188 (Fig. 5). We determine a maximum uncertainty of
0.5% on this isotopic ratio by adding the standard deviations of the
mean 2°°Pb/2’Pb ratios measured in the sedimentological units. Con-
sidering this uncertainty, we calculate an anthropogenic imprint range
for unit B = 1.182-1.194 that remains consistent with the considered
mine sources with the exception of Siphnos, in the Cyclades (Fig. 4). It
should be noted that the distribution of data for unit (A) (Roman and
modern) in Fig. 5 suggests multiple source imprints as evoked in the
previous paragraph. The Alpine origin for copper ingot is consistent
with archaeological findings regarding known mines-related econom-
ical exchanges since the Bronze Age in southeastern France (Bailly-
Maitre and Gonon, 2008; Cattin, 2008; Leveau, 2016; Pages, 2008).
Furthermore, the few investigated tombs in Fréjus region have provided
cultural insights that link protohistoric settlements to other regional
and northern Alpine cultures (Bérato et al., 1991; Excoffon et al.,
2010a, 2010b). The Languedoc source is geochemically less likely as-
suming its very low Pb content (generally below 0.01%) that would
limit its detection in environmental samples and would not be
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consistent with the correlation found between Cu and Pb in sediments.
Although coherent with isotope imprints and their known polymetallic
characteristics, the Cyprus eastern Mediterranean source for proto-
historic Cu found at Fréjus remain a chemical assumption that is not
supported by any archaeological evidences and therefore should be
considered with caution. Further isotopic analyses on regional Cu ar-
tefacts may help resolve this issue and possibly bring new insights on
metal trades in southern Gaul during the Iron Age.

5. Conclusions

Here we take advantage of the well described and dated pa-
leoenvironmental findings from Fréjus, one of the main Roman harbors
in the Western Mediterranean, in order to investigate geochemical
imprints associated with the onset of the Roman city and preceding
protohistoric occupation. Trace metal concentrations and corre-
sponding isotopic imprints unmistakably show not only the geochem-
ical impact of the development of the harbor and Augustan city, in
excellent agreement with other paleoenvironmental findings, but also
new protohistoric imprints prevailing the establishment of the Roman
colony. Pb isotopes are proven useful to discern human activities during
the Iron Age in the Argens delta. Further archaeological and pa-
leoenvironmental investigations are needed to estimate the importance
of metallurgical activity during the Iron Age in this area, and most
particularly that of the Escaravatiers protohistoric settlement, as well as
the dispersion, transport and deposition modes of pollutant metals into
local coastal sediments. Pb isotope analyses suggest several geo-
graphical ore sources (Alps, Languedoc, and eastern Mediterranean)
that may have contributed to pollutant Cu accumulated within proto-
historic sediment deposits. The isotopic analysis of copper-made arti-
facts found in nearby Iron Age settlements should help better ascertain
the geographical origin of the ores from which metals were extracted
and bring insights into metal forges and trades in the lower Argens
valley during the protohistoric period.
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