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The Villerest flood-control reservoir was built in the Upper Loire River (France) during the early 1980s, down-
stream from the most important industrial and coal-mining area of the basin. This reservoir has constituted an
important trap for sediments and associated pollutants since its operation in 1984. A 154-cm-long core was
recovered in 2010 in the deepest area of the reservoir and shows the influence of sedimentary infill processes
on aggradation rates and selected chemical patterns. During dam operations, the lacustrine aggradation rate is
not linear because of three turbiditic-like layers resulting from sediment-laden underflows during major flood
events in 1996, 2003 and 2008. These three events contribute to 43% of the 151 kg·m−2 of accumulated
sediments over the 1984–2010 period. Trace element solid sources are activated during these floods as selected
metals present the highest enrichment factors, levels never reached during interflood periods. In addition, sedi-
mentological and detrital geochemical signals during these events influence anthropogenic trace element signals
by a variable dilution effect (maximum during the increasing discharge stage). Hence, coupling sedimentological
and geochemical approaches allows us to understand the sedimentary infill dynamics and, more specifically, to
take into account the influence of floods on the temporal trajectories of pollutants.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

At the basin scale, the spatial distributions of the sedimentary con-
tamination of metallic pollutants are largely controlled by the settling
capacity of fine-grained sediments (b63 μm; Horowitz and Elrick,
1987; Walling et al., 2003). Over the last 50 years, dam constructions
highlymodified the transfer of sediments in hydrosystems by constitut-
ing storage areas for transported sediments (Vörösmarty et al., 2003).
The coarsest sediments aremostly deposited in the delta part of the res-
ervoirs, while the finest sediments settle in the deepest area (Fan and
Morris, 1992; Morris et al., 2008; Ziegler and Nisbet, 1995). Potentially
polluted sediments trapped in reservoirs can then become a source of
contamination for biota, interstitial and surface waters by pollutant
diffusion at the water–sediment interface, by organic matter minerali-
zation, or by reworking within pollutant-bearing phases during dam
exploitation (maintenance, dredging and/or emptying, dam flushing)
(Audry et al., 2010; Coynel et al., 2007). However, these reservoirs
also offer good opportunities – as do lakes – to find preserved contam-
ination records (Audry et al., 2004; Castelle et al., 2007), particularly
ois).
in fluvial systems where the high spatial and temporal variability of
aggradation rates managed floodplain edifications (Bábek et al., 2008;
Desmet et al., 2012; Mourier et al., 2014; Walling and He, 1997;
Walling and He, 1998; Walling et al., 1997). This is particularly impor-
tant for rivers affected by artificial width contraction (Arnaud-
Fassetta, 2003). Numerous studies address the annual and seasonal sed-
iment trapping yield of large dam reservoirs (e.g., Dai et al., 2008; Yang
et al., 2002) and associated-sediment pollutant dynamics over time, es-
pecially during high discharge events (Vukovic et al., 2014; Ye et al.,
2011), but sedimentary infill processes and their influence on aggrada-
tion rates and sediment chemical temporal patterns are poorly under-
stood. Thus, the origins of the trapped sediment and settling
conditions constitute a key point towards building the temporal trends
of pollutants, anthropogenic sources and their variations at a basin scale.

The Villerest flood-control reservoir, built in the Upper Loire River
(France) downstream from an important industrial and coal-mining
area (Saint Etienne; Fig. 1), largely contributes to the retention of poten-
tially polluted sediments, complementing the other large dam in the
basin (Grangent Dam, Fig. 1). The present study uses sedimentological
and geochemical approaches to characterize the sediment dynamics
and associated TE during infilling processes in a high-order stream
reservoir and shows the main influence of high discharge events on TE
temporal trends.
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2. Study area and methodology

2.1. Main geographical and geological characteristics of the study area

The Loire River basin (117,800 km2) is among the ten largest W-
European basins and the largest in France. The Upper Loire (Strahler
stream order of 6), upstream from the studied station at the Villerest
Dam, is 260 km long and drains a basin of 6516 km2. According to the
French geological survey (infoterre.brgm.fr, 2013), it contains four
main geological units (Fig. 1): (i) Variscan plutonic rocks (granites,
gneiss and micaschists, aged between 500 and 300 Ma) covering
63% of the basin area; (ii) volcanism between 20 Ma and 300 ka,
representing approximately 15% of the basin area and only located
in the S-E part; (iii) sedimentary bedrock of Carboniferous (mainly
sandstones) and Oligocene–Miocene age (fluviolacustrine deposits
such as sands, marls and clays), corresponding to 4 and 12%, respective-
ly, of the upper basin surface; and (iv)Quaternary alluvia along the river
covering 5% of the surface.

According to the Villerest Dam managers (EPL, www.eptb-loire.fr,
2013), the hydraulic structure was built between the late 1970s and
1983, and water filling operations occurred by steps between 1983
and 1984. The dam has been in operation since 1984 with a mean
water reservoir of 128 Mm3, approximately 36 km long (influencing
14% of the upstream main channel length) and no wider than 900 m
with a maximum depth of 60 m. The water level varies by 11 m over a
year as the current exploitation of the reservoir allows two operating
modes in relation to the hydrological cycle: i) during the spring and
autumn, the water level is at the minimum to control winter flood
outflows; ii) conversely, at the beginning of summertime, the water
level is at the maximum to guarantee a minimal low flow (at least
12 m3·s−1 at the Villerest gauging station, 1 km downstream from the
dam). TheVillerest Dam is also a hydroelectric power plant that remains
in operation all year.
Fig. 1. a — Localization of the studied area, the coring site in the Villerest reservoir, the geolo
inhabitants); b — Daily discharge variations upstream and downstream of the studied dam site
The hydrological regime in the upper basin is a balance of oceanic
and Mediterranean influences with additional snow-melt in the spring
(Dacharry, 1974). The resulting annual hydrological cycle at the Feurs
gauging station, 19 kmupstreamof the dam's influence, is characterized
by winter high flows with floods in the autumn, winter and/or spring.
During the high flow for the 1984–2010 period, the highest monthly
discharge was 64.3 m3·s and the summer low flows show a minimum
of 10.5 m3·s (www.hydro.eaufrance.fr, 2013). Since the beginning of
the dam's construction, several major flood events occurred (Fig. 1b):
(i) 3 major floods with a greater than 50-year flood average daily dis-
charge calculated over the period (1400 m3·s−1) in November 1976
(1410 m3·s−1), December 2003 (1570 m3·s−1) and November 2008
(1490m3·s−1); (ii) a greater than 20-yearflood average daily discharge
(1200 m3·s−1) in May 1983 (1340 m3·s−1), just before water filling
operations started in the Villerest Dam; (iii) additional important
floods occurred in May 1977 (1050 m3·s−1) and September 1980
(1060 m3·s−1). All of these major floods resulted from heavy rainfall
episodes in the upstream basin. They usually took place throughout
the basin with maximum discharges at the same time in the Loire
main stream and its major tributaries.

2.2. Analytical methods

The coring site (45°58′54″N, 4°2′15″E) is located 200 m upstream
from the Villerest Dam in the deepest zone of the reservoir (57 m
deep at the coring site) when the water level in the reservoir was the
lowest. The core was recovered from a platform ship in September
2010with a UWITEC gravity corer fittedwith a 2-m long and 90-mmdi-
ameter plastic liner. At the laboratory, only sediments from the middle
of the liner were sampled in 2 cm-slices with a ceramic knife. The slices
were then stored in acid-washed plastic containers to prevent metallic
contamination. Neither gas bubbles nor living organisms and/or biotur-
bation featureswere clearly observedwhen slicing. The dry bulk density
gy and the 2 main towns (Saint Etienne N500,000 inhabitants; Le Puy en Velay N60,000
since 1970 (data from www.hydro.eaufrance.fr).
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(kg·m−3) was determined as the weight of dry material divided by the
volume of the container, and the water content (%) was calculated from
theweight difference between the fresh and dry sediments. Particle size
analyses were performed after a 1-min ultrasonic step with a Malvern
Mastersizer 2000 laser diffraction microgranulometer on each fresh
2-cm core slice (measurement range between 0.02 and 2000 μm).
Although leaf and brushwood remains were present in low amounts
in the studied core, they disturbed the measured grain-size signal,
so macroscopic organic remains were manually removed before the
measurements. The grain-size median (D50), the ten percentile (D10),
the ninety percentile (D90) and the cumulative volumetric percentage
of clay (b2 μm), silt (2–63 μm) and sand (N63 μm) were computed
with a Gradistat spreadsheet (Blott and Pye, 2001) using the Folk and
Ward geometric method (Folk and Ward, 1957).

The radiometric analyses were performed on approximately 50 g
of b2 mm core material in air-tight plastic boxes for a 24 h gamma-
counting. Very low-background detectors, namely, coaxial HP Ge
N-types, were used for gamma spectrometry (8000 channels, low
back-ground). The efficiencies and backgrounds were periodically con-
trolledwith internal soil and sediment standards, pure KCl samples, and
IAEA standards (Soil 6, 135 and 375). 137Cswas detectedwith an energy
peak at 661 keV in a spectrum area free of any interference. The activi-
ties were corrected to the time of the collection period, and the uncer-
tainty of the measurements was approximately 0.5% with a detection
limit of 0.3 Bq·kg. The 137Cs artificial radionuclide activity is commonly
used in bed sediments as a time calibration, using 3 events in Western
Europe: (i) its introduction in 1950 in the atmosphere by the first
important nuclear weapon tests (NWT), (ii) the maximum 137Cs atmo-
spheric fallout in 1964 (atmospheric 137Cs emissions decreased after
1964 thanks to the October 1963 nuclear test ban treaty, Walling and
Bradley, 1990; Klaminder et al., 2012) and (iii) the 1986 fallout peak
following the Chernobyl nuclear power plant disaster (C-NPPD). We
also used the top of the core between 2 and 0 cm, which corresponds
to the sampling period (2010 here).

Part of each air-dried material slice was sieved through b63 μm dis-
posable Nylon mesh. The chemical composition was also determined
with the b63 μm fraction to limit the grain-size and associated mineral-
ogical influence. The selection of fine-grained sediments for the geo-
chemical analyses is particularly important in the Loire River context,
where the sandy fraction is very heterometric and the mineralogical
composition of the sediments depends on the grain-size of the particles
(Macaire et al., 2013; Valverde et al., 2013). Representative 0.5 g of
dry b63 μm material was digested in a Teflon beaker in a tunnel oven
with LiBO2–Li2B4O7. After the samples were dried, the residues were
completely re-dissolved with HNO3 acid. Additional splits of 0.2 g were
digested by hot Aqua Regia (95 °C) for the determination of trace
element (TE) abundances. The total contents of the major and minor
elements were analyzed by ICP-AES (Jobin-Yvon 70; Govindaraju and
Mervelle, 1987), and the trace elements were analyzed by ICP-MS
(Perkin Elmer 5000, Govindaraju et al., 1994), except for Hg, which
was analyzed by cold vapor AAS (Perkin Elmer 5100). The total carbon
(TC) and total sulfur (TS) were analyzed by O2 flow combustion at
1000 °C using a LECO SC 144 DR. All of the digestion processes and
analyses were quality-checked by the analyses of one sample out of
every ten and internal reference materials. The accuracy was within 5%
of the certified values and the analytical errors better than 10% rsd for
the TE concentrations (Table 1).

3. Results and discussion

3.1. Characterization of depositional conditions

3.1.1. Sedimentary description of the Villerest core
The sedimentological analysis of the 154 cm long core consists of a

visual and textural description (Fig. 2) in addition to a comparison of
the grain-size distribution in the sedimentary layers with the C–M
diagram (Passega, 1957, 1964; Fig. 3). This diagram allows the character-
ization of the particle depositional conditions according to the ninety-
nine percentile (D99) and themedian grain-size (D50) distribution, called
the C and M parameters, respectively. In this approach, the higher the C
and M values are and the more the grain-size distribution is parallel to
the C–M line, the more energetic the depositional environment is. The
grain-size distribution of these studied sediments, measured with a
laser granulometer, should be considered with caution because of their
fine-grained and very poorly sorted texture (Pye and Blott, 2004). Be-
cause the grain-size measurement reproducibility was low for D99, D90

was used as the C parameter to be more representative. Throughout
the entire core, three sedimentary units have been identified:

- The deepest unit 3 (128–154 cm), is also the coarsest unit. It is com-
posed of very coarse silts to fine sands (59 b D50 b 284 μm) (Fig. 2).
The percentage of sand ranges from 48% (126–128 cm) to 88%
(136–138 cm) with the highest D90 of the entire core (312–632 μm).
According to the Valverde et al.'s (2013) study, which defines the
characteristics of stream sediments in the Upper Loire sub-basin
(D50 N 1000 μm and D90 N 1100 μm), and Bravard et al.'s (2013)
interpretations of the CM image, the grain-size distribution of
this sedimentary layer looks like a river bank deposit in a proximal
position from the river channel (low variability of D90 compared to
D50, characteristic of the RS segment; Fig. 3). Hence, unit 3 can rep-
resent the fluviatile domain, i.e., sediments deposited in energetic
conditions, but they may also have been reworked during the dam
construction.

- On the other side, the upper unit 1, from 84 cm up to the surface,
corresponds to the finest very poorly sorted particles, mainly silts
with clays (73–87% silts, Table 1). The D50 ranges from 7.3 μm
(64–66 cm deep) to 19.8 μm (42–44 cm). Immediately after the
core opening, laminated sedimentary layers were visually identified
at the 54–84 cm (7 b D50 b 14 μm); 50–58 cm (8 b D50 b 12 μm);
19–30 cm (10 b D50 b 14 μm), except within 22–24 cm; and
0–6 cm depths (9 b D50 b 10 μm; Fig. 2), showing centimeter alter-
nations of lighter and darker bands. In these sedimentary layers,
the alternation of sediment colors is not associated with textural
variations. The grain-size distribution of these sequences is not par-
allel to the C–M line (Fig. 3). Therefore, they consist of fine-grained
sediments that settled in a lentic environment since the dam
began operation in 1984. Organic matter was not characterized,
but darker layers should correspond to death biomass depositions
after summertime. In addition, well-defined coarser and lighter
layers at the 58–64 cm, 30–50 cm and 6–19 cm depths (Fig. 2) do
not fit in the predefined domain. All of these stacked intervals also
present a larger grain-size distribution than the respective unit
with a higher sand percentage. They all note various depositional
processes. The 6–19 cm level presents vertical grain-size sorting
(18.5% down to 8.6% sandwith upward coarsening at the beginning
until 14 cm deep), whereas the two other coarse levels show a
hysteresis in the C–M diagram from fine to coarse grains and back
to fine particles (10.0% up to 19.7% of sands with maximum grain
size at 60–62 cm and 40–42 cm deep) (Fig. 3).

- Units 1 and 3 limit sharp grain-size transitions at 84 cm and 128 cm
deep, which correspond to unit 2's boundaries. The color and textural
composition of this sedimentary layer are homogenous. The percent-
age of silt clearly decreases downcore (from 78% down to 50%;
Table 1), although the percentage of sand and D50 increases at the
same time (up to 48% and to 56 μm, respectively; Fig. 2; Table 1).
The grain-size distribution of this sedimentary unit draws a middle
domain between the lacustrine and the fluviatile domains, which
are not described in literature (Fig. 3). This can occur during dam
water filling when the water level increases progressively. At the
bottom of unit 2 (104–128 cm), the archived sediments are clearer
and the grain-size distribution of this sedimentary layer presents
similaritieswith the coarsest and lightest sequences of unit 1. Indeed,



able 1
electedmajor and trace element concentrations in the b63 μm sediments according to depth in the Villerest core; Cs activity;median grain-size (D50) and percentages of grain-size frac-
ons in the bulk sediment layers; preindustrial sedimentary concentrations used to calculate the enrichment factors (Grosbois et al., 2012). 1a—major elements; 1b— conservative trace
lements, which present enrichment factors close to 1; 1c— trace elementswith an anthropogenic influence (enrichment factors N2); n.d. = not determined; bd.l. = under the detection
mit.

Depth (cm) 137Cs (2 s) Median
grain
size

Sand
percentage

Silt
percentage

Clay
percentage

Si Al Ca Fe K Mg Mn Na P Ti

(Bq·kg−1) (μm) (%) (%) (%) % % % % % % % % % %

0–2 10 ± 0.9 10.0 7.3 84.8 7.9 16.72 8.44 0.64 4.91 2.27 1.04 0.09 0.48 0.28 0.50
2–4 9.5 5.0 86.9 8.1 16.74 9.42 0.89 5.05 2.59 1.24 0.09 0.68 0.21 0.65
4–6 11.0 5.9 87.0 7.1 16.90 9.31 0.89 4.83 2.61 1.21 0.09 0.75 0.21 0.65
6–8 2008 flood event 12.7 8.6 85.4 5.9 16.57 9.42 1.11 5.07 2.66 1.30 0.08 0.76 0.20 0.74
8–10 15.8 11.5 83.7 4.8 16.87 9.17 1.00 4.91 2.56 1.22 0.09 0.76 0.20 0.72
10–12 15 ± 0.8 18.6 15.2 80.4 4.3 16.87 8.81 0.91 4.58 2.50 1.16 0.09 0.79 0.21 0.66
12–14 20.9 17.5 78.6 3.9 17.42 8.51 0.79 4.15 2.51 1.05 0.09 0.88 0.23 0.58
14–16 18.4 16.6 78.8 4.6 17.27 8.22 0.75 4.00 2.42 0.99 0.09 0.88 0.23 0.54
16–19 15.5 18.5 75.4 6.0 17.60 8.72 0.72 4.29 2.45 1.04 0.10 0.81 0.25 0.55
19–20 14.3 15.5 79.0 5.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
20–22 14 ± 1.6 16.9 22.6 72.7 4.7 16.10 8.81 0.69 4.89 2.24 1.06 0.12 0.50 0.35 0.50
22–24 13.4 17.7 76.6 5.7 17.10 8.33 0.69 4.82 2.26 1.04 0.11 0.56 0.36 0.50
24–26 12 ± 0.9 10.1 5.9 86.5 7.6 17.36 9.21 0.70 4.97 2.51 1.15 0.10 0.59 0.27 0.56
26–28 11.0 9.5 83.4 7.1 17.30 9.62 0.76 4.80 2.70 1.24 0.09 0.66 0.19 0.61
28–30 9.7 4.2 87.4 8.5 17.27 9.69 0.97 5.02 2.79 1.38 0.09 0.70 0.20 0.67
30–32 2003 flood event 12 ± 1.0 14.7 13.0 81.7 5.3 17.22 9.59 1.06 4.86 2.86 1.40 0.08 0.74 0.17 0.68
32–34 14.9 11.7 82.7 5.6 17.87 9.61 1.04 5.07 2.80 1.37 0.09 0.82 0.21 0.71
34–36 16 ± 1.0 15.8 12.0 82.9 5.1 17.85 9.33 0.99 4.82 2.79 1.31 0.09 0.86 0.21 0.68
36–38 16.7 13.4 81.6 5.0 17.54 8.89 0.91 4.48 2.66 1.19 0.09 0.85 0.22 0.62
38–40 19.9 17.6 78.4 4.1 18.66 8.85 0.86 4.38 2.68 1.13 0.11 0.91 0.28 0.59
40–42 15 ± 1.0 21.2 19.7 76.3 4.0 18.39 8.28 0.81 3.96 2.56 1.02 0.10 0.93 0.26 0.55
42–44 19.8 17.9 77.7 4.4 20.61 8.42 0.85 3.61 2.87 0.96 0.09 1.16 0.24 0.56
44–46 18.5 14.3 81.6 4.1 18.66 8.69 0.83 4.20 2.58 1.06 0.11 0.91 0.29 0.58
46–48 12.2 10.0 83.6 6.3 17.79 8.70 0.76 4.30 2.52 1.09 0.09 0.75 0.25 0.59
48–50 12.4 12.9 81.0 6.1 17.29 8.67 0.66 4.43 2.43 1.07 0.10 0.59 0.28 0.53
50–52 13 ± 0.9 9.0 14.5 75.1 10.4 17.01 7.86 0.61 4.63 2.06 0.95 0.12 0.42 0.41 0.46
52–54 10.0 11.6 80.4 8.0 16.47 9.52 0.62 4.86 2.50 1.14 0.10 0.49 0.30 0.52
54–56 12.3 14.9 79.3 5.8 16.99 9.14 0.69 4.85 2.57 1.12 0.10 0.53 0.32 0.54
56–58 7.8 6.8 82.9 10.3 16.71 8.90 0.74 4.98 2.44 1.10 0.12 0.54 0.38 0.56
58–60 1996 flood event 17.0 12.7 82.9 4.4 17.11 9.66 0.89 4.82 2.74 1.28 0.09 0.67 0.22 0.64
60–62 22 ± 0.9 18.4 14.5 81.4 4.1 17.16 8.80 0.85 4.57 2.58 1.20 0.11 0.71 0.26 0.58
62–64 14.0 12.3 82.7 5.0 17.31 8.65 0.77 4.50 2.46 1.12 0.12 0.70 0.28 0.56
64–66 7.3 9.6 79.9 10.5 16.62 8.74 0.67 5.03 2.37 1.06 0.15 0.47 0.41 0.52
66–68 12.1 12.1 81.6 6.3 17.14 9.05 0.70 4.83 2.45 1.12 0.14 0.50 0.34 0.55
68–70 10.6 11.1 81.9 7.0 17.72 9.34 0.76 4.57 2.67 1.22 0.10 0.59 0.24 0.56
70–72 21 ± 0.7 10.7 12.3 80.5 7.2 17.14 9.26 0.59 4.71 2.49 1.12 0.11 0.54 0.30 0.53
72–74 8.7 8.4 83.1 8.5 17.36 8.84 0.61 4.81 2.45 1.07 0.12 0.53 0.33 0.52
74–76 28 ± 1.3 9.5 13.5 78.1 8.5 17.05 8.99 0.58 4.82 2.47 1.06 0.12 0.52 0.37 0.52
76–78 43 ± 1.4 12.6 15.4 78.3 6.2 17.29 9.22 0.64 4.72 2.56 1.10 0.14 0.62 0.35 0.55
78–80 61 ± 1.9 9.9 12.1 79.6 8.3 17.26 9.36 0.64 4.82 2.56 1.14 0.12 0.58 0.33 0.54
80–82 124 ± 1.4 14.4 12.7 81.5 5.8 18.04 9.52 0.79 5.04 2.80 1.29 0.12 0.65 0.33 0.56
82–84 20 ± 1.2 18.0 21.0 74.7 4.3 17.93 8.35 0.88 4.55 2.64 1.12 0.14 0.74 0.36 0.52
84–86 Sediments deposited

before or during the
dam construction

9 ± 0.8 44.1 40.2 56.0 3.8 19.69 8.11 0.91 3.88 2.85 1.05 0.07 1.05 0.17 0.52
86–88 39.9 36.9 58.8 4.3 20.15 8.37 0.95 3.60 3.02 1.09 0.06 1.13 0.14 0.53
88–90 50.7 43.5 52.7 3.8 20.85 8.09 0.94 3.41 3.08 1.01 0.05 1.25 0.14 0.50
90–92 4 ± 0.4 55.9 46.4 50.2 3.4 20.84 7.95 0.94 3.32 3.14 0.99 0.05 1.25 0.14 0.47
92–94 27.1 25.5 69.8 4.7 20.83 7.78 0.94 3.24 3.07 0.99 0.05 1.24 0.13 0.46
94–96 25.8 24.8 70.1 5.1 19.04 8.66 1.05 4.05 2.99 1.19 0.08 0.98 0.15 0.57
96–98 28.7 28.4 66.7 4.9 19.03 8.67 1.06 4.19 2.98 1.21 0.08 0.96 0.16 0.59
98–100 54.7 45.2 50.8 3.9 20.37 8.16 0.94 3.51 3.00 1.01 0.06 1.16 0.14 0.54
100–102 6 ± 0.6 42.7 39.5 56.5 3.9 21.26 7.79 0.91 3.22 2.97 0.92 0.06 1.31 0.16 0.50
102–104 26.0 26.2 69.2 4.6 21.14 8.01 0.86 3.30 2.95 0.93 0.07 1.26 0.17 0.47
104–106 20.8 19.0 76.1 4.9 18.74 8.67 1.04 4.24 2.91 1.21 0.09 0.92 0.16 0.59
106–108 20.5 19.0 76.1 4.8 18.14 8.72 1.09 4.52 2.84 1.25 0.11 0.88 0.19 0.60
108–110 33.3 34.7 61.5 3.8 18.46 8.60 1.02 4.26 2.82 1.18 0.10 0.96 0.20 0.58
110–112 9 ± 0.5 31.3 32.0 64.2 3.8 19.27 8.34 0.96 3.96 2.81 1.08 0.09 1.15 0.21 0.55
112–114 25.3 25.9 70.0 4.1 17.44 8.26 0.94 4.41 2.61 1.07 0.15 0.91 0.31 0.55
114–116 18.0 13.4 81.8 4.8 18.40 8.32 1.04 4.44 2.75 1.13 0.16 0.96 0.26 0.56
116–118 15.4 11.4 83.0 5.5 18.16 8.34 0.95 4.48 2.68 1.10 0.17 0.93 0.30 0.55
118–120 15.8 12.5 82.6 4.9 17.06 8.91 0.90 4.80 2.56 1.21 0.16 0.75 0.31 0.56
120–122 8 ± 0.9 16.7 13.3 82.0 4.7 17.69 8.54 0.80 4.55 2.43 1.13 0.16 0.72 0.33 0.55
122–124 19.8 16.9 79.0 4.1 17.10 8.64 0.76 4.58 2.43 1.15 0.17 0.68 0.31 0.54
124–126 19.4 17.3 77.9 4.8 17.46 8.58 0.79 4.61 2.39 1.11 0.17 0.72 0.35 0.55
126–128 59.2 48.9 48.0 3.1 17.42 8.45 0.84 4.28 2.41 1.08 0.10 0.80 0.26 0.57
128–130 140.9 69.8 28.2 2.0 18.75 8.99 0.93 4.50 2.76 1.18 0.09 0.96 0.21 0.58
130–133 4 ± 0.6 120.9 66.2 31.7 2.0 18.42 9.39 0.85 4.97 2.81 1.27 0.10 0.81 0.24 0.55
133–134 119.9 67.6 30.3 2.1 17.68 9.64 0.83 5.27 2.80 1.32 0.11 0.64 0.24 0.60
134–136 100.4 61.4 36.2 2.3 18.46 9.20 0.88 4.85 2.77 1.23 0.10 0.82 0.26 0.59
136–138 284.4 88.4 10.8 0.8 17.45 9.75 0.87 5.14 2.77 1.30 0.10 0.68 0.23 0.60
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TC TS Ba Hf La Rb Sm Th U Zr As Bi Cd Cr Cu Hg Mo Ni Pb Sb Sn W Zn

% % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

5.58 0.27 531 3.2 34.8 191.3 5.72 13.1 7.6 114.8 44.7 2.1 1.7 116 52.3 0.22 0.9 39.4 87.8 1.0 18 5.6 217
3.70 0.11 589 3.8 38.0 212.8 6.33 13.8 7.5 139.3 29.4 1.9 1.5 130 45.3 0.19 0.8 42.0 72.7 0.6 15 5.5 215
3.99 0.07 573 4.7 39.8 207.1 6.62 15.8 7.3 174.7 27.5 2.2 1.5 130 50.2 0.23 0.8 41.3 69.0 0.7 18 6.4 206
3.22 0.08 588 4.0 36.8 222.5 6.19 12.4 6.6 151.9 21.5 1.3 0.9 144 41.6 0.12 0.8 46.9 51.1 0.4 13 4.8 168
4.51 0.07 594 4.7 37.9 214.9 6.30 13.4 7.1 171.1 23.0 1.6 1.4 144 48.7 0.18 0.9 44.7 61.5 0.5 17 5.6 199
5.09 0.1 573 5.8 38.7 202.7 6.63 15.3 7.8 191.1 28.8 2.3 2.0 130 54.9 0.26 1.1 43.8 72.5 0.8 20 6.6 221
5.23 0.11 597 6.5 44.3 183.0 7.27 19.8 8.3 236.2 36.9 3.7 2.6 116 63.3 0.43 1.2 41.6 84.8 1.2 22 8.3 257
5.56 0.11 608 6.8 45.5 176.7 7.46 20.0 8.2 229.3 38.2 4.3 2.1 103 66.2 0.37 1.2 38.6 88.3 1.2 23 8.1 269
5.41 0.12 626 5.8 45.2 187.3 7.40 21.5 8.7 211.5 41.4 4.3 2.2 103 61.7 0.40 1.1 37.6 92.9 1.2 21 8.5 254
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
bd.l. bd.l. 567 3.4 38.8 183.4 6.37 16.6 8.0 110.8 42.2 3.7 2.1 123 55.7 0.29 0.8 40.9 101.8 1.0 17 6.1 243
5.94 0.25 561 3.9 39.7 179.2 6.57 17.4 9.1 133.2 51.1 3.2 1.7 116 59.2 0.29 0.9 40.0 96.2 1.0 15 6.2 227
4.55 0.24 598 3.6 39.6 200.6 6.50 17.4 8.3 128.1 51.4 2.4 1.8 123 55.1 0.28 1.0 43.1 86.8 1.0 17 6.4 215
3.79 0.14 618 4.1 40.2 213.0 6.59 18.6 8.1 141.5 40.6 2.1 1.7 123 52.6 0.30 0.8 43.6 79.9 1.0 17 6.6 214
3.30 0.09 603 4.4 39.6 248.2 6.48 16.3 8.2 150.4 35.1 1.6 1.5 123 50.4 0.25 0.8 46.7 72.0 0.7 19 6.7 204
3.01 0.09 588 4.5 38.8 252.4 6.67 16.0 7.5 153.5 31.9 1.5 1.1 123 44.6 0.22 0.9 46.3 61.1 0.7 20 6.3 169
4.36 0.11 656 5.5 43.7 239.4 7.20 17.5 8.4 193.8 33.1 1.7 1.9 144 54.5 0.34 1.1 49.9 73.9 0.9 24 7.5 209
4.47 0.11 658 6.3 44.2 233.1 7.42 19.2 8.5 212.0 36.6 1.9 2.6 144 63.5 0.49 1.2 54.7 82.9 1.0 26 8.9 247
4.76 0.13 665 6.9 45.9 223.2 7.70 23.0 9.0 236.9 38.9 1.9 2.7 151 70.2 0.48 1.4 55.5 90.0 1.1 26 9.5 278
5.07 0.13 682 8.2 52.4 217.6 8.45 23.7 9.7 275.1 41.3 1.8 3.2 151 73.5 0.53 1.5 56.8 97.2 1.3 27 10.2 293
4.68 0.11 659 8.9 53.7 215.4 8.73 25.7 9.7 297.4 38.3 1.8 2.9 137 69.2 0.47 1.4 52.8 89.4 1.1 23 9.6 275
3.47 0.09 702 13.6 70.2 211.8 11.18 35.2 10.6 471.9 31.2 1.3 2.2 123 55.3 0.38 1.1 44.9 74.5 1.1 20 9.0 229
5.00 0.13 677 7.8 51.7 211.2 8.45 24.8 9.6 277.7 38.1 1.6 2.8 144 76.4 0.46 1.5 54.2 93.7 1.2 25 10.8 289
5.35 0.13 692 6.7 46.9 222.0 7.71 21.6 9.5 227.0 43.3 1.8 3.2 144 83.9 0.53 1.5 56.9 103.4 1.2 25 10.3 326
5.17 0.12 633 4.4 41.7 227.1 6.56 19.3 9.1 150.9 44.1 1.6 2.2 116 75.5 0.42 bd.l. 53.5 95.8 1.1 19 8.0 291
bd.l. bd.l. 554 3.5 37.4 212.9 5.99 15.9 9.5 113.0 46.5 1.3 1.3 96 68.9 0.27 1.1 51.8 95.3 1.1 15 6.1 229
4.36 0.14 664 3.8 41.6 255.9 6.65 18.3 8.9 125.7 37.9 1.4 1.6 109 57.5 0.27 1.0 47.2 90.2 1.2 17 6.7 243
4.15 0.18 646 4.6 42.9 257.2 6.79 18.5 9.3 149.1 42.7 1.5 1.5 123 60.9 0.23 0.9 52.2 90.1 1.1 16 6.9 227
4.74 0.23 651 3.8 42.8 237.6 6.88 17.9 9.2 139.3 49.3 1.5 2.6 151 66.9 0.31 1.5 63.0 97.6 1.0 19 7.3 262
3.49 0.09 697 4.5 41.9 263.5 6.75 18.9 8.2 161.2 29.9 1.6 2.0 151 53.2 0.30 0.9 52.8 79.3 0.5 21 7.1 249
5.11 0.13 691 5.0 43.6 232.5 7.51 19.8 9.3 187.8 38.6 1.9 3.8 185 73.8 0.53 1.7 64.1 95.7 1.1 31 10.1 325
5.67 0.15 721 6.5 43.2 221.3 7.42 20.3 9.6 202.1 44.4 2.1 4.7 192 86.2 0.70 2.0 66.9 107.1 1.1 34 10.8 369
5.44 0.24 622 3.6 40.1 244.7 6.56 16.7 10.0 124.5 45.1 2.0 2.9 267 68.0 0.32 1.2 65.8 103.9 0.7 27 7.3 282
4.77 0.12 678 3.9 41.0 244.9 6.82 17.4 9.6 134.4 39.0 2.0 3.7 328 64.6 0.30 1.1 57.1 101.5 0.6 31 7.7 305
3.79 0.1 669 4.8 42.9 242.8 7.26 19.7 9.3 153.7 38.6 1.5 3.3 144 60.8 0.33 1.0 50.0 86.8 1.2 24 8.6 292
4.15 0.11 661 3.8 41.7 238.7 6.73 19.3 10.0 135.1 42.6 1.5 2.9 144 63.4 0.31 0.8 53.0 100.8 1.3 20 8.3 311
4.58 0.23 677 3.9 41.4 228.5 6.76 20.7 10.1 133.7 50.3 1.5 3.3 151 65.1 0.31 bd.l. 63.9 114.3 0.8 22 8.6 287
4.70 0.17 701 4.6 44.0 234.4 7.14 21.0 10.6 138.8 49.7 1.6 3.7 157 70.7 0.33 1.0 64.9 116.8 0.7 23 8.4 309
4.24 0.17 696 4.4 44.7 236.7 7.29 21.2 10.1 155.7 49.2 1.8 4.7 178 65.3 0.30 0.9 71.7 137.1 0.6 23 8.6 282
4.20 0.14 692 4.1 42.7 241.2 7.10 21.0 10.4 144.0 50.6 1.8 4.2 219 71.8 0.33 bd.l. 63.6 119.1 0.9 26 8.0 304
3.41 0.17 710 4.8 43.9 245.4 7.24 20.8 8.9 167.8 47.6 1.8 6.1 198 61.8 0.51 1.4 66.1 102.1 1.1 27 8.3 295
4.64 0.19 718 7.1 46.3 222.9 7.81 22.3 10.1 237.2 54.6 2.5 10.5 246 73.2 0.46 1.8 81.2 108.6 0.8 38 10.7 382
4.27 0.24 707 10.5 59.1 217.6 10.03 28.4 10.3 371.3 39.8 2.2 3.1 144 46.1 0.36 1.3 55.7 69.7 1.0 33 11.8 194
3.90 0.09 708 10.9 59.5 224.6 10.09 30.7 9.6 379.1 28.7 1.9 1.7 123 38.1 0.36 1.1 40.8 58.9 0.8 27 9.6 152
3.28 0.07 729 10.9 59.8 219.1 10.28 31.9 9.0 387.5 25.9 1.6 1.8 130 33.2 0.22 1.2 37.9 53.9 1.1 23 9.4 149
2.99 0.06 754 10.5 57.2 219.4 9.42 29.8 9.0 364.2 26.2 1.7 1.9 116 32.6 0.20 1.1 39.5 53.0 0.9 31 9.3 156
3.78 0.08 727 9.9 54.4 222.6 9.33 29.5 8.8 347.7 24.8 1.6 1.7 116 30.5 0.18 1.2 37.7 48.9 0.8 19 7.9 146
3.93 0.09 733 8.9 52.2 233.9 8.68 25.6 9.4 307.1 33.0 2.6 2.7 151 42.6 0.33 1.2 43.4 65.8 0.8 29 9.7 178
3.91 0.08 729 8.6 50.2 236.2 8.65 25.4 9.5 318.4 34.5 2.5 3.0 157 46.1 0.37 1.2 46.7 68.5 0.9 31 9.7 188
3.93 0.07 758 11.2 61.8 225.3 10.10 30.7 9.6 397.7 30.3 2.0 2.4 137 37.2 0.27 1.2 42.4 61.9 1.0 23 9.0 170
3.02 0.06 675 11.6 68.7 196.9 11.39 33.8 10.1 401.3 31.2 1.5 3.2 144 36.0 0.41 1.5 48.0 60.2 1.1 19 8.2 194
3.83 0.07 661 9.0 57.4 201.3 9.35 27.4 8.8 335.0 31.5 1.7 4.7 151 40.1 0.57 1.0 51.3 62.3 1.0 22 8.6 217
3.60 0.06 636 8.2 47.0 224.7 8.11 23.3 8.8 281.4 34.7 2.5 3.0 164 45.8 0.46 1.2 52.4 72.0 1.0 28 8.3 198
4.76 0.07 671 7.6 46.6 223.2 8.03 23.0 9.1 253.9 43.2 3.2 5.7 212 61.7 0.49 1.5 64.0 90.0 1.5 36 10.2 267
4.52 0.07 655 7.9 49.3 216.9 8.46 25.5 9.2 274.0 39.9 2.8 6.0 198 60.3 0.59 1.6 67.8 88.3 1.4 30 9.0 275
5.16 0.08 704 9.2 51.1 206.0 9.02 25.6 9.0 322.3 38.5 2.6 5.6 212 59.7 0.55 1.8 71.8 87.1 1.7 29 10.1 275
6.74 0.09 743 7.7 50.6 207.9 8.56 24.5 10.3 259.7 56.3 3.5 13.2 301 92.3 0.61 2.1 104.3 125.1 1.6 37 12.4 474
5.23 0.11 707 8.9 49.4 215.6 8.38 24.1 9.4 305.6 40.8 3.1 10.3 260 77.4 0.50 2.0 100.4 106.3 1.5 40 11.8 386
5.33 0.12 740 8.7 52.4 213.4 9.05 24.7 9.9 298.9 45.8 3.6 14.6 281 92.7 0.64 2.4 114.8 125.1 1.5 44 14.5 474
5.79 0.14 749 5.6 43.1 222.6 7.51 19.9 9.5 201.4 56.3 4.2 18.4 328 113.5 0.79 2.8 155.7 147.9 1.9 53 15.0 588
bd.l. bd.l. 655 6.1 44.2 212.5 7.72 20.0 8.7 219.8 43.5 3.3 13.2 267 86.6 0.51 1.7 121.1 125.1 1.3 37 11.1 454
5.50 0.12 645 5.4 43.1 220.9 7.58 20.6 8.8 193.3 46.1 3.2 14.1 267 92.1 0.58 1.6 121.6 127.0 1.1 38 10.5 463
5.23 0.18 647 6.1 45.8 213.9 7.88 22.5 9.1 209.6 48.6 3.4 13.7 267 85.7 0.49 1.6 167.3 132.3 1.3 35 10.3 461
5.43 0.1 711 6.5 44.1 209.0 7.68 21.5 10.8 214.4 52.4 3.4 13.0 335 81.0 0.49 2.1 145.2 131.1 1.4 37 9.8 460
3.99 0.08 753 7.7 49.4 211.4 8.46 23.6 10.4 263.2 45.4 3.8 5.6 287 65.6 0.47 bd.l. 98.7 120.8 1.9 33 9.8 321
bd.l. bd.l. 710 6.2 47.3 228.5 7.90 23.6 10.0 218.3 36.9 4.1 4.4 267 55.8 0.30 1.9 97.5 111.5 1.1 32 9.9 264
3.13 0.04 690 8.6 56.4 237.7 9.56 30.1 10.8 284.4 21.8 1.9 2.4 274 30.8 0.32 bd.l. 56.4 57.5 0.9 35 9.6 166
3.63 0.04 721 9.5 58.2 227.3 9.74 30.0 11.2 323.5 39.8 3.6 3.7 267 50.7 0.47 bd.l. 96.4 98.6 1.4 33 10.4 261
4.51 0.07 745 7.3 50.5 230.7 8.52 25.6 10.3 261.8 51.4 4.1 7.1 335 62.2 0.46 bd.l. 108.4 116.1 1.5 40 13.0 335
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138–140 Sediments depositedaa 179.8 78.2 20.4 1.3 18.18 10.13 0.85 5.52 3.00 1.44 0.12 0.62 0.23 0.55
140–142 4 ± 0.3 236.7 83.2 15.6 1.2 18.02 9.78 0.90 5.42 2.92 1.34 0.12 0.70 0.24 0.61
142–144 155.4 71.2 27.0 1.8 17.36 9.65 0.92 5.22 2.75 1.27 0.09 0.67 0.22 0.60
144–146 194.7 80.1 18.6 1.3 17.29 9.50 0.86 5.38 2.80 1.31 0.13 0.64 0.26 0.56
146–148 187.8 79.0 19.7 1.4 16.51 9.41 0.82 5.45 2.71 1.28 0.13 0.56 0.28 0.55
148–150 7 ± 0.5 188.0 79.8 19.0 1.2 17.08 9.52 0.84 5.23 2.74 1.25 0.12 0.65 0.22 0.56
150–152 159.3 73.0 25.4 1.6 18.07 9.26 0.87 4.92 2.82 1.22 0.12 0.79 0.23 0.55
152–154 6 ± 0.7 79.8 56.6 40.8 2.7 18.26 9.39 0.90 4.82 2.85 1.23 0.09 0.84 0.20 0.57

d.l. 0.01 0.01 0.01 0.03 0.01 0.01 0.01 0.01 0.01 0.01
Preindustrial concentrations 26.37 8.45 1.57 4.27 2.35 0.94 0.08 0.96 0.13 0.75
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they are involved in the same domain in the C–M diagram, and the
vertical grain-size sorting shows a similar hysteresis (Fig. 3.).

3.1.2. Stratigraphic evidence of flood sequences
A detailed sedimentological analysis of the upper unit of the core

allows us to enhance the sediment layers that settled in a lacustrine con-
text and possibly came from events with important sedimentary loads.
The coarser and lighter layers at the 58–64 cm, 30–50 cm and 6–19 cm
depths look like turbidites, as they are described in lakes (Giovanoli,
1990; Sturm and Matter, 1978) and reservoirs (Ambers, 2001), when
associated with important flood events andmassive material transport.
During important discharge events entering the reservoir, the riverine
sediment load is transported according to the grain-size of the particles,
river flow density and water density stratification. The coarsest sedi-
ments are mainly deposited in the reservoir delta and the residual
flow generates fine sediment-laden under- and overflows deposited
further in the reservoir floor.

For these turbidite-like layers, well-marked D50 and D90 patterns in
the C–M diagram (total grain-size hysteresis for the 58- to 64-cm and
30- to 50-cm-deep layers and a partial hysteresis for the 6- to 19-cm
sequence) can be associated with underflow-related depositional
processes (Gilli et al., 2013; Giovanoli, 1990). These flood sequences
would correspond to the most important events since the dam began
operation in 1984, i.e., the 58- to 64-cm interval to the 1996 flood, the
30- to 50-cm interval to the 2003 flood and the 6- to 19-cm interval
to the 2008 flood. In particular, this 2008 flood event was not managed
like the two previous ones. The damgates usually open gradually to reg-
ulate downstream runoff according to the upstream flood hydrogram.
However, in 2008, the reservoir water level was already high before
the flood event and the dam gates were opened the same time the
flood began (H. Xhaard, EPL, pers.com.). This dam management may
be related to the incomplete hysteresis in the 6- to 19-cm interval
(D50 and D90 are only correlated up to 14 cm deep in a decreasing
trend, Fig. 2). In unit 2, which was deposited during the reservoir
water infilling, the 104- to 128-cm interval could correspond to the
major 1983 flood with a greater than 20-year flood average daily
outflow.

3.2. Age model definition

3.2.1. 137Cs dating
The 137Cs activity shows a well-marked maximum (124.2 ±

1.4 Bq·kg−1) at 80–82 cm (Table 1). This 137Cs peak is preceded by
ϒ activities between 5.6 ± 0.7 and 19.6 ± 1.2 Bq·kg−1. The bottom of
the lacustrine sedimentary record at 82–84 cm is assumed to be syn-
chronous with the Villerest Dam's full operation beginning in 1984. In
these circumstances, the 137Cs peak can correspond to the C-NPPD
fallout in 1986. The detection of some 137Cs in units 2 and 3, ranging
between 4.1 ± 0.3 and 9.2 ± 0.5 Bq·kg−1 (Table 1), indicates that
these deposits belong to the post-1950 period. Nonetheless, the post-
depositional mobilization of the 137Cs during diagenesis and the
resulting down migration of this radionuclide in the sedimentary col-
umn could disturb the dating (Benoit and Rozan, 2001; Smith et al.,
2000). In particular, unit 2 is associated with the reservoir water
infilling. According to the dam managers, the water infilling period
lasted from the end of the dam's construction in 1983 to 1984. The
heavy aggradation rate of this unit should reflect important local sedi-
mentary inputs in the downstream part of the reservoir during the
water filling operation. Two hypotheses can be formed regarding the
sediment origin in unit 3: (i) these sediments were part of a former
river bank of the Loire River before the dam's construction, and the
absence of the NWTmaximum fallout (1964 137Cs peak) is then related
to sediments younger than 1964; or (ii) the sediments fromunit 3 could
have been partly reworked during the dam construction starting in the
late 1970s. The lack of the 1964 137Cs peak would then be due to a
sediment hiatus in the bottom unit 3 as parts of these channel sedi-
ments were scrabbled and exported during the dam construction. The
sediments from unit 3 could not have been more precisely dated.

3.2.2. Age model calculation
To take into account the temporal variations in the sedimentation

processes, theflood events' influence on sedimentary infill and the com-
paction variationswith depth during coring, an agemodel was precisely
built on the calculation of mass accumulation rates (MAR, kg·m−2·y−1;
VanMetre et al., 2004) using the two absolute depth–date markers and
flood markers.

This age model is first based on the dry mass parameter (DM;
kg·m−2), calculated as follows:

DM ¼ 1−nð Þ � DS � Th ð1Þ

with n as the porosity (%; the volume of water contained in a well-
known volume of fresh sediments), DS as the apparent density of the
sediments (g·m−3; the dry mass material contained in the defined
volume) and Th as the thickness of the sampled layer (m).

TheMAR is then expressed between each date-bounded interval by
dividing the cumulative dry mass (cum) with the time interval (TI;
year) as follows:

MAR ¼ cum=TI: ð2Þ

Therefore, the corresponding age of the sediment (Date) at a level i is
calculated as follows from the top of the core (=coring date; 2010 in
the study case) to the first time marker:

Datei ¼ coring date– cum=MARð Þ: ð3Þ

For sediment layers j older than thefirst timemarker i, Eq. (4) is then
applied:

Datej ¼ marker datei– cumj–cumi

� �
=MARj: ð4Þ

The cumulative dry mass slope varies according to the depth from
1.9 kg·m2·cm in unit 1 to 4.2 kg·m2·cm in unit 2 and 8.0 kg·m2·cm
in unit 3 (Fig. 4). These variations correspond to the 3 aforementioned
sediment units. In particular, unit 1 shows light variations in the cumu-
lative drymass slope associatedwith the 3 identifiedmajor floods in the
sediment sequence. The MAR was then adjusted in the upper unit 1:
(i) when considering the whole unit 1 between the 1984 and 2010
depth–date markers, the MAR reaches 5.8 kg·m−2·y−1; (ii) when tak-
ing into account each flood sequence (1996, 2003 and2008) as a depth–
date marker, the MAR fluctuates between 2.0 and 3.0 kg·m−2·y−1



3.70 0.06 776 6.3 46.9 241.0 7.94 23.9 10.5 207.7 49.3 5.0 4.4 308 76.0 0.41 bd.l. 91.2 123.0 1.3 42 10.8 377
4.00 0.1 865 7.8 52.7 235.4 8.78 25.9 11.1 278.1 55.9 4.7 5.3 308 51.4 0.33 bd.l. 157.6 109.5 1.3 40 11.2 291
5.41 0.07 788 8.7 56.9 230.2 9.40 27.0 11.4 321.2 56.9 6.9 6.6 383 102.2 0.42 bd.l. 126.7 139.8 1.6 46 13.0 460
4.32 0.06 756 8.6 58.2 236.2 9.62 28.0 11.3 308.0 48.7 9.5 6.5 342 63.1 0.35 bd.l. 97.2 128.5 1.3 51 12.3 299
5.01 0.05 744 6.3 47.6 242.2 8.16 23.4 11.2 214.6 44.5 9.6 6.5 363 63.3 0.38 bd.l. 96.7 124.4 1.3 55 12.5 317
5.21 0.08 753 5.3 45.5 241.4 7.99 22.7 10.7 185.1 38.9 9.3 6.5 397 61.4 0.38 bd.l. 96.8 116.4 1.5 53 14.4 270
4.04 0.05 738 7.2 47.5 233.0 8.20 22.4 9.4 244.6 38.5 7.3 4.1 308 54.8 0.36 bd.l. 92.5 97.1 1.2 48 12.6 242
bd.l. bd.l. 753 9.2 55.7 230.5 9.64 27.2 10.6 325.4 48.5 8.8 5.6 294 93.4 0.42 2.2 91.3 123.6 1.4 48 13.1 304
0.02 0.02 1 0.1 0.1 0.1 0.05 0.2 0.1 0.1 0.5 0.1 0.1 14 0.1 0.01 0.1 0.1 0.1 0.1 1 0.5 1
1.15 n.d. 661 11.7 64.1 165.0 10.065 25.1 8.2 405.5 19.6 0.7 0.4 99 20.0 0.02 0.4 28.4 34.7 0.4 8 6.0 94
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(Fig. 4). These three flood events highly contribute to the sediment
budget as they correspond to 43% of the settled sediments since the
beginning of the dam's operation (total of 151.4 kg·m−2 of trapped sed-
iments, calculated by cumulating DM over unit 1) with 8.3, 41.0 and
16.3 kg·m−2 of material, respectively, instantly deposited (5.5, 27.1
and 10.8% of the total sedimentary infill since 1984). Such an influence
of large flood events on the aggradation rate has been highlighted for
flood-control reservoirs built in a mountain context (low-order stream,
steep slope and storm influenced climate, Ambers, 2001), but never for
high-order streamdraining largewatersheds as in the studied reservoir.

3.3. Temporal dynamics of the trace element contaminations

3.3.1. Influence of flood events in the registered enriched TE trends
The sedimentological analysis of the depositional conditions high-

lights the non-linear aggradation rate during the sedimentary infilling
of the Villerest reservoir caused by flood event deposits. According to
the detailed age model, the temporal variations in the trace element
contents could then be described in the upper unit of the core. In a
sedimentary archive, the trace element concentrations can vary
with depth by several orders of magnitude according to the temporal
Fig. 2. Sedimentary log with grain-size parameter
variations in both natural and anthropogenic inputs and, to a lesser
extent, by chemical remobilization processes. Enrichment factors (EF)
were chosen to describe the temporal dynamics of selected trace
elements presenting an anthropogenic influence in the studied
sediment core. They were calculated in the b63 μm fraction using the
natural geochemical reference of the entire Loire basin (Grosbois et al.,
2012; Table 1).

Trace elements such as Ba, La, Th,Hf, Sm,U and Zr present EF close to 1.
These trace elements are usually considered as tracers of detrital sources
as they are specifically associated with mineral hosts. Zirconium and Hf
can be enriched in sediments containing zircons, barium in the presence
of barite, and rare earth elements in phosphates and Ti-bearing heavymin-
erals (Dill, 2010). Some other trace elements such as Cu, Sb, Sn, Pb and Zn,
which are potentially associated with diffuse and/or local anthropogenic
sources (i.e., Callender, 2003; Kabata-Pendias, 2000; Pacyna and Pacyna,
2001), present a light anthropogenic influence in the studied sediments
as their EFs range from 2 to 4. A temporal decline is not clearly expressed,
and flood sequences are seemingly more impacted than others (Table 1).
The most enriched trace elements (EF N6) in the studied area are Bi, Cd
and Hg. Even if these trace elements are always enriched throughout
unit 1, their EF values appear higher in flood sequences, similar to Cu,
s (D10, D50 and D90) in each 2-cm thick layer.



Fig. 3. The C–M diagram for the 3 core units and associated depositional condition domains according to Passega (1957, 1964).
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Sb, Sn, Pb and Zn (Fig. 5; Table 1),with enrichmentmaximaup to6.8 forBi,
15.5 for Cd and 34.2 for Hg.

These flood events carry solid trace element-richmaterials provided
by various natural (Ba, Hf, La, Sm, Th, U, Zr) and anthropogenic sources.
The temporal dynamics of the TE concentrations depend on the relative
Fig. 4. The age model with the cumulative dry mass in the 3 sedimenta
importance betweenmechanisms such as coarse non-impacted particle
dilution, trace element chemical remobilization and anthropogenic
metal sources mobilized during a flood event. In the studied flood se-
quences, the most enriched trace elements are Bi, Cd and Hg, and the
flood periods represent the highest levels of contamination throughout
ry units and the mass accumulation rates in unit 1 from the core.
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the entire 1984–2010 period. Hence, additional anthropogenic sources
were solicited or enhanced during these specific hydrological events.
This type of enrichment maximum associated with particle transport
during a flood event has been already observed for suspended matter
fractions in Coynel et al. (2007) and for sediment archives in Bábek
et al. (2011), for instance.

In geochemical studies, age models are usually conducted with
continuous sedimentation rates (e.g., Audry et al., 2004; Grosbois
et al., 2012; Grousset et al., 2001; Le Cloarec et al., 2011). In the Villerest
reservoir context, taking into account the flood sequences and MAR
variations in the definition of the age model induces large differences.
The 2 absolute depth–date markers available in this study (1986 for
the 80–82 cm deep layer and 2010 for the 0–2 cm deep layer) allow
us to calculate a linear sedimentation rate equal to 3.4 cm·y−1. With
this first age model, the flood sequences at the 58–64 cm, 30–50 cm
and 6–19 cm depths are wrongly dated to the early 1990s, 1995–2001
and 2005–2009 periods, respectively. When considering this continu-
ous sedimentation rate, theflood sequences are alsowrongly associated
with highly impacted periods (Fig. 5).

3.3.2. Chemical characteristics of detrital material inputs during flood
events

The high analysis resolution for the 2003 (n = 10 analyzed 2-cm
thick layers) and 2008 (n = 6) flood events was enough to adequately
describe the chemical variations during such a hydrological event
record in the studied core. Such an approach was not made for the
1996 flood record as only three 2 cm-thick sediment layers were
made, nor for the 1983 flood as this flood occurred during the dam's
water filling conditions.

For the major element patterns during the 2003 flood, the silicon
content begins to increase to a maximum peak at 42–44 cm depth
(27.4% Si). The sand percentage and D50 also increase, but their maxima
are present at 40–42 cm depth (Fig. 6a) and define the rising phase of
the 2003 flood (named after stage I), as already described by Alvarez-
Iglesias et al. (2007) and Bábek et al. (2011). Sodium and the K/Rb
ratio follow this Si pattern, similar to detrital trace elements such as
Ba, La, Th, Hf, Sm, U and Zr (Fig. 6a). In the meantime, elements such as
Al, Fe, Mg, TC, TS and, to a lesser extent, Ti and Mn first decrease during
stage I with well-marked depleted layers at 42–44 cm depth (Fig. 6a).
The Si/Al ratio then presents a well-defined bell-curve with amaximum
centered on the 42–44 cm layer (Fig. 6a). A slight temporal decoupling is
Fig. 5. Vertical profile of Cd and Hg enrichment factors (see t
then observed between the Si/Al ratio and grain-size parameters. As the
Si/Al ratio is usually used as amineralogical tracer (Alvarez-Iglesias et al.,
2007; Bouchez et al., 2011; Chen and Kandasamy, 2007), stage I can be
related to the solid transport of an important input of detrital material.
The increase in grain-size, following the Si/Al variations in stage I,
emphasize the coarse characteristics of this detrital material during
the flood rising phase (Walling et al., 1997). However, the temporal
decoupling between the geochemical detrital signature and grain-size
parameters could be linked to the time gap between the runoff and
bedload mobilization during the clockwise hysteresis response of a
flood hydrogram in the Loire River system, as shown by Claude et al.
(2012). The decrease in Fe, Mg, Ti, TC and TS at the same time can be
related to a dilution by coarse and Si-rich detrital inputs.

In the flood sequences, a second stage can be delineated (Stage II in
Fig. 6) that is associatedwith the grain-size decrease. Ratios such as Si/Al
and K/Rb and the detrital trace element contents decrease at the same
time as D50 and the sandy fraction. The Manganese, TC and TS contents
start to increase (maximum at 38–40 cm for the 2003 flood) before
their contents decrease until the end of the flood (from 38 to 30 cm
deep). At the same time, the percentage of clayey fraction starts to in-
crease (from4.1% to 5.6%) and is associatedwith awell-marked upward
increase in Al, Fe,Mg, Ca and Ti content. The depth level, associated with
the concentration maxima, then shifted for the 2 different element
groups at 42–44 cm for the Si/Al, Na, and K/Rb maxima and at
32–34 cm for the Al, Fe, Mg, K, and Ti maxima. Stage II can be related
to the end of the flood hysteresis, when underflow declined and the
finest sediments in the suspension present in the water column began
to settle. The increase in major elements such as Al, Fe,Mg, Ca and Ti in-
dicates that these fine particles may be associated with clay and (Fe, Ti)
oxyhydroxide transport.

The 2008 flood's sedimentary record is less well-defined relative to
the dam's specific management when the Villerest Dam was transpar-
ent during the flood rising phase. The stage I sand percentage, defined
by D50, and Si/Al increase in the 2003 flood do not seem to be as well
registered for the 2008 flood. The increasing sand percentage phase is
missing (Fig. 6b), and the sodium and Si/Al and K/Rb ratios only present
steady levels from 19 to 14 cmdeep. At the same time, the Fe, Ti andMg
concentrations are the lowest during the 2003 flood. Stage II's decreas-
ing Si/Al, D50 and sand percentage are similar in both flood registered
sequences with a well-marked increase in the Fe content and clay
percentage.
ext for calculation) in sedimentary unit 1 from the core.



Fig. 6. Variations in selected parameters (Si/Al ratio, TOC, Fe and Th concentrations, percentage of sands and clays, D50, enrichment factors of Cd and Hg) in the core sediments during a— the
2003 flood and b— the 2008 flood.
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For these flood sequences recorded in the Villerest sediments, an-
thropogenic enriched trace elements present significant correlations
with the Si/Al and TOC contents. A short depletion of these enriched
TEs clearly corresponds to a Si/Al maximum during phase I (Fig. 6a).
The influence of coarser non-impacted detrital material, such as K-
feldspars, quartz and accessoryminerals, on the archived anthropogenic
TE signal is highlighted here. The enriched TE decreased together with
the TOC content although the Fe content kept increasing (Fig. 6a and
b). Hence, theflood eventsmobilized TE-richmaterialmostly associated
with the organic fraction rather than detrital (Si/Al variations) and Fe-
rich material.

All of these detailed chemical variations enhance the importance of
material origins during a flood event and the influence of grain-size and
associated mineralogical effects on major and trace element concentra-
tions, even in the b63 μm fraction. The significant relationships between
the sand and clay percentages, D50, Si/Al, K/Rb ratios and detrital trace
elements show the presence of coarse particles, which mainly mobilized
at the beginning of a flood in a dam reservoir, although finer particles
settle at the end of the flood and influence chemical variations.

4. Conclusions

When study areas such as the Loire River are located in artificially
narrowing rivers with sandy sediment, fine-grained sediment settling
spots are difficult to find and reservoirs can be considered for well-
defined sedimentary archives. In the Villerest flood-control reservoir,
the sedimentological analysis of the studied core allows us to highlight
different settling periods relative to the dam's construction, operation
phase and upstream hydrological conditions. The base of this sedimen-
tary archive illustrates local aggradation conditions associatedwithdam
construction and water infilling periods. Only the upper sedimentary
unit, whichwas deposited in a lacustrine context during damoperation,
can be taken into account to describe the temporal dynamics of the pol-
lutants. In addition, major flood events during the 1984–2010 period
have largely contributed to sedimentary infill (43% of the total sediment
accumulation since 1984)with highly TE-impacted deposits (EF N20 for
Hg and N10 for Cd and Bi) compared to interflood periods. When con-
sidering a linear sedimentation rate over the period, such an influence
from the flood events could not be indicated, and the flood sequences
were wrongly associated with high polluted periods and specific
anthropogenic inputs. Hence, these results emphasize the importance
of combining sedimentological and geochemical analyses to understand
the sedimentary infilling processes and temporal trajectories of con-
taminants in a reservoir.

The flood sequences resulting from sediment-laden underflows
present variations in the sedimentological and geochemical signals.
Grain-size variations and conservative TE inputs mark two stages asso-
ciated with flood hydrograms. In particular, an increasing discharge
stage is associated with a coarsening phase with important detrital
material inputs, although the decreasing discharge stage presents a
fining particle size trend and a depletion of detrital inputs followed
by Fe-rich clay deposits. For all of the flood episodes, anthropogenic
TE possibly came from remnant sources, solicited and/or emphasized.
In addition, even in the b63 μm fraction of these flood sequences, the
anthropogenic TE signals appear to be controlled by the grain-size and
detrital material inputs. Indeed, massive inputs of coarser and non-
impacted sediments at maximum discharge induce an underestimation
of the calculated EF. In terms of river dam management, these results
show the importance of flood control and limiting the spread of pollut-
ants, though the dam reservoir also constitutes important stocks of
polluted sediments, which can potentially be remobilized during
reworking phases and/or storage variations.
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