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Abstract

As a part of the MICROBENT programme, an investigation of the sedimentation framework was carried out at the water-sediment interface
in the Thau Lagoon (French Mediterranean coast). Two main sites, C4 in the middle of the lagoon and CS5 near oyster farms, were visited six
times between December 2001 and May 2003. Interface sediments were studied using classical sedimentology parameters (radiography RX,
grain size distribution) and analysis of selected radionuclides (3*Th, "Be, 2'°Pb, ?*°Ra). On a century time scale, excess 210py, (219pp, ) presents
classical profiles with an upper mixed layer, followed by an exponential decrease of activities to undetectable levels below 20 — 30 cm. At the
central site, C4, cores seem to register episodic changes in mean grain size, presenting recurrently peaks. The upper 10 cm of 2'°Pby profiles at
site C5 exhibit a mixed layer associated with coarser sediments: this could be related to biological activity. Sedimentation rates derived from
219pp, . varied from 0.15 cm y ™" at the edge of the basin, to 0.25 cm y~" at the central site. On a seasonal time scale, >>*Th and "Be both show
significant variations in activities and in penetration within the sediment. Bioturbation rates derived from both radionuclides agree well and range
between 1—10 cm?y~' at site C4 and 1—31 cm®y~' at site C5. **Th and "Be fluxes at the water-sediment interface show too seasonal
variations, more pronounced for site CS5. This latter site presents especially a higher variability that is well marked with season, probably in
relation with its position near oyster farms.
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1. Introduction

Coastal areas, as the land—ocean interface, are the place of
ultimate transformations (i.e. remineralisation, diagenesis,
storage) of anthropogenic inputs from agricultural, domestic
and industrial origins. Chronologies of contaminant input
are dependent on the ability to establish the depositional his-
tory of the sediment (Fuller et al., 1999). In such context,
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determination of sedimentation rates is an important aspect
of biogeochemical investigations in coastal waters.

Sediment accumulation rates have been widely determined
in nearshore environments using radiometric and chemical
methods, involving the identification of one or more elements
whose inputs are known and which, once deposited, are
immobile in the sediment column (Appleby and Oldfield,
1992). Radionuclides such as 234Th, 210py or 137Cs have
been often used, during the last two decades, as chronometers
for estimating accumulation and mixing rates in marine and
lake sediments (Koide et al., 1973; Robbins and Edgington,
1975; Cochran and Aller, 1979; Sharma et al., 1987). The



distribution of a particle-reactive radionuclide in a sediment
column can result from either simple sediment accumulation
or bioturbation plus sediment accumulation (DeMaster et al.,
1985). The effects can be resolved using radionuclides with
different half-life. The *'°Pb method gives an average accumu-
lation rate for the past 100 years while **Th and "Be are ap-
plicable for the last past 3 months.

The present work is a part of the PNEC MICROBENT pro-
gramme, which focuses on the exchange between the water
column and sediments (Rabouille et al., 2007). In order to as-
sess such processes, a better knowledge of the sedimentation
processes (sedimentation, bioturbation) is required, as a crucial
prerequisite to calculate fluxes, and thus to allow comparison
between sites. Therefore we investigated sedimentation
processes, from seasonal to century time scales, at the water-
sediment interface in the Thau Lagoon (South France). We re-
port here detailed depth profiles of the particle-reactive radio-
nuclides 2'°Pb (22.1 years), "Be (53.3 days) and 24Th (24.1
days) in sediment cores collected at different seasons. These
data, combined with granulometry and RX imagery, are
interpreted in order to provide bioturbation and sediment accu-
mulation rates for the Thau Lagoon.

2. Methods
2.1. Study site

The Thau Lagoon is located on the French Mediterranean
coast (Fig. 1). This shallow basin of a mean depth of 4.5 m
and about 70 km? area is almost closed with only narrow
openings to the Mediterranean Sea. This ecosystem is of
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Fig. 1. Map of the Thau Lagoon.

notable interest related to economic activities: shellfish pro-
duction, tourism and industry (Labonne et al., 2001; Plus
et al., 2003). In particular the Thau Lagoon is the main
regional site of oyster cultivation with about 15,000 tons per
year, i.e. roughly 10% of the national production (Gangnery
et al., 2001). But the Thau Lagoon is regularly affected, usu-
ally in summer, by anoxic crises, known as malaigues, which
could induce shellfish mortality (Chapelle et al., 2000).

2.2. Sampling and analysis

Repeated field campaigns allowed detailed sampling of in-
terface sediments in December 2001, April, July and August
2002, January and May 2003. Sediment cores were taken by
scuba divers using hand-driven tubes. For the purpose of this
study, two different sets of samples were necessary. The first
one consisted of long cores, up to 50 cm in length, to constrain
long-term sedimentation. At the lab, these cores (C4-A, C4-B,
C4-D, C5-B) were opened, described, photographed, sliced
longitudinally for radiographical study and sampled each cen-
timetre for granulometry analyses. Radiographic imaging was
performed with a classical X-ray equipment (SCOPIX) cou-
pled with CEGELEC radioscopy instrumentation (Migeon
et al., 1998). This technique, relatively inexpensive, fast and
easy to handle, is used to identify sedimentary structures and
textures (presence of reworking by burrowing organisms, con-
solidated or unconsolidated sediment, change in grain size). It
helped in the selection of layers for '°Pb and **°Ra analyses.
The sediment was dried at 60 °C, gently homogenized and
sieved at 63 pm, prior to radionuclide analysis. These mea-
surements were made at the EPOC-DGO using a semi-planar
germanium detector (EGSP 2200-25-R, EURYSIS Measures)
(Jouanneau et al., 2002). 219pp in excess of equilibrium with
226Ra, 210Pbxs, was calculated as the difference between mea-
sured 21°Pb and ?*°Ra. Two additional cores (C4-C, C5-C)
were upward extruded and sliced in 1 cm increments. 2'°Pb
activities were measured at CEREGE on these samples by
o spectrometry after sediment digestion (Radakovitch et al.,
1999). Total 2'°Pb activities determined by o spectrometry
are consistent with those determined by y spectrometry.

The second set of cores consisted of short cores, less than
20 cm in length, taken to investigate short-term sedimentation.
Immediately after retrieval, cores were carefully extruded each
0.5 cm. Back in the laboratory, sediment samples were sieved
at 63 pm and dried at 60 °C. Then the uppermost sediment
layers were measured at the LSCE for ***Th and "Be determi-
nations using a low background-high efficiency well type
v-detector (Schmidt et al., 2001). These measurements had
to be completed within one month after sampling, due to the
rapid decay of ?**Th. Sediment layers were investigated down-
core until a rather constant >>*Th activity was reached, which
was considered as the supported activity, and the disappear-
ance of 'Be. *®U activities were determined by o counting
after sediment digestion by a mixture of HF-HNO;-HCIO,4
in presence of B2y (Schmidt, 2004). Excess 234Th data were
calculated by subtracting the activity supported by its parent
isotope, 238U, from the total activity in the sediment, and
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Fig. 2. X-ray, profiles of mean grain size and 2'°Pb,, for site C4. Sedimentation rates (and errors) were calculated using selected points of 2'°Pb, profiles (closed

symbols).

then correcting this value for radioactive decay that occurred
between sample collection and counting.

3. Results
3.1. Sedimentology

The sedimentary features of the two cores observed on
X-ray images and grain size curve are shown in Figs. 2 and 3.
Both show roughly the same lithological facies: a grey silty
clayey sediment with shells and shelly debris and without
clear physical structures. Mean grain size varies between 10
and 20 um. Nevertheless the density variation expressed
with grey levels observed on X-ray images is quite different
along the cores.

For site C4, core C4-A can be divided into several layers
according to their densities with higher values between
0 and 13 cm, from 17 to 22 cm and deeper than 27 cm. In
the top layer, shells are more abundant in a homogeneous
clayey sediment with a mean grain size less than 10 pm except

for 2 samples (0—1 and 3—4 cm). Core C4-B presents a distur-
bance of sedimentary record, a priori due to coring artefact.
For site C5 (core C5-B), three sedimentary units can be distin-
guished. The first one corresponds to the uppermost layer,
from O to 10 cm, made up of a silty clayey sediment with small
shells bivalves in a rich water deposit (light in grey level) in-
dicating a very fresh sedimentary deposit where biota seems to
be active. Below, from 10 to 35 cm, the second unit is fine
(10—15 pm) darker and denser sediment with numerous valves
of shell settled in a concave-up position.

3.2. 2°Pb profiles

The supported 210py, activity, i.e. 226Ra, is relatively homo-
geneous and constant at both sites with values ranging from 14
to 20 mBqg '. Surface excess 2'°Pb levels, up to 250
mBq g, are usual for coastal sediments (Figs. 2 and 3). Pro-
files of 2'°Pb,, present an upper mixed layer, followed by an
exponential decrease of activities to reach supported activity
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219pp, for site C5.
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levels at about 20 cm depth. Such a feature is appropriate to
the determination of sedimentation rates.

At site C4, the mixed layer is restricted to the uppermost
3 cm of sediment. For core C4-A, the rather homogeneity of
the sedimentary column, revealed by X-ray, explains the
good fit of the decrease of *'°Pb activities in excess. For
core C4-B, the layer around 5—10 cm, that presents distur-
bance, was not sampled for radionuclide determination
(Fig. 2). *'°Pb profiles, measured on three different cores,
matched rather well. At site C5, nearby oyster farming, the
upper 10 cm of the two 2'°Pb,, profiles exhibit a well-
pronounced mixed layer associated with the sequence of
coarser sediment (Fig. 3). Below this surface layer, the profile
shows an exponential decrease, with no evidence of strong
disturbance.

3.3. 7Be and **Th, profiles
Uppermost activities of 234Th,, and "Be range between 20

and 72 mBq g ' at site C4 and between 30 and 166 mBq g '
at site C5 (Fig. 4; Tables 1 and 2). These changes in activities

Table 1

are associated, to a lesser extent, with variations in penetration
depth. Both radionuclides usually disappear within the first
2 cm. It is noticeable that the highest activities are associated
with the deepest penetration in July 2002. This latter does not
exceed the mixed layer of 210Pbxs, which provides a coherent
picture of sedimentary processes; indeed *'°Pb,, with its long
half-life, registers the deepest mixed layer that was observed
on short-lived radionuclides profiles. Activities of 24Th,, are
moderate when compared to previous works (Aller and Co-
chran, 1976; Schmidt et al., 2002). "Be values are in the range
of published values (Olsen et al., 1986). Both **Th and "Be
show seasonal variations in activities and in penetration within
the sediment.

4. Discussion

A previous study had investigated long-term sedimentation
in the eastern part of the Thau Lagoon (Monna et al., 1997).
The present work focuses on sedimentation from seasonal to
century time scales at two sites of contrasting characteristics:

"Be and ***Th,, activities in sediments of site C4. (n.m., time elapsed between sampling and counting too long to allow 234Th determination; n.d., no detectable

level of 2**Th,y)

Date Core Layer "Be 234Th
(label) (cm) (mBq g’l) (mBq g’l)

December 4, 2001 C4-1 0.0—-0.5 51.6 £13.8 n.m.
0.5—-1.0 27.0 £ 159 n.m.
1.0—1.5 12.6 + 10.9 n.m.
1.5-2.0 89+ 13.1 n.m.

C4-2 0.0—0.5 50.5+16.3 5534+9.8
0.5-1.0 229+17.3 247+ 11.6
1.0—1.5 84 +9.7 10.1 + 8.4
1.5-2.0 96+11.5 n.d.

C4-3 0.0—0.5 348 +17.1 319+ 11.5
0.5—1.0 19.1 + 10.1 219+ 84
1.0—1.5 14.1+11.7 35+11.9
1.5—-1.5 10.3 £ 16.5 n.d.

April 10, 2002 C4-4 0.0—0.5 3544108 29.5+4.5
0.5—1.0 157+9.5 14.1£4.0

C4-5 0.0—0.5 18.7 +12.9 19.6 £ 5.4
0.5-1.0 0.0+ 13.7 63+54

C4-6 0.0—0.5 33.0 +10.0 374 +43
0.5—1.0 143+ 11.8 13.5+5.0

July 17, 2002 C4-7 0.0—0.5 46.1 +£94 343440
0.5—1.0 40.2+9.2 21.1£4.0
1.0—1.5 22.1+7.7 n.d.
1.5-2.0 0.0+6.9 n.d.

August 27, 2002 C4-8 0.0—0.5 428 +72 36.7 £ 3.6
0.5—1.0 17.0 £ 8.2 94+4.0
1.0—1.5 145+6.3 11.6 £3.3
1.5-2.0 9.0+9.1 5.1+3.7

C4-9 0.0—0.5 33.9 +8.7 28.1 £3.9
0.5—1.0 19.3+8.2 17.2+3.9

January 28, 2003 C4-10 0.0—1.0 53.0+ 152 n.m.
1.0—-2.0 16.9 + 13.1 n.m.

May 19, 2003 C4-11 0.0—0.5 56.3 +13.7 60.1 +4.2
0.5—1.0 369+ 11.8 43.8+39
1.0—1.5 27166 18.7 £3.7

C4-12 0.0—0.5 54.0+13.0 722+ 34
0.5—1.0 329+ 125 25.5+3.6




Table 2

"Be and ***Th,, activities in sediments of site C5. (n.m., time elapsed between sampling and counting too long to allow ***Th determination; n.d., no detectable

level of **Th,,)

Date Core Layer "Be 234Th
(label) (cm) (mBqg ) (mBqg )

December 4, 2001 C5-1 0.0—0.5 32.1+17.0 n.m.
0.5—1.0 142 £ 16.0 n.m.
1.0—-1.5 29.6 £ 18.1 n.m.
1.5-2.0 158+ 144 n.m.
2.0-25 54 +149 n.m.

April 9, 2002 C5-3 0.0—-0.5 71.6 £15.8 59.8 +£5.7
0.5-1.0 451 +11.9 231434
1.0—-1.5 22.6 £12.8 29+4.6

C5-4 0.0-0.5 83.2 +16.8 48.5+5.9
0.5—-1.0 16.3 +£10.2 30.8 £3.5
1.0-15 182+ 124 98+43
C5-5 0.0—-0.5 66.9 + 12.1 694 +54
0.5—1.0 43.4 £ 18.0 392+6.5

July 17, 2002 C5-6 0.0—0.5 105.3 +20.5 136.0 £ 8.2
0.5—1.0 839+ 11.3 78.4+ 4.3
1.0—1.5 554+15.4 489 +7.0
1.0-1.5 752+ 14.9 78.6 +5.7
1.5-2.0 57.8 £11.1 489 +4.6
2.0-2.5 558 £ 11.7 41.8 £4.8
2.5-3.0 29.6 £ 11.7 294 +£55
5.0—6.0 724117 n.d.
7.0-8.0 8.6 +17.2 n.d.

August 28, 2003 C5-7 0.0—-0.5 385+83 3908 +42
0.5—1.0 23.1 £10.7 45+53
1.0—1.5 18.1+7.7 3.8+4.0

C5-8 0.0—0.8 595+ 11.1 46.9 +4.7
0.8—1.5 32.1 £8.7 127+ 3.3

January 28, 2003 C5-9 0.0—1.0 64.4+15.9 n.m.
1.0-2.0 20.3 £ 14.6 n.m.

May 20, 2003 C5-10 0.0-0.5 165.9 +19.8 n.m.
0.5—-1.0 86.4 + 15.5 n.m.
1.0—1.5 48.7 £ 15.2 n.m.
1.5-2.0 237+ 89 n.m.

C5-11 0.0-0.5 102.0 £ 15.3 n.m.
0.5—-1.0 429+ 154 n.m.
1.0—-1.5 129+ 16.2 n.m.
C4 in the middle of the lagoon (8 m depth) and C5 near oyster [210Pbxs]zz [mexs] 0€Xp[ — Az/S] (1)

farms (9 m depth) (Fig. 1).
4.1. Sediment accumulation rates derived from *'°Pb

The *'°Pb method is based on the measurement of the
excess or unsupported activity >'°Pb, which is incorporated
rapidly into the sediment from atmospheric fallout and water
column scavenging (Appleby and Oldfield, 1992). Once incor-
porated into the sediment, unsupported 2'°Pb decays with
depth, equivalent to time, in the sediment column according
to its known half-life. In applying this principle, it is assumed
that the specific activity of newly deposited particles at a given
site is constant with time. Therefore, sediment accumulation
rate can be derived from 21OPb, based on two assumptions:
constant flux and constant sediment accumulation rate
(CF:CS method) (Krishnaswamy et al., 1971; Robbins and
Edgington, 1975). Then, assuming no mixing at depth, the de-
crease of 2'°Pb,, activities with depth is described by the fol-
lowing relation:

where [ZIOPbXS]O and [ZIOPbXS]Z, in mBq g_l, are the activities
of excess 2!°Pb at surface (or base of the mixed layer) and at
depth z respectively, A (y ') is the decay constant of the nu-
clide, and S (cm yfl) is the sediment accumulation rate.

We applied this method to the profiles obtained at both sites
C4 and CS5. For site C4, sedimentation rates determined on
three different cores collected in December 2001 present a re-
duced range: 0.25, 0.24 and 0.26 cmy ' (Fig. 2). The single
core collected in August 2002 leads to a slightly lower and
less precise estimate (0.19cmy'). With a measured dry
bulk density (DBD) of about 0.5 g per cm®, mass accumulation
rate at C4 is about 0.12 g cm >y~ !, comparable to the value
of 0.11 gem 2y~ ' (0.22cmy ™" from 2'°Pb,, profile) previ-
ously published by Monna et al. (1997). For site C5, sedi-
mentation rates, calculated below the thick mixed layer, is
in good agreement between the two studied cores: 0.13



and 0.16 cm y~ ', or around 0.05 gcm 2y~ ' with a DBD of
0.3 gcm > (Fig. 3).

Spatial distributions of bottom stress and of fine fraction
(<63 um) in surface sediments clearly point out the central
part of the Thau Lagoon as the preferential site for sedimen-
tation (Millot, 1989; Pena, 1989). The present results agree
well with this general frame and, not surprisingly, site C4
presents the highest sedimentation rate, when compared to
site C5.

4.2. Bioturbation rates and radionuclide fluxes

Taking into account their short half-lives and the sedimen-
tation rates derived from *'°Pb (0.15—0.25cm per year),
#34Th,, and "Be should be present only at the water-sediment
interface. However all the profiles show penetration of both
short-lived radionuclides to variable depths that indicates effi-
cient mixing of upper sediments, usually referred as bioturba-
tion. The simplest way to derive mixing rates (D,) from
radionuclide profiles assumes bioturbation as a diffusive
process occurring at a constant rate within a surface mixed
layer under steady-state (Fig. 5):

2
Db_ss%T? — Waaé —M=0 (2)
Such a steady-state approximation, often used to derive bi-
oturbation rates from radionuclide profiles, introduces only
limited errors (Lecroart et al., 2007). When several cores
were recovered for on the same date, there is rather good re-
producibility of profiles and therefore of bioturbation rates. In-
deed variability of Dy, estimates is on the same order than the

error induced by steady state assumption used to derive this
parameter from radionuclide profiles. Such a result highlights
the robustness of these estimates, even based on few points.
Moreover, whatever 2>*Th or "Be is chosen to calculate biotur-
bation rates, they are given comparable results (Fig. 5). This is
not surprising since both radionuclides, carried to sediment by
fine particles, have half-life of comparable time scale. Mixing
rates obtained in the Thau Lagoon are in the lower range of
reported values for coastal environment (Fuller et al., 1999;
Widdows et al., 2004). For site C4, steady-state bioturbation
rates range between 1 and 11 cm? y~', with a weak seasonal
signal. The mixing of surface sediments at site C5 presents
a greater range (1—32cm®y~'), with the highest values
observed in summer. Using fluorescent particulate tracers (lu-
minophores), Duport et al (2007) also recorded an increase in
sediment mixing at both sites in August.

At steady-state, equation (2) can be analytically solved
using classical boundary conditions to calculate radionuclide
flux at the sediment-water interface using a least-square fit
and D, (Lecroart et al., 2007). Fluxes of "Be at the sedi-
ment-water interface obtained in the Thau lagoon range be-
tween 1.5 and 4.2 Bqm >day ' for site C4 and between
3.2 and 144 Bqm *day ' for site C5 (Fig. 5), consistent
with previously published values for coastal environments (OI-
sen et al., 1986). Range of 234Th fluxes shows the same trend
with highest values reported for site C5 (Fig. 5). Site C5 pres-
ents always a higher variability, in bioturbation rates and
fluxes, when compared to site C4. This could be explained
by the proximity of shellfish farms: the high concentration
of shellfishes might lead to enhance deposition. A same impact
of oyster farming is clearly identified on oxygen fluxes with
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Fig. 5. Seasonal trend in (a) bioturbation rates, Dy, derived from 'Be (closed circle) and 234Thy (open circle), (b) "Be (closed circle) and 234, (open circle) fluxes

for sites C4 and CS5.



higher diffusive oxygen uptake in the station inside the oyster
parks (C5) compared to the station outside the oyster parks
(C4) (Dedieu et al., 2007).

5. Conclusion

This study clearly illustrates the interest of combining sed-
imentological parameters and radionuclides of different inputs
and half-lives to describe in details processes like sediment
accumulation, bioturbation, erosion / deposition at different
time scales. This investigation of interface sediments provides
a coherent picture of sedimentation patterns of the Thau
Lagoon.

On a seasonal time scale, 23%Th and "Be profiles show
seasonal variations in activities and in penetration within the
sediment, indicating changes in mixing intensities and radio-
nuclide fluxes. As these radionuclides are mainly carried by
the fine particles, such variations must also reflected associ-
ated variations of silt content of surface sediments. ***Th
and "Be profiles at site C5 indicate a greater variability in par-
ticle accumulation, likely in relation with its position near
shellfish farming. On a century time scale, *'°Pb profiles indi-
cate well-defined sedimentation rates at both sites: around 0.25
and 0.15 cmy ' for sites C4 and C5, respectively.

It is noticeable that sedimentation rates are slightly higher
in the central part of the Thau (site C4), although site C5 pres-
ents seasonally enhanced particle fluxes. Such result is not
contradictory: fine sediment accumulation is a balance be-
tween deposition (settling, bioaccumulation) and erosion
(waves, human activity). >'°Pb method integers such processes
and describes resulting sediment accumulation. Further mod-
elling work would be required to better constrain erosion/de-
position cycles on a seasonal time scale.

Regarding the objectives of the MICROBENT programme,
this present investigation on sedimentation processes at sites
C4 and C5 have two main implications. First, sedimentation
accumulation appears rather stable over few decades for
both sites, which is a positive result for joint studies. But, there
are clear seasonal changes of bioturbation intensity which
could influence element distributions. Indeed such variations
are likely to mix temporarily deepest sediment layers and
thus to remobilize chemical species. Modelling of reactive
species must take into account these seasonal variations of bi-
oturbation rates, especially for site C5, to produce accurate
flux estimates.
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