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Abstract

Lead concentrations and isotopic compositions were determined on both bulk sediments deposited in the Thau
lake in southern France during the last 200 years, and leachates derived from a series of sequential leachings of the
sediments, making it possible to identify the sources, natural (i.e. indigenous lithologic) or anthropogenic, and to
quantify the different inputs of Pb.

Two distinct inputs of Pb could be distinguished. One of these corresponds to the terrigenous material entering
the basin, representative of the local natural Pb ‘background’. Its supply remained steady most of the time with
206pp297ph ratios of 1.200 + 0.003, except at the time of heavy storms producing voluminous and sudden
depositions, such as that of September 1875. This Pb supply is mainly hosted by the detrital silicate fraction of the
sediments. The second Pb input is a direct consequence of anthropogenic activities of various industrial and
domestic emissions in the region, particularly due to the city of Séte and, to a lesser extent, to the villages in the
watershed. The 2°Pb/*"Pb ratios of this input are of 1.142—1.162. The Pb added to gasoline could also be identified
in the uppermost sediments, because of its specific 2°°Pb/>*’Pb ratios of 1.069—1.094. The leaching experiments also
showed that the anthropogenic Pb is mainly hosted by the oxi-hydroxides of the sediments and to a lesser extent by
the carbonates. It may also be adsorbed on particle surfaces, while only limited amounts are bound to organic
matter. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction
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Fig. 1. Map of the Thau basin with the sampling locations.

not helpful to detail the impact of anthropogenic Pb in
such varied ecosystems, as concentrations by them-
selves cannot elucidate the origin of the Pb. Accurate
identification of specific contamination is often diffi-
cult, but Pb isotope geochemistry can provide crucial
information (1) on identification of the Pb provenance
(e.g. Doe, 1970; Kramers and Tolstikhin, 1997 and the
special 1994 issue of Geochim. Cosmochim. Acta dedi-
cated to Clair C. Patterson), and (2) on broad defi-
nition of the classes of pollutant products. For
instance, it has been demonstrated that present-day
anthropogenic Pb can be divided into two generic

groups in Western Europe: leaded gasoline and the Pb
emitted by industrial plants (Elbaz-Poulichet et al.,
1984, 1986; Hamester et al., 1994; Monna et al.,
1997b; Sudgen et al., 1993). Both are significantly
different from local bedrock signatures, because the
anthropogenic Pb generally derives from remote ore
deposits characterised by low radiogenic signatures.

In the natural ecosystem of the Thau coastal basin,
part of the Pb incorporated in the sediments derives
from outcropping soils and rocks, and any remaining
Pb results from various anthropogenic sources such as
the anti-knock agent added to gasoline, industrial and
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Table 1

PDb isotopic compositions of the untreated bulk sediments

Depth (cm)  2%Pb/?%Pb 20 207pp2%py 26 208pp204pp 26 206pp207pp 26 208pp2%pp 26

Core Cl
0-1 18.290 0.006 15.612 0.007  38.23 0.02 1.1716 0.0001  2.0902 0.0003
1.0-2.2 18.362 0.003 15.673 0.003  38.50 0.01 1.1717 0.0001  2.0968 0.0003
22-34 18.411 0.005 15.679 0.005  38.53 0.01 1.1742 0.0001  2.0929 0.0003
3.4-4.6 18.417 0.003  15.637 0.003  38.44 0.01 1.1780 0.0001  2.0871 0.0002
4.6-5.8 18.409 0.005  15.630 0.005 3845 0.02 1.1778 0.0001  2.0885 0.0003
5.8-7.0 18.433 0.004  15.668 0.004  38.60 0.01  1.1765 0.0001  2.0956 0.0003
7.0-8.5 18.395 0.003  15.635 0.004 3844 0.01  1.1765 0.0001  2.0897 0.0003
8.5-9.5 18.421 0.012 15.675 0.011  38.62 0.03 1.1751 0.0001  2.0970 0.0004
9-5-11.0 18.388 0.005  15.625 0.005  38.42 0.02  1.1769 0.0001  2.0893 0.0003
11-12.5 18.386 0.012  15.638 0.011  38.53 0.03 1.1757 0.0001  2.0956 0.0005
12.5-13.8 18.431 0.006 15.633 0.006  38.53 0.02  1.1790 0.0001  2.0904 0.0003
13.8-15 18.488 0.003  15.659 0.011  38.53 0.01 1.1807 0.0001  2.0870 0.0003
15-16.2 18.474 0.005 15.645 0.005  38.61 0.01  1.1808 0.0001  2.0901 0.0003
£15-16.2 18.469 0.007  15.643 0.007  38.57 0.02 1.1806 0.0001  2.0885 0.0003
16.2-17.4 18.585 0.006 15.677 0.005  38.77 0.02  1.1854 0.0001  2.0859 0.0003
416.2-17.4  18.606 0.005  15.698 0.005 38.74 0.02  1.1853 0.0001  2.0822 0.0003
17.4-18.5 18.606 0.014  15.649 0.012  38.63 0.03  1.1890 0.0001  2.0762 0.0004
18.5-20 18.624 0.007  15.687 0.007  38.77 0.02 1.1872 0.0001  2.0818 0.0003
20-21.5 18.550 0.009  15.625 0.008  38.56 0.02 1.1872 0.0001  2.0785 0.0004
21.5-23 18.535 0.003 15.634 0.003  38.52 0.01  1.1855 0.0001  2.0783 0.0003
23-24 18.538 0.011  15.659 0.010  38.67 0.03  1.1839 0.0001  2.0858 0.0004
423-24 18.552 0.018  15.667 0.017  38.70 0.04 1.1842 0.0002  2.0860 0.0005
26-27 18.484 0.006  15.641 0.006  38.60 0.02 1.1818 0.0001  2.0883 0.0003
31-32 18.455 0.012 15.614 0.011  38.46 0.03 1.1818 0.0001  2.0843 0.0003
36-37 18.693 0.003  15.667 0.004  38.70 0.01  1.1931 0.0001  2.0705 0.0003

Core C2
0-1 18.272 0.003  15.666 0.003  38.46 0.01  1.1663 0.0001  2.1050 0.0003
1-2.2 18.263 0.008  15.589 0.007 38.24 0.02 1.1715 0.0001  2.0940 0.0003
2.2-34 18.383 0.003  15.684 0.004  38.61 0.01 1.1720 0.0001  2.1005 0.0005
3.4-4.6 18.352 0.003  15.689 0.003  38.55 0.01  1.1697 0.0001  2.1007 0.0003
4.6-6 18.427 0.006  15.691 0.006  38.62 0.02 1.1743 0.0001  2.0960 0.0004
6-7.2 18.531 0.006  15.682 0.006  38.63 0.02 1.1817 0.0001  2.0847 0.0003
7.2-8.4 18.589 0.004  15.663 0.004 38.72 0.01  1.1868 0.0001  2.0827 0.0003
47.2-8.4 18.599 0.006 15.673 0.006  38.73 0.02 1.1867 0.0001  2.0821 0.0003
i17.2-8.4 18.623 0.007  15.671 0.007  38.73 0.02  1.1885 0.0001  2.0793 0.0003
8.4-9.6 18.588 0.004 15.635 0.004  38.57 0.01  1.1888 0.0001  2.0750 0.0003
9.6-10.8 18.650 0.011  15.702 0.010 38.86 0.03 1.1877 0.0002  2.0838 0.0004
10.8-12 18.543 0.010 15.675 0.009 38.72 0.03  1.1831 0.0001  2.0883 0.0003
13-14 18.599 0.006 15.707 0.006  38.80 0.02 1.1840 0.0001  2.0864 0.0004
$13-14 18.597 0.022 15.704 0.020 38.79 0.06 1.1841 0.0003  2.0865 0.0006
16-17 18.636 0.020 15.707 0.017 38.84 0.04  1.1865 0.0002  2.0841 0.0005
20-21 18.656 0.009  15.690 0.008  38.76 0.02 1.1890 0.0001  2.0780 0.0003
420-21 18.647 0.004  15.687 0.004  38.76 0.01 1.1886 0.0001  2.0788 0.0003
21-22.5 18.630 0.008 15.671 0.007  38.76 0.02  1.1887 0.0001  2.0803 0.0003
26.5-27.5 18.776 0.005  15.687 0.005  38.82 0.02  1.1969 0.0001  2.0673 0.0003
32.5-33.5 18.654 0.003  15.679 0.004  38.72 0.01  1.1897 0.0001  2.0760 0.0003
40-41 18.697 0.015 15.710 0.013  38.85 0.04  1.1902 0.0002  2.0775 0.0004
50-51 18.697 0.026  15.666 0.023  38.69 0.06 1.1929 0.0004  2.0706 0.0008
56-57 18.696 0.012  15.677 0.010  38.78 0.03 1.1926 0.0004  2.0740 0.0008
62-63 18.721 0.003  15.682 0.004 38.84 0.01  1.1938 0.0001  2.0746 0.0004
162—63 18.686 0.014  15.643 0.013  38.69 0.03 1.1946 0.0002  2.0706 0.0003
63-69 18.743 0.010  15.682 0.009  38.81 0.03  1.1953 0.0001  2.0707 0.0004
168—69 18.754 0.006  15.708 0.006  38.89 0.02 1.1954 0.0001  2.0713 0.0004
78-79 18.730 0.005  15.697 0.005  38.86 0.02  1.1932 0.0001  2.0748 0.0003

(continued on next page)
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Table 1 (continued)
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Depth (cm) 206py, 204ppy, 2 207py, /204Pb 26 208pp, 204pp, 2 206p,207pp, 2 208pp, 206py, 2

Core C3
0-1.1 18.285 0.004 15.617 0.005  38.28 0.02  1.1709 0.0001  2.0933 0.0004
1.1-2.2 18.343 0.003  15.655 0.004 38.44 0.01 1.1717 0.0001  2.0956 0.0003
2.2-3.3 18.337 0.011  15.656 0.011  38.45 0.03 1.1712 0.0002  2.0973 0.0004
3344 18.416 0.005  15.668 0.006  38.60 0.02  1.1755 0.0001  2.0957 0.0005
4.4-5.5 18.443 0.009  15.729 0.060  38.75 0.02  1.1725 0.0001  2.1013 0.0005
14.4-5.5 18.394 0.014  15.668 0.007  38.60 0.02 1.1739 0.0001  2.0984 0.0006
5.5-6.6 18.429 0.007  15.669 0.007  38.57 0.02 1.1761 0.0001  2.0928 0.0004
6.6-7.7 18.468 0.004 15.681 0.004  38.70 0.01 1.1777 0.0001  2.0956 0.0004
7.7-8.8 18.487 0.015  15.703 0.035  38.71 0.04 1.1774 0.0002  2.0939 0.0004
8.8-9.9 18.456 0.005  15.643 0.005  38.56 0.01  1.1799 0.0001  2.0890 0.0003
9.9-11 18.519 0.008  15.658 0.008  38.66 0.02  1.1826 0.0001  2.0877 0.0003
13-14 18.502 0.015  15.591 0.013  38.46 0.03 1.1867 0.0002  2.0788 0.0003
113-14 18.602 0.004  15.679 0.004  38.65 0.01 1.1864 0.0001  2.0776 0.0004
14-15 18.555 0.004 15.617 0.004  38.56 0.01  1.1881 0.0001  2.0780 0.0004
18-19 18.686 0.012  15.709 0.011  38.81 0.03  1.1895 0.0002  2.0766 0.0004
21-22 18.650 0.003  15.665 0.003  38.76 0.01  1.1906 0.0002  2.0782 0.0003
27-28 18.661 0.005  15.667 0.005  38.80 0.02  1.1909 0.0001  2.0790 0.0003
33-34 18.706 0.006 15.672 0.006  38.77 0.02  1.1936 0.0001  2.0725 0.0003
41-42 18.757 0.006  15.662 0.006  38.70 0.02  1.1976 0.0001  2.0633 0.0003
47-49 18.648 0.009  15.648 0.009  38.58 0.02 1.1941 0.0002  2.0683 0.0004
53-54 18.697 0.015  15.638 0.014  38.70 0.04 1.1956 0.0002  2.0699 0.0004
62-63 18.744 0.008  15.663 0.008 38.74 0.02  1.1966 0.0001  2.0667 0.0003
73-74 18.764 0.004  15.668 0.004  38.78 0.01 1.1976 0.0001  2.0669 0.0003

Core C4
0-1 18.296 0.006  15.647 0.006  38.40 0.02  1.1692 0.0001  2.0985 0.0003
1-2 18.295 0.013  15.639 0.011 38.34 0.03  1.1695 0.0001  2.0962 0.0005
2-4 18.341 0.002  15.618 0.003  38.37 0.01 1.1743 0.0001  2.0916 0.0003
4-5 18.445 0.013  15.662 0.012  38.58 0.03 1.1776 0.0003  2.0916 0.0006
5-7 18.487 0.005  15.680 0.006  38.67 0.02  1.1791 0.0002  2.0915 0.0005
7-8.5 18.493 0.003  15.675 0.004  38.66 0.01 1.1797 0.0001  2.0903 0.0003
8.5-10 18.493 0.010  15.668 0.009  38.61 0.02  1.1803 0.0001  2.0879 0.0004
10-11.5 18.462 0.007  15.628 0.007  38.53 0.02  1.1813 0.0002  2.0870 0.0003
11.5-12.5 18.471 0.003  15.645 0.004  38.55 0.01 1.1806 0.0001  2.0872 0.0003
12.5-14 18.492 0.003  15.638 0.004  38.56 0.01 1.1825 0.0001  2.0855 0.0003
16-17 18.586 0.003 15.674 0.003  38.73 0.01 1.1858 0.0001  2.0840 0.0003
19-20 18.567 0.036  15.613 0.031  38.58 0.08 1.1892 0.0002  2.0776 0.0007
£19-20 18.624 0.004  15.651 0.004  38.59 0.01  1.1900 0.0001  2.0722 0.0002
22-23 18.647 0.003  15.664 0.003  38.71 0.01  1.1904 0.0001  2.0758 0.0003
29-30 18.685 0.004  15.652 0.005  38.70 0.01  1.1938 0.0001  2.0709 0.0003
129-30 18.689 0.013  15.653 0.012 38.64 0.03  1.1939 0.0002  2.0680 0.0004
35-36 18.715 0.008  15.684 0.007  38.82 0.02  1.1932 0.0001  2.0744 0.0004
135-36 18.695 0.003  15.660 0.003  38.69 0.01  1.1938 0.0001  2.0695 0.0003
40-41 18.726 0.007  15.691 0.008  38.80 0.02  1.1936 0.0002  2.0720 0.0004
48-49 18.676 0.005  15.650 0.005  38.65 0.02  1.1934 0.0001  2.0694 0.0004
60-61 18.682 0.003  15.670 0.004  38.72 0.01 1.1921 0.0001  2.0725 0.0003
71-72 18.646 0.005  15.632 0.005  38.59 0.02  1.1928 0.0001  2.0698 0.0003

domestic effluents, smelting operations, mining reposi-
tories, and burning of fossil fuel. The aim of this study
is the reconstruction of the long-term history of Pb
pollution in this environment, using its concentrations
and isotopic compositions in the sediments. This work
supplements previously published studies dealing with
short-term variations of heavy metals entering the

basin (fluxes and origins) via surficial waters (Monna
et al., 1995; Petelet et al., 1997), and a study of con-
touring Pb concentrations in the bed sediments of the
basin (Péna, 1989). An extraction procedure was
designed to release Pb bound in different ways to the
sediment. The resulting fractional Pb release provided
information about the origin of the Pb and the identifi-
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Fig. 2. 2%Pb/?*Pb vs 2°°Pb/2**Pb and 2**Pb/**°Pb vs 2°°Pb/?*’Pb ratios of the untreated bulk sediments from cores C1-4. The Pb
isotopic compositions of the potential sources are also reported: open triangles for the local Jurassic and Miocene rocks (=Jur.
and Mio. areas) after leaching or total dissolution (Petelet et al., 1997), open hexagons for the present-day industrial source consist-
ing of ashes from an incinerator of the city of Séte and a domestic-water treatment plant (=Ind. areas), and closed hexagons for
the present-day leaded gasoline (= Gas areas) signature (Monna et al., 1995, 1997b).

cation of the mineral phases with which the anthropo-
genic Pb is primarily associated.

2. Description of the site area

The Thau lake is located approximately 20 km to
the south of Montpellier in southern France (Fig. 1).
It covers a surface area of 70 km?, with a depth aver-
aging 5 m and reaching locally 11 m; it has a volume
of 265 Mm?®. Divided into three parts (the Crique de
I’Angle, the Etang des Eaux Blanches close to Séte,
and the Grand Etang), it is separated from the Medi-
terranean Sea by a narrow shore bar allowing limited
exchanges with the open sea only through three navi-
gation channels. In its northern part, several rivers
feed the lake, but most of them are dry, except during
heavy rainfall. The Véne is the major river feeding the
lake at the Crique de I’Angle.

Many potential sources of pollution exist around the
lake. Domestic and industrial waste waters are released
into the basin either directly or after treatment. A road
network with a highway, heavily used by a daily aver-
age of 37,000 cars, crosses the area. In addition, many
industrial plants are located around the city of Séte,
which is the main city of the basin with its 41,000 in-
habitants.

3. Methods and results

Four cores (between 0.4 and 1 m in length) were
sampled with a “McKareth” corer. To identify each
type of Pb contribution, the cores were located relative
to the potential Pb sources. Core C1 was drilled in the
centre of the Etang des Eaux Blanches close to the city
of Seéte, to target the industrial and urban contri-
butions. Cores C2 and C3 were sampled in the Crique
de I’Angle close to the mouth of the Véne river. Core
C4 was sampled in the centre of the Grand Etang.

Details of the coring technique, and sample collec-
tion and preparation are available in Monna et al.
(1996, 1997a). Dating of the sediment deposits was car-
ried out using the 2'°Pb method. In this dating
method, activity of the 2!°Po isotope assumed to be in
secular equilibrium with the 2'°Pb, was measured by
Photon/Electron-Rejecting Alpha Liquid Scintillation
(Monna et al., 1996). In each core, one horizon was
clearly identified by its strong terrigenous signature
and by X-ray. This unit was attributed to the excep-
tional flooding that is known to have devastated the
whole region in September 1875. The depths of the
unit in the cores agree well with those expected from
calculated sedimentation rates. This identity enabled
the extension of 2!°Pb-based chronology over the last
150 years (Monna et al., 1997a).

Two chemical procedures were applied to the col-
lected sediments. One consisted of total digestions of
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about 50 mg of the total <60 pm sediment fraction in
a mixture of 2 ml of ultrapure concentrated HNOj,
HCI, and HF. The second procedure consisted of a
sequential digestion of 17 samples for which approxi-
mately 400 mg of sediments were successively leached
with 30 ml of IN HAc, IN HCI, and 1N HNOs. The
different leachates were analysed independently and
the final residues were digested in HF afterwards, as
above. For each aliquot, Pb was purified on micro-col-
umns of AG1X4 resin. The isotopic compositions of
Pb were measured on a VG SECTOR thermo-ionis-
ation mass spectrometer (TIMS) using static multi-col-
lection (Monna et al., 1995). Repetitive measurements
showed that the 2°°Pb/?°’Pb ratios were by far the
most reproducible with a level of significance in the
fourth decimal, while the variations of the 2°°Pb/***Pb
ratios were significant in the second decimal. To con-
trol the efficiency and the effects of the leachings, the
contents of Ca, Fe, Mg, Si and Al were systematically
determined by ICP-AES, whereas those of Pb and Th
were measured on an ICP-MS following a procedure
similar to that described by Roberts and Ruiz (1989).
Replicate analyses of samples and standards indicated
an accuracy within +5%.

The 2%°Pb/**’Pb ratios of the bulk sediments are
constant in the deepest part of the cores (Table 1,
Figs. 2, 3). They decrease more or less regularly
upwards, to reach values ranging between 1.166 and
1.171 at the top of the cores. Shifts of the ratio to
higher values were also found, twice in the core C2 (at
depths of ~8-10 cm and ~25-27 cm), once in the core
C3 (at ~40—42 cm) and once in the core C1 (at ~17—
20 cm), while the strongly intercorrelated Fe,O; and
the Al,O3 contents showed significant enrichments at
the same depths. These levels were clearly identified on
X-ray radiographs in the cores C2 and C3 by an opa-
que aspect contrasting with the normal sedimentary
sequence (grey boxes in Fig. 3). They consist of very
fine and homogeneous material totally devoid of mar-
ine organisms. Core C4 yields a regular decrease of the
206pp/297Pp ratio from base to top, with a slight inflec-
tion between 7 and 12 cm which could have been
induced by a significant increase of the sedimentation
rate (Monna et al., 1997a).

Among the different leachates, the HAc one yields
the highest Ca (about 90-95% of the total Ca) and
Mg contents, suggesting dissolution of carbonate min-
eral phases. The HCI leachates contain more Si and Al
and yield the highest Fe concentrations, implying that
Fe-oxyhydroxides were leached at this step of the ex-
periment. The HNO; leachates yield the highest Si
contents, but less Al, Mg, Ca and Fe, suggesting oxi-
dation of the organic matter. The Pb isotope compo-
sitions of the HAc, HCl and HNOj; leachates are very
similar (Table 2, Fig. 3). They are always less radio-
genic than those of the corresponding untreated bulk
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Fig. 4. Pb vs Th in the residual fractions.

sediment. Consequently, the residues are systematically
more radiogenic than the bulk material. The total Pb
contents measured at the bottom are similar in all of
the cores (23-27 pg g~ '); they increase toward the sur-
face to reach varied values at the top: 103, 49 and
67 pg g~ ! for cores C1, C2 and C4, respectively.

Between 80 and 99% of Th, and almost all Zr (not
shown here) are hosted by the silici-clastic residues. At
the base, approximately 40-60% of Pb belongs to the
leachates and residues, respectively, whereas in the
uppermost sediment almost all of the Pb was released
by the HAc and HCI reagents. The HNOj3 leaching
always removed insignificant amounts of Pb compared
to the total Pb contents.

4. Discussion

Plots of the 2°*Pb/?**Pb and the 2°Pb/*°°Pb ratios
against the 2°°Pb/”**Pb and 2°°Pb/*°’Pb ratios of the
untreated bulk sediments from four cores (Fig. 2)
suggest a two- (or more) component mixing of litho-
genic Pb with anthropogenic inputs increasing towards
the top of the cores. These latter inputs are character-
ised by distinctly lower radiogenic isotopic signatures
(Fig. 3).

4.1. Lithogenic sources of Pb

The lithogenic Pb component in the lake sediments
derives basically from Jurassic limestones, Cretaceous
sandstones and Miocene claystones constituting the
watershed. However, a systematic and representative
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Fig. 5. Pb-isotopic evolution of the anthropogenic component during the last 200 years.

sampling to define isotopically the lithogenic Pb is not
straightforward, as its signature may vary in the whole
sedimentary sequence.

Partial rock weathering releases more radiogenic Pb
from metamict U- and Th-rich minerals (Erel et al.,
1990; 1991; Keinonen, 1992; Puchelt et al., 1993),
implying that a detrital part of the sediment would
have lower radiogenic signatures than any Pb trans-
ported in solution (primarily leached from precursor
rocks), and trapped afterwards in authigenic phases. In
fact, the leachates are systematically less radiogenic
than the residues, even in the deepest horizons depos-
ited more than 200 years ago. Consequently, the less
radiogenic (= anthropogenic) component may be ident-
ified as early as that time, and even further back in
time as seen in an ombrotrophic bog in the Jura (Sho-
tyk et al., 1996). Although the specific input of anthro-
pogenic Pb is difficult to evaluate here in the oldest
samples because of the large amounts of lithogenic ma-
terial, it is systematically visible. However, the litho-
genic end-member may be assessed from the signature
of the residues with a 2°°Pb/**’Pb ratio of ca. 1.20.
This assumption is supported by the fact that Th and
Zr, which are typically terrigenous elements, are
strongly correlated with the Pb contents in the residual
phases (cf Fig. 4). As outlined by their positions in the
Pb diagram, the Jurassic limestones should not play a
major role as Pb suppliers (Fig. 2), while the Miocene
clays seem to be better candidates.

4.2. Anthropogenic sources of Pb

In a sedimentary sequence, simultaneous variations

in Pb contents and isotopic compositions may be
attributed to anthropogenic influences (Croudace and
Cundy, 1995; Graney et al., 1995; Hamelin et al., 1990;
Hamilton and Clifton, 1979; Hirao et al., 1986; Ohlan-
der et al., 1993; Petit, 1974; Petit et al., 1984; Ritson et
al., 1994; Shirahata et al., 1980). It may be safely
assumed that the isotopic signature of anthropogenic
Pb is different from local rock-derived Pb. This is
often the case in France, at least since the mid 1960s,
where two main anthropogenic sources could be isoto-
pically distinguished for Pb (Elbaz-Poulichet et al.,
1984; Monna et al., 1995, 1997b). The less radiogenic
is the Pb added as an anti-knock compound to gaso-
line (*°°Pb/?*’Pb ratio between 1.069 and 1.094, n =
9), which mainly derives from the Precambrian ore
deposits of Australia and Canada. The Pb of industrial
origin is apparently rather homogeneous and more
radiogenic: from 1992 to 1995, isotopic analyses of
ashes coming from an urban incinerator in Séte city
provided 2°°Pb/*’Pb ratios of 1.142-1.154 (n = 4),
and those of domestic waste waters entering the Thau
lake gave 2°°Pb/?°’Pb ratios of 1.146-1.162 (n = 14).
These values certainly represent reliable information of
the current situation, but the past isotopic evolution is
much less constrained; only a few data having been
reported (Chow et al., 1975; Elbaz-Poulichet et al.,
1984, 1986; Flament, 1985; Grousset et al., 1994,
1995). They suggest that the Pb signatures of gasoline
and industrial sources remained more or less constant
only over the last 20 years. Extension of such a data-
base to the older past is probably inadequate.

The Pb isotopic composition of the anthropogenic
component [(2°6Pb/207Pb)Amhr_] in the different lea-
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chates can be mathematically expressed as:
(**°Pb/"Pb) sngr
= [(Pb/2Pb)y, - Cry. — (2°Pb/ 27Pb)p.
- Cpc]/(CrL — Ce)

where (206Pb/207Pb)TL and Crp are the isotopic compo-
sitions and concentrations of the total leached Pb,
while (*°°Pb/**’Pb)gc and Cyc correspond to the total
amount of Pb supposedly having a lithogenic origin
with a (P%Pb/>’Pb)gc ratio of 1.200 + 0.003 and a
Cpc concentration of 10 + 3 pg g=' (Table 2). These
values derive from the deepest samples of the cores,
assuming that they are representative of the past
values. It is actually likely that various anthropogenic
activities in and around the basin with agriculture
modifying the erosion/weathering processes since 1800,
maintenance of the channels connecting the lake with
the sea, and drainage diversions due to the construc-

tion of the highways, modified the detrital inputs into
the lake. The basin also received sudden and massive
amounts of terrigenous material during major flooding
events (Monna et al., 1997a). The shifts of the Pb iso-
topic ratios in these units towards the lithogenic
values, as well as the increase of the Al and Fe con-
tents, corroborate the previous findings.

If these flood deposits are discarded, the history and
the origin of the Pb pollution can be fairly assessed.
The Etang des Eaux Blanches has always been the
most polluted area of the basin, probably because of
the proximity of the city of Séte. With industrialis-
ation, the pollution considerably increased at the
beginning of the 20th century. Since recent adoption of
controls, the pollution in the area has decreased, but
not enough data are presently available to determine
precisely when the turning point really occurred. The
other areas of the lake follow roughly the same evol-
ution, but to a lesser extent.

The isotopic signatures of the anthropogenic com-
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ponent remained steady during the 1800-1950 period
with 2°°Pb/?**Pb ratios of 18.25-18.40, and **°Pb/**’Pb
ratios of 1.170-1.175 (Fig. 5). The ratios began to
decrease since 1950. Similar ‘excess’ Pb ratios were
measured in the UK for the 1865-1890 period (Bacon
et al., 1996), and in Scottish lakes until the introduc-
tion of Pb additives to gasoline (Farmer et al., 1993).
As in the UK before the introduction of gasoline Pb,
the anthropogenic Pb in the sediments of Thau lake
should mainly relate to domestic Pb ore bodies and
coal burning emissions. The continued decrease to
lower radiogenic signatures, which indicates increasing
use of imported Pb, occurred later in France (post
1950s) than in the UK (during the 1940s).

In fact, the only noticeable differences among the
three cores is observed at the surface of the sediment,
where the (*°°Pb/?*’Pb)anmr. ratios of cores C2 (1.155
+0.001) and C4 (1.155+0.004) are slightly lower than
that of core C1 (1.164 + 0.002). The signature at the
top of core CI likely reflects the overall inputs of the
nearby city of Sete. For the other cores, another less
radiogenic component has to be considered. It could
be the domestic waste waters of the neighbouring vil-
lages (for which the 2°°Pb/>*’Pb ratio was identified to
be as low as 1.147), or leaded gasoline. As a matter of
fact, it has been locally demonstrated that a significant
input of gasoline-derived Pb could occur during rain-
fall (Monna et al., 1995; Petelet et al., 1997), but it can
be calculated that the leaded gasoline does not contrib-
ute more than 10% of the total Pb contained in the
most recent sediments. As a consequence, the anthro-
pogenic Pb mainly comes from other human activities,
such as domestic or industrial inputs.

The present results agree well with the distribution
of Pb in the superficial sediments of the lake (Fig. 6,
Péna, 1989). This map shows a significant concen-
tration of heavy metals centred on the city of Seéte,
suggesting that it influences greatly the supply to the
lake sediments. From the city towards the opposite
end of the lake, the Pb contamination becomes lower,
and consequently the relative proportion of Pb coming
from gasoline may increase.

The Pb concentrations of the three types of leachates
are significantly different: those of the HCI leachates
are systematically the highest and those of the HNO;
leachates are systematically the lowest. This means
that the soluble Pb is preferentially incorporated by
oxyhydroxide phases, and that only a very small
amount is strongly associated with organic matter.
Adsorption of Pb onto organic material, which is con-
sidered usually to play an important role in sediments,
has a minor effect on the studied cores. This is shown
by significantly low contents of Pb in the HNO; lea-
chates, which are basically representative of the or-
ganic matter. The fact that the HCI leachates
consistently appear to have higher 2’Pb/>***Pb ratios

(and to some extent higher *°Pb/?**Pb ratios) than the
HAc and the HNOj; leachates, suggest that the con-
taminant compound soluble in HCI is slightly different
than that removed by HAc.

5. Conclusions

Before the 19th century, the Pb entering the Thau
basin had mostly a lithogenic origin with 2°°Pb/?°’Pb
ratios of less than 1.20. From the beginning of the
19th century, the supply of anthropogenic Pb increased
in the sediments of the Etang des Eaux Blanches,
which continued to receive increased inputs from the
city of Sete. This area has probably always been the
most polluted part of the lake with a considerable
increase of Pb contents as early as the 20th century.
The central part of the basin and the Crique de I’Angle
have approximately the same history, but with less Pb
pollution since the anthropogenic contribution from
the city of Séte was diluted by terrigenous inputs.
Today, only the Pb coming from the industrial/dom-
estic input of Sete can be distinguished in the Etang
des Eaux Blanches. Even if a small contribution of Pb
coming from the automotive source is, to some extent,
also detectable in the two other sites, it seems that the
Pb of industrial/domestic origin is the major contribu-
tor to the whole basin.

This study also shows that the anthropogenic Pb
component was fairly stable from about 1800 until the
1950s with 2°°Pb/>**Pb ratios of 18.25-18.40 and
206pp/297Ph ratios of 1.170-1.175. Afterwards, the
supply of anthropogenic Pb decreased as the
206pp294pp ratio decreased to 18.10-18.25 and the
206pp 297Ph ratio to 1.155-1.165, presumably because
of an increased use of a remotely-derived low-radio-
genic Pb. In addition, most of the anthropogenic Pb is
associated with oxides and hydroxides, minor amounts
being trapped in authigenic carbonates, or simply
adsorbed on mineral particles and only a few seem to
be linked to organic matter.
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