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HIGHLIGHTS

« Divergence on long-term evolution of sedimentary pollution archived in a floodplain.
« Archiving capacity depends on the connection degree to the river channel.

« Archived geochemical signals depend on sampling statutes in the floodplain.

 Good resolution on short-time variations of pollution in the paleochannel.

* Pollution trend altered by redistribution processes in the floodplain ridge.
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redistribution processes, two floodplain cores were sampled near in two different environments of the Upper
Loire River (France): (i) a river bank ridge and (ii) a paleochannel connected by its downstream end. The base
of the river bank core is composed of sandy sediments from the end of the Little Ice Age (late 18th century).
This composition corresponds to a proximal floodplain aggradation (<50 m from the river channel) and delimits
successive depositional steps related to progressive disconnection degree dynamism. This temporal evolution of
depositional environments is associated with mineralogical sorting and variable natural trace element signals,
even in the <63-pm fraction. The paleochannel core and upper part of the river bank core are composed of
fine-grained sediments that settled in the distal floodplain. In this distal floodplain environment, the aggradation
rate depends on the topography and connection degree to the river channel. The temporal dynamics of anthro-
pogenic trace element enrichments recorded in the distal floodplain are initially synchronous and present similar
levels. Although the river bank core shows general temporal trends, the paleochannel core has a better resolution
for short-time variations of trace element signals. After local water depth regulation began in the early 1930s, dif-
ferences of connection degree were enhanced between the two cores. Therefore, large trace element signal diver-
gences are recorded across the floodplain. The paleochannel core shows important temporal variations of
enrichment levels from the 1930s to the coring date. However, the river bank core has no significant temporal
variations of trace element enrichments and lower contamination levels because of a lower deposition of con-
taminated sediments and a pedogenetic trace elements redistribution.
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1. Introduction for contaminated sediments (Bradley and Cox, 1990; Martin, 2000;

Heaven et al., 2000; Lecce and Pavlowsky, 2014). Therefore, floodplains

The grain size distribution of alluvial deposits controls the fluvial ar-
chitecture and fine-grained sediments, essentially settling in out-of-
channel forms (Walling et al., 1998; Bridge, 2003; Houben, 2007). Be-
cause metallic and organic contaminants are typically associated with
the finest particles during sediment transport, floodplains play a key
role in pollutant cycles, constituting short- to long-term storage areas
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are often cored to study pollutant temporal trends and to identify tem-
poral variability of natural and anthropogenic sources (e.g., Grosbois
et al,, 2012 for the Loire Basin (France) and neighboring hydrosystems:
Grousset et al., 1999 for the Garonne Basin; Gocht et al., 2001; Berner
et al.,, 2012 for the Rhin basin; Le Cloarec et al., 2011 for the Seine
basin; Ferrand et al., 2012; Desmet et al.,, 2012; Mourier et al., 2014 for
the Rhone basin). However, floodplains cannot be considered to be a
homogenous depositional environment because of (i) the temporal var-
iability of aggradation rates caused by long-term evolutions of natural
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and anthropogenic influences on parameters controlling sediment de-
position (Hoffmann et al., 2010; Hughes et al., 2010; Meitzen et al.,
2013; Grygar et al., in press) and (ii) the short-term (overbank floods)
and the short-space (lateral transect) scale variability of aggradation
rates, sediment textures and storage capacities (Nanson and Croke,
1992; Walling et al, 1997; Walling and He, 1998; Lecce and
Pavlowsky, 2004; Rodrigues et al., 2006; Baborowski et al., 2007;
Dieras et al., 2013). This short-scale variability of sediment inputs influ-
ence contamination levels and archived temporal dynamics of pollut-
ants (Bradley and Cox, 1990; Birch et al., 2001; Martin, 2000; Heaven
et al., 2000; Baborowski et al., 2007; Babek et al., 2008; Grygar et al.,
2010; Vrel et al., 2013; Hostache et al., 2014). Additionally, between
morphological units of a floodplain, large differences may exist in the
nature and degree of post-depositional processes managing the fate of
archived pollutants. Archived contaminated sediments can be re-
mobilized during erosion episodes (Macklin and Klimek, 1992; Lecce
and Pavlowsky, 1997; Forstner et al., 2004; Lecce and Pavlowsky,
2014). A high spatial variability exists during high discharge events of
erosion intensity across floodplains (Benedetti, 2003, Fuller, 2008;
Dieras et al., 2013; Thompson and Croke, 2013). Additionally, exchanges
between particulate and dissolved fractions inside the sedimentary
column are an important factor managing the fate of archived
contaminants. These exchanges can be controlled by organic matter
degradation and seasonal variations of redox potential, which affect
morphological units of floodplains differently (van Griethuysen et al.,
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2005, Charriau et al., 2011, Schulz-Zunkel et al., 2013). The vertical re-
distribution of contaminated particles can occur in floodplain soils
where pedogenic activity has been settled (Fujikawa et al., 2000;
Palumbo et al., 2000).

These variability factors question the representation at the basin
scale of pollutant temporal dynamics archived in a punctual situation
of a floodplain. In other words, what are the conditions allowing the
building of representative pollutant trends from a floodplain core? In
this study, the influence of depositional environments on sediment ar-
chiving processes, aggradation rates and associated trace elements
(TE) was investigated at a local scale in the Upper Loire River floodplain.
The aim was to highlight mechanisms controlling the archiving of sedi-
ments and associated TE and the temporal dynamics of contaminants in
two floodplain cores sampled in two different morphological units sep-
arated by less than 50 m: (i) a ridge of the river bank and (ii) a
paleochannel connected at its downstream end (Fig. 1).

2. Study area and methods
2.1. Main characteristics of the study area

The Loire River basin (117,800 km?-1013 km long) is among the ten
largest W-European basins and is the largest in France (Fig. 1a). The
Decize station is located in the upper reach of the Loire River
(14,752 km?-450 km long), 30 km upstream of the Allier River
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Fig. 1. a — Location of the study area in W-Europe, b — morphodynamic history, hydrosystem anthropization and local industrial histories of the study area (data from www.geoportail.fr,

2014; Decize Municipal Archive, 2014), and ¢ — schematic view of the sample strategy.
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confluence. This station is located close to the confluence with the Aron
tributary, the Loire River lateral canal and the Seine-Loire canal. Because
of the Decize dam, built in 1836 and elevated in 1933 (Fig. 1), the main
channel of the Loire River allows the shipping connection between
these canals. The coring site (46°49'36.6”N, 3°27'38.2"E) is located
1.5 km upstream from this dam and 400 m downstream from the max-
imum dam influence (the lock of the lateral canal).

The geology of the Upper Loire Basin is different. According to the
French geological survey, the upstream region of the Loire hydrosystem
essentially drains granites, gneisses and micaschists from the eastern
region of the French Central Massif, an old massif inherited from the
Variscan orogeny (480-290 Ma), However, two other geological units
constitute bedrocks of the Upper Loire Basin: i) a volcanic area from
the Tertiary as the basin head of the Loire River and ii) sedimentary ba-
sins from the Carboniferous and Oligocene-Miocene (mainly sand-
stones, marls and clays).

The hydrology of the upper basin is influenced by a balance of ocean-
ic and Mediterranean rainfall during autumn and winter, completed by
snow-melt in spring (Dacharry, 1974). The annual hydrological cycle of
the Upper Loire River, at the Nevers gauging station (30 km down-
stream of the coring site), is characterized by a high flow period from
November to May. Monthly discharges calculated over 59 years range
from 199 m3-s™' to 323 m3-s~ . Low flow occurs in summertime
with average values ranging from 50 m>-s~! to 121 m>-s~! (data
from www.hydro.eaufrance.fr). At this gauging station, the 50-year
flood peak discharge reached 2200 m3-s~! (daily discharge),
1900 m3-s~! for the 20-year flood, 1700 m3-s~' for the 10-year
flood, 1400 m3-s~! for the 5-year flood and 1000 m>?-s~! for the
2-year flood. Four catastrophic flood events occurred in the basin after
the water depth measurement began at the Decize dam gauging station
(1836): 1846 (7.1 m), 1856 (6.5 m), 1866 (7.4 m) and 1907 (6.3 m)
(www.centre.developpement-durable.gouv.fr; www.vigicrues.fr).

The studied floodplain results from a lateral migration of a relatively
straight channel, which was active until the 18th century, to the present
meander. This sinuosity was initiated at the end of the Little Ice Age (LIA),
between the 1760s and 1820s, and was associated with channel widen-
ing (Fig. 1b). This morphological evolution was described for a large
number of fluvial systems all over the world (e.g., Arnaud-Fassetta,
2003; Landon, 1999 for the Rhone River; Knox, 2006 for the Upper
Mississippi River) and even in the Upper Loire River for a historical me-
ander located 10 km upstream of the study area (Leteinturier et al.,
2000; Babonaux, 1970). These rapid changes in the river channel plan-
form are attributed to a large sedimentary transport resulting from
combined actions of important flood events associated with climate
change of the end of the LIA and soil erosion magnification by human
land use. Additionally, river bed modifications (embankments, dams,
hydraulic structures for water-depth control), performed since the
19th century along the Loire River, triggered a narrowing of the main
river channel, its incision and the development of woody vegetation
(Gasowski, 1994; Rodrigues et al., 2006; Détriché et al.,, 2010; Latapie,
2011; Grivel and Gautier, 2012; Macaire et al., 2013; Latapie et al,,
2014). Presently, the study area corresponds to a typical point bar com-
plex characterized by a ridge and swale topography delimiting former
scroll bars. Bridge (2003) proposes a definition of point bar and scroll
bar concepts by explaining that sediments are preferentially deposited
in the inner part of meanders, allowing sedimentary bars to form with
a scroll planform shape. The lateral migration of the river channel in-
duces the formation of successive bars and establishes a point bar com-
plex. In the study area, the paleochannel, which is flooded throughout
the year, constitutes a remnant of the initial channel and is preserved
by anthropogenic actions.

2.2. Analytical method

The two sediment cores were sampled in May 2012, after the last
spring floods. The underwater core (UWC), was sampled in the deepest

area of the paleochannel (Fig. 1¢). The top of the sedimentary infill was
elevated at 189.8 m asl, under 0.5 m of water column on the coring date.
A UWITEC gravity corer fitted with a 2 m long and 90 mm diameter plas-
tic liner was used for the UWC. The river bank core (RBC), was sampled
on the adjacent river bank (Fig. 1c), 48 m E-S-E from the UWC at the
top of the closer ridge, elevated at 191.3 m asl. For this core, an
Eijkelkamp mechanical percussion corer equipped with 1 m long and
63 mm diameter plastic liners was used.

Material and methods used for this study are detailed in Dhivert
et al. (in press). All of the analyses were performed with 2 cm-slices of
core sediments. To complement visual and textural descriptions of sed-
imentary units, temporal variations of deposition conditions were re-
constructed using the C-M diagram (Passega, 1957, 1964) and specific
segments were understood following universal pattern interpretations
(Bravard et al., 2014; Arnaud-Fassetta, 2003; Bravard and Peiry, 1999).
The rolling domain (N-O domain, Fig. 2) was anchored in the Loire
River context using bed load sediments sampled more than 30 km
downstream of the study area (Valverde et al., 2013). Bed load sedi-
ments involve a broad spectrum of particles (Dsg range between
1.3 mm and 15.0 mm) from coarse sands (1-2 mm) to medium gravels
(8-16 mm). A grain size measurement was performed on fresh sedi-
ments using a laser diffraction microgranulometer (Mastersizer 2000,
Malvern) as it is the only method to establish sedimentological patterns
and destroy a minimum amount of material. For poorly sorted sedi-
ments, the grain size distribution of the coarsest particles must be con-
sidered carefully (Pye and Blott, 2004). Similar to Dhivert et al. (in
press), the replicability was low for the ninety-ninth percentile of very
poorly sorted fine-grained layers. The ninetieth percentile (Dgp)
was used as the C parameter to be more representative of the coars-
est grain size, and the M value corresponded to the median grain size
(Dsp).

Regarding the structural differences between the UWC (aquatic
sediments saturated) and the RBC (terrestrial sediments showing a sec-
ondary porosity), age-models were designed to calculate mass accumu-
lation rates (MAR, kg-m~2-year™!; Van Metre et al., 2004) to correct
coring compaction. MARs are calculated, dividing cumulative dry mass
(cum; kg-m~2) between each date-bounded by time intervals. The
dry mass parameter (DM; kg-m™?2) is calculated as follows:

DM = (1—n)-DS-Th (1)

where n represents the porosity (%) corresponding to the volume of
water in a well with a known volume of sediments (here 2.4-10~°> m?)
and is calculated from the weight difference between the fresh and
dried sediments. DS is the apparent density of sediments (g-m~>) corre-
sponding to the dry mass material in the defined volume and Th the
thickness of the sampled layer (here 2.0-10~2 m). The age of sediments
(Date) at level i is calculated as follows from the top of the core (2012 in
this study as the coring date) to the first time marker:

Date; = coring date-cum;/MAR. (2)

For sediment layers j, which is older than the first time marker i,
Eq. (3) is then applied:

Date; = markerdatei—(cum j—cum,»> / MAR;. (3)

Absolute dating was based on '’Cs artificial radionuclide vertical
distribution. '*’Cs measurements were performed using gamma spec-
trometry with very low-background detectors, coaxial HP Ge N-type
(8000 channels, low back-ground).

Geochemical analyses were performed on the <63 um fraction. The
190-202 cm deep layer was pooled because <63 pm material was too
low. Analyses were made at the SARM-CRPG laboratory (http://
helium.crpg.cnrs-nancy.fr/SARM). Material was completely digested
with LiBO,-Li,B407 on a tunnel oven and placed in an acidic solution
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before being analyzed by ICP-OES (ICap 6500, Thermo Scientific) for was completed using DMA-80 (Milestone). The total organic carbon
total major and minor element concentrations, and ICP-MS (Thermo EI- (TOC), after an HCI attack and total sulfur (TS), was analyzed by O,
emental X7, Thermo Scientific) for trace elements, except for Hg, which flow combustion at 1350 °C with a SC 144-DRPC (Leco). The analytical
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error tacking into account accuracy of digestion processes and analyses
was within 1% for major elements and 10% for trace elements.

3. Results and discussion
3.1. Archiving processes during the floodplain edification

3.1.1. Aggradation processes in the floodplain

The texture of sediments can be used as proxy for tracing the geo-
morphological evolution of the floodplain and the associated aggrada-
tion processes accompanying the river bank accretion and the lateral
migration of the river channel (Bravard et al., 2014; Passega, 1957,
1964).

The RBC core presents two distinct sequences: the deepest sequence
(126-202 cm) rich in sand (>63 pm) and the upper sequence
(0-126 cm) composed of fine-grained sediments (<63 pm; Fig. 2a). Ac-
cording to Walling et al. (1997) and Walling and He (1997), during
overbank floods, sandy sediments are deposited in the highly connected
context of a proximal floodplain (within the first 50 m from the river
channel) and fine-grained sediments settle in the lowly connected con-
text of a distal floodplain. In this study, this distinction allows for the
characterization of two large depositional environments with specific
aggradation processes over space and through time (Fig. 2b).

The proximal floodplain sequence, archived at the base of the RBC
(126-202 cm), presents a general fining upward (r = 0.6, p < 0.05,
n = 33, Fig. 2b, Table 1). This is confirmation of a connection degree
evolution during the aggradation period.

The deepest unit of the RBC (190-202 cm), named unit 3 (Fig. 2a), is
composed of moderately sorted sands (Table 1). Compared to actual
bed sediments with high grain size variability (N-O domain), unit 3
draws the P domain in the C-M diagram (Fig. 2c). This sedimentary
layer can be interpreted as channel bar sediments fed by a mix between
rolling and gradual suspension. It marks the first step of point bar for-
mation as defined by Nanson and Page (1983).

Unit 2 (Fig. 2a) of the RBC (126-190 cm) is characterized by a high
variability of grain size distribution delineating four progressive steps
of proximal floodplain evolution. The 178-190 cm deep layer is very
heterometric (composed of fine-grained sediments) and alternates
with heterometric sandy layers (Table 1). This sub-unit has an erratic
pattern in the C-M diagram and does not materialize specific domain.
This high retention capacity of fine and coarse sediments is related to
a vegetated filter effect (Rodrigues et al., 2007; Euler et al., 2014). The
upper sub-unit (160-178 cm; Fig. 2a) is composed of fine-grained
sands (Table 1). This sedimentary layer is in the Q-R domain on the
C-M diagram (Fig. 2c) and is characterized by a distribution parallel to
the C = M line. Sediments were transported by graded suspension
and deposited in a levee. These first two sub-units (178-190 cm and
160-178 cm) highlight the point bar accretion process during lateral
migration of the river channel. The two next sub-units (148-160 cm
and 126-144 cm deep) are composed of finer grained sediments. The
interval at 148-160 cm deep is made of a balanced proportion of fine-
grained sands and fine-grained sediments (Table 1). In this layer, the
M value varies by 56% without a specific bottom-up trend but the C
value stays constant. It is located in the R-S domain in the C-M diagram
(Fig. 2c). Sediments were transported by uniform suspension during
overbank floods and constituted a proximal top river bank aggradation.
The last interval of unit 2 (126-144 cm; Fig. 2a) is a centimeter laminat-
ed and composed of fine-grained sediments (Table 1). here is less of a
sandy fraction than in the sub-unit (148-160 cm), which is mainly rep-
resented by very fine-grained sands. This sub-unit transitions between
uniform suspension and another domain, noted T in the C-M diagram
(Fig. 2c), where fine-grained sediments settled during long inundation
periods. These two last intervals correspond to a higher disconnection
degree aggradation. The river bank begins to be too high or/and too
far from the river channel to be regularly submerged by high-energy
and turbulent flows transporting sediments by gradual suspension.

Sediments of the upper unit of the RBC (0-126 cm), noted unit 1
(Fig. 2a) and corresponding to the distal floodplain aggradation, are uni-
formly composed of fine-grained sediments (Table 1). The sand fraction
is low and largely composed of very fine-grained sands. This sedimenta-
ry unit fully constitutes domain T in the C-M diagram (Fig. 2c). Up to
80 cm deep, the exponential bottom-up increase of the TOC content
combined with the relative abundance of roots and the apparent sec-
ondary porosity are evidence of soil formation. The 4 last centimeters
correspond to a saturated organic top soil (water content > 87%;
TOC > 3.5%).

The 160 cm long record of the UWC represents the entire column of
fine-grained sediments settled in the paleochannel. The 2 last centime-
ters (158-160) contain heterometric sands and constitute the interface
with the initial floor of this sedimentary trap. Two depositional process-
es occurred during the sedimentary infilling, corresponding to two sed-
imentary units (Fig. 2a).

The deepest unit of the UWC (Unit 2; 50-160 cm) is faintly laminat-
ed and has a texture comparable to the uppermost unit of the RBC
(Table 2) This unit 2 is included in the same domain T of the C-M
image as is the upper sequence of the RBC (Fig. 2c) aggraded by the set-
tling of fine-grained sediments.

The upper unit of the UWC (Unit 1; 0-50 cm) is significantly differ-
ent from unit 2, i.e,, a lack of laminations and a lesser abundance of fine-
grained sediments (Table 2). The sandy fraction is mainly composed of
fine-grained sands. Unit 1 is located in domain U in the C-M image
(Fig. 2c), presenting coarser sediments when compared with the T do-
main. The aggradation of this unit results from a mix of settling of
fine-grained sediments and uniform suspension of fine-grained sands.
In this study, the Decize Dam was severely elevated in 1933 to increase
river channel depth at the lateral canal lock. Because of this, another
sedimentary process initiated and affected the UWC. The dam elevation
may have induced slackwater deposition of fine-grained sands in the
paleochannel by its downstream connection during high discharge
levels.

As shown by Walling and He (1997) for surface sediments, long-
term depositional processes are mainly influenced by the distance to
the main river channel and, in a lesser way, the connection degree and
floodplain topography. Low spatial and temporal variability of sediment
textures inside the distal floodplain constitute a key point to sample
representative sedimentary archive. However, topography, such as
local river planform changes, must be accounted for to understand sed-
imentary transitions, as the low topographic areas are more influenced
by connection degree variations.

3.1.2. Extreme flood sequences as proxy of the archiving capacity

The last domain defined in the C-M diagram, noted V (Fig. 2¢), is
characterized by a significant increase of C values, and stable M values.
The V domain gathers layers enriched in heterometric sands with centi-
meter pebbles (Fig. 2a, Tables 1 and 2). These layers are well recorded in
the UWC at 114-118 cm, 102-104 cm, 98-100 cm, 74-80 cm,
48-50 cm, 44-46 cm and 40-42 cm. However, they are not well pre-
served in the RBC (present at 24-28 cm in the distal floodplain aggrada-
tion). RBC flood layers are also visible at 144-148 cm, 128-130 cm,
corresponding to high energy inputs of sands (proximal floodplain ag-
gradation; Fig. 2a).

Microfacies of archived extreme flood sequences can be related to
observations from Walling et al. (1997), which highlights increasing
grain sizes for the coarsest particles in contemporaneous flood deposits.

Even if the settling conditions are similar in the UWC and the RBC
before dam elevation, why there are no flood sequences preserved in
the RBC during distal floodplain aggradation?

In natural topographic depressions, such as abandoned channels
(UWCQ), extreme flood records are described as sandy units composed
of coarser particles than sediment deposited during standard overbank
floods (Babek et al., 2011; Werritty et al., 2006). The remobilization of
trapped sediments is low in these former channels, even during



Table 1
Selected major and trace element concentrations in the <63 pm sediments according to depth, Cs activity, median grain size (Dso) and percentages of sands (63 pm-2 mm), silts (2-63 pm) and clays (<2 pm) in the bulk sediment layers of the river
bank core (RBC). n.d. = not determined; <d.l. = below the detection limit.

Depth Age '3Cs D50  Sand Silt Clay Si Al TOC Stot. Hf As Bi cd Cr Cu Hg Mo Ni Pb Sb Sn §] W Zn
(>63 pm) (2-63 pm) (<2 pm)

(cm) (y)  (Ba/kg) (um) (%) (%) (%) (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
0-2 2012 7+— 06 230 25 69 6 265 73 40 008 109 279 13 1.0 1231 321 0195 1.1 397 720 21 206 92 6.5 196.1
2-4 2010 n.d. nd. 205 22 72 6 267 75 36 005 110 298 13 13 1292 358 0250 1.1 387 770 23 224 101 69 201.0
4-6 2001 n.d. nd. 170 20 74 7 269 7.7 35 006 104 313 14 1.2 1319 375 0270 12 403 791 24 237 95 7.1 201.2
6-8 1996 9+ — 05 166 18 76 7 273 77 33 006 113 313 14 1.2 1344 370 0265 12 402 789 24 238 98 7.1 196.8
8-10 1990 n.d. nd. 162 18 75 7 270 79 32 008 106 326 15 1.1 1390 387 0290 12 426 826 25 246 9.7 7.6 209.0
10-12 1984 n.d. nd. 173 18 75 7 269 80 30 007 108 358 16 1.1 1445 403 0310 12 420 865 29 267 103 76 217.8
12-14 1978 9+ — 04 169 19 74 7 266 82 27 007 105 406 1.3 1.1 1333 483 0420 12 434 838 30 453 104 80 199.2
14-16 1971 114+ — 06 167 16 76 7 265 80 30 007 101 355 16 1.2 1434 430 0345 12 444 852 29 359 101 77 2125
16-18 1964 12+ — 06 173 19 74 8 265 80 30 007 106 353 16 1.1 1393 437 0365 13 427 832 27 328 104 7.8 207.9
18-20 1958 9+ — 04 181 21 72 7 265 80 29 006 106 373 1.7 1.1 1426 461 0395 12 417 853 28 351 105 80 2104
20-22 1952 10+— 05 173 18 74 8 264 80 29 007 114 401 1.7 1.1 1503 478 0380 1.3 445 885 3.1 379 112 85 219.3
22-24 1946 nd. nd. 171 19 73 8 267 82 29 006 114 405 15 1.2 1401 470 0475 12 446 840 30 412 108 81 207.8
24-26 1940 5+ — 03 196 24 68 8 268 80 29 007 103 365 1.7 1.2 149.7 419 0330 1.2 451 888 28 299 103 79 2134
26-28 1933 nd. nd. 187 24 68 8 267 83 27 005 113 404 12 0.9 1270 474 0410 1.1 437 809 29 468 104 78 184.0
28-30 1931 nd. nd. 151 18 74 9 267 84 26 006 105 385 12 0.8 1242 463 0400 1.0 423 781 28 465 101 75 1715
30-32 1928 1+— 03 156 17 75 9 267 84 24 004 109 384 11 0.8 1283 453 0395 1.1 423 795 29 496 100 75 166.1
32-34 1925 nd. nd. 174 21 71 8 264 86 23 005 98 394 1.1 0.7 1292 443 0405 1.1 418 806 3.0 537 99 7.6 166.5
34-36 1923 nd. nd. 141 16 75 9 264 85 22 005 105 394 1.1 0.9 1358 431 0385 1.1 437 815 29 539 102 7.1 164.1
36-38 1920 <d. 05 142 15 76 9 266 86 20 006 112 373 1.1 0.7 1312 397 0370 1.0 425 791 28 532 101 6.7 155.1
38-40 1917 <dl 05 146 18 73 9 266 87 19 005 108 376 1.0 0.8 1358 396 0380 1.0 432 794 29 496 104 67 1514
40-42 1914 nd. nd. 144 16 74 9 265 87 18 005 107 364 10 0.8 1322 372 0350 09 427 759 26 419 105 66 143.5
42-44 1911 <dl 04 153 17 73 9 266 87 17 005 109 360 1.0 0.7 1332 360 0350 09 410 794 26 387 103 65 141.2
44-46 1908 146 16 74 10 266 86 16 002 118 370 1.0 0.9 1307 358 0340 1.0 439 761 26 323 107 7.0 137.7
46-48 1905 149 16 74 10 266 87 16 005 116 366 1.0 0.8 1237 347 0325 09 431 742 23 260 103 69 136.4
48-50 1902 193 23 68 9 272 86 11 003 130 327 09 0.7 1058 278 0255 09 408 638 20 144 107 63 1213
50-52 1899 166 20 71 9 264 88 16 004 103 344 09 0.7 1200 332 0350 1.0 430 1129 22 214 102 66 1323
52-54 1896 180 20 71 9 266 87 16 004 119 363 09 0.7 1133 319 0395 1.0 419 664 22 194 104 65 128.6
54-56 1893 204 20 71 8 266 87 15 003 111 358 09 0.7 1105 308 0385 1.0 420 651 28 184 104 65 1288
56-58 1891 215 25 67 8 265 87 16 004 108 343 09 0.6 1057 301 0300 09 417 632 21 161 104 66 126.7
58-60 1888 183 21 70 9 271 87 13 003 115 330 09 0.8 1078 289 0220 09 419 620 19 143 105 64 128.1
60-62 1885 148 18 72 10 265 87 16 004 125 349 09 0.7 1209 330 0315 1.0 427 1824 23 257 106 69 133.1
62-64 1882 181 20 71 9 272 87 11 002 116 334 09 0.7 1059 275 0275 09 410 606 19 139 103 65 123.6
64-66 1879 187 22 69 9 277 87 09 004 122 312 09 0.5 1033 266 0175 09 411 576 18 127 102 62 1235
66-68 1876 211 22 70 8 279 86 09 005 134 302 09 0.6 1056 255 0190 09 418 574 18 124 105 6.0 120.3
68-70 1873 190 22 69 9 277 87 09 005 114 305 08 0.6 1011 274 0.180 09 432 558 1.8 118 100 60 122.0
70-72 1870 181 20 71 9 275 86 09 005 126 297 09 0.7 1004 265 0180 09 430 558 1.8 113 100 63 123.0
72-74 1867 185 20 71 9 277 86 08 006 123 302 08 0.6 1008 273 0145 08 433 557 18 122 103 59 126.1
74-76 1864 180 19 72 9 277 88 08 006 111 318 09 0.6 1000 251 0088 0.8 384 542 18 108 9.7 6.9 122.0
76-78 1861 158 18 72 10 275 88 07 006 116 320 09 0.6 1006 255 0079 08 414 539 19 106 99 5.7 1213
78-80 1858 178 18 73 9 278 86 07 005 111 298 08 0.6 957 234 0064 08 384 517 18 105 98 5.9 115.8
80-82 1855 164 15 75 9 279 87 08 006 115 299 09 0.6 989 241 0077 08 391 534 18 106 103 59 116.9
82-84 1852 160 14 77 10 281 86 07 006 117 307 09 0.6 994 234 0064 09 388 523 1.7 9.8 9.9 6.0 1208
84-86 1849 167 15 75 9 278 87 0.7 004 121 290 09 0.5 992 229 0073 09 385 514 20 102 99 5.7 1143
86-88 1846 172 17 73 10 285 85 06 005 111 285 08 0.5 922 206 0058 0.7 362 493 1.7 9.4 95 5.9 108.7
88-90 1844 146 14 76 10 279 88 07 006 112 298 08 0.6 964 229 0058 0.7 384 518 19 100 98 5.9 118.9

90-92 1841 122 11 78 11 283 87 06 0.05 106 29.7 0.8 0.5 92.7 20.7 0.054 0.7 36.2 49.2 1.7 9.2 9.4 6.0 1108
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92-94
94-96
96-98
98-100
100-102
102-104
104-106
106-108
108-110
110-112
112-114
114-116
116-118
118-120
120-122
122-124
124-126
126-128
128-130
130-132
132-134
134-136
136-138
138-140
140-142
142-144
144-146
146-148
148-150
150-152
152-154
154-156
156-158
158-160
160-162
162-164
164-166
166-168
168-170
170-172
172-174
174-176
176-178
178-180
180-182
182-184
184-186
186-188
188-190
190-192
192-194
194-196
196-198
198-200
200-202

1838
1836
1833
1831
1828
1826
1824
1821
1819
1816
1814
1812
1809
1807
1804
1802
1799
1797
1794
1792
1790
1787
1785
1783
1780
1778

13.6
16.7
14.3
17.7
16.1
171
14.0
133
15.9
12.6

17.3
134
15.9
18.1
36.4
289
16.1
24.2
26.4
379
338
25.4
222
244
19.0
18.3
222
42.4
65.7
524
96.0
67.9
66.8
141.0
154.0
86.4
112.0
146.0
164.8
117.9
128.0
111.7
304
100.2
16.9
279
22.8
194.5
3974
508.5
467.9
435.3
402.4
599.4

OOOOO*—‘WOOOOSW\IWNN»—‘NMW—‘NJ;J}WU)

282
284
28.5
28.3
285
271
26.7
272
26.4
26.0
27.1
27.0
27.1
28.1
284
28.1
27.8
27.0
27.1
28.2
29.2
294
27.1
27.8
275
27.1
27.1
26.9
29.6
30.1
29.8
303
30.7
30.4
31.0
313
30.0
30.8
30.5
30.3
30.8
299
304
28.5
29.8
27.0
255
279
29.5
30.7

0.05
0.06
0.05
0.06
0.06
0.06
0.07
0.06
0.07
0.07
0.06
0.05
0.05
0.05
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.02
0.03
0.03
0.02
0.02
0.02
0.01
0.01
0.01
0.02
0.02
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.01
0.02
0.02
0.02
0.02

<d.l

14.1
15.0
12.7
11.2
11.1
10.8
20.7
220
18.7
223
27.5
233
20.8
31.8
18.1
26.7
24.2
244
26.8
270
373
143
334
13.7
8.7

15.6
15.5
254

283
294
25.1
264
26.4
28.1
27.7
325
33.0
31.2
30.0
303
38.0
31.8
30.8
333
304
27.1
28.6
275
25.0
210
303
285
31.6
284
275
34.0
18.5
20.8
28.6
17.3
24.5
369
273
23.7
274
315
23.0
19.5
21.8
19.6
20.2
249
18.4
25.5
46.2
243
16.2
26.0

93.6
95.3
90.2
91.3
94.2
99.3
98.5
97.8
99.4
97.8
94.4
94.7
103.7
96.1
96.2
95.9
98.7
101.3
99.2
99.0
96.7
94.7
103.1
101.7
98.4
98.2
97.5
97.4
99.6
95.6
90.4
91.2
914
92.6
92.2
91.8
89.6
88.3
88.6
924
91.6
97.9
99.0
104.2
109.8
102.6
109.9
105.7
101.4
94.3

204
211
193
203
20.5
24.2
258
24.8
26.4
271
243
239
25.5
22.0
21.1
220
226
25.8
250
215
19.5
19.7
24.8
23.6
226
24.1
24.8
255
19.1
18.1
174
17.9
15.9
16.5
17.5
173
19.2
14.3
15.0
16.2
141
19.6
14.8
19.9
17.9
229
26.9
235
20.1
153

0.052
0.045
0.041
0.041
0.044
0.053
0.056
0.045
0.046
0.049
0.046
0.058
0.054
0.047
0.046
0.041
0.042
0.049
0.053
0.043
0.037
0.032
0.041
0.041
0.038
0.042
0.045
0.044
0.028
0.093
0.034
0.024
0.018
0.027
0.019
0.016
0.021
0.022
0.023
0.018
0.018
0.026
0.026
0.038
0.030
0.062
0.068
0.048
0.041
0.034

36.3
373
35.0
352
343
39.1
39.2
378
41.0
427
394
40.9
38.5
343
352
36.5
37.7
42.5
39.0
38.9
37.0
335
42.1
40.1
394
41.2
41.9
38.8
34.0
337
344
304
26.9
312
30.6
293
33.0
30.8
323
333
31.1
343
332
36.2
326
40.4
485
394
33.7
328

48.8
49.8
449
46.3
47.2
49.3
514
53.2
52.2
51.7
52.0
53.0
57.7
55.1
534
534
523
56.2
583
56.6
55.6
52.1
63.0
68.7
53.9
49.4
51.9
52.5
50.7
504
51.1
56.6
47.5
471
48.2
48.1
48.7
46.4
48.7
51.2
49.5
56.2
50.5
57.8
59.3
553
55.9
59.8
583
47.0

113

114
10.8
9.1

8.8

9.2

12.6
12.5
11.6
13.6
153
131
121
16.8
113
15.6
14.8
154
16.0
16.4
22.1
11.2
20.2
111

12.0
11.6
15.7

108.8
1103
100.3
103.1
107.1
120.4
124.7
125.2
126.6
1271
120.1
1203
127.4
111.7
105.4
106.6
111.6
125.0
121.2
1109
103.8
99.9
117.2
116.1
110.1
115.6
1173
118.0
101.4
93.3
93.0
93.0
83.1
87.6
93.9
96.2
88.7
814
84.4
88.7
83.8
98.4
84.3
110.6
99.0
117.6
137.0
117.7
103.3
81.5
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Table 2
Selected major and trace element concentrations in the <63 pm sediments according to depth, Cs activity, median grain size (Dsg) and percentages of sands (63 pm-2 mm), silts (2-63 pm) and clays (<2 um) in the bulk sediment layers of the
paleochannel core (UWC). n.d. = not determined; <d.l. = below the detection limit.

Depth Age '¥7Cs Dso  Sand Silt Clay Si Al TOC Stot. Hf As Bi cd Cr Cu Hg Mo Ni Pb Sb Sn 4] W Zn
(>63 um) (2-63 pm) (<2 pm)

(cm) (y)  (Bg/kg) (um) (%) (%) (%) (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
0-2 2012 6+ — 07 301 27 71 2 292 70 29 010 118 279 09 1.0 962 265 0110 09 327 615 1.8 10.8 74 60 158.8
2-4 2009 n.d. nd. 312 28 70 2 285 71 31 009 110 291 1.0 1.0 1008 325 0.130 08 35.2 684 1.8 134 79 67 174.0
4-6 2007 nd. nd. 286 26 71 2 290 71 28 010 114 251 10 1.0 101.0 306 0115 08 354 662 1.8 11.7 76 64 166.4
6-8 2005 n.d. nd. 312 29 69 2 300 70 25 009 131 244 09 1.0 1007 292 0120 07 344 652 1.8 114 83 6.1 160.0
8-10 2002 n.d. nd. 278 26 71 3 305 69 22 008 152 240 09 0.8 992 290 0.150 0.7 349 666 1.8 119 87 60 154.8
10-12 1999 7+ — 07 449 41 57 2 306 69 21 008 150 237 09 0.8 992 281 0.105 08 343 662 1.7 12.6 87 63 149.4
12-14 1997 5+ — 05 455 41 57 2 304 70 22 009 133 232 10 0.9 1032 279 0110 08 35.1 667 1.9 13.3 85 64 161.0
14-16 1994 7 + — 08 392 37 60 2 303 71 22 010 157 244 10 1.0 1185 298 0280 09 39.6 789 1.9 13.5 96 65 169.7
16-18 1991 n.d. nd. 395 37 60 2 300 7.1 22 011 147 264 10 1.1 1620 336 0180 1.1 485 1042 20 14.8 91 68 194.1
18-20 1987 9+ — 05 368 36 62 2 302 71 22 010 163 255 12 1.2 1668 302 0200 1.1 495 1122 19 148 101 65 196.4
20-22 1984 94 — 0.7 418 39 58 2 302 72 22 010 159 254 1.1 1.1 1771 362 0220 1.1 519 1436 22 15.7 96 6.7 211.7
22-24 1981 nd. nd. 421 40 58 2 300 72 23 011 150 284 15 13 2088 403 0255 1.1 573 1995 22 16.9 91 68 237.9
24-26 1978 12+ — 08 368 35 62 2 307 71 22 011 166 267 14 13 2024 359 0185 1.1 56.7 2529 2.1 15.0 93 6.7 229.0
26-28 1974 13+ — 04 412 39 58 2 308 72 21 011 149 268 16 1.2 181.0 350 0185 1.1 516 2554 2.1 17.3 90 7.7 2252
28-30 1969 14 + — 05 401 38 59 3 308 72 20 012 150 248 15 12 1609 335 0195 1.0 488 2018 2.1 14.8 90 6.7 230.6
30-32 1964 17 + — 08 431 41 57 3 306 72 20 011 161 254 23 14 1563 339 0170 1.1 473 1937 22 154 100 7.2 239.4
32-34 1960 12+ — 06 416 40 58 2 299 73 22 014 171 289 1.7 1.8 1780 422 0330 12 58.1 1700 23 166 111 74 359.3
34-36 1957 12+ — 06 443 41 57 2 300 74 27 020 154 336 27 24 2220 574 0255 14 767 1339 3.0 212 106 7.7 536.0
36-38 1955 9+ — 07 326 31 66 3 284 76 37 038 129 394 34 3.0 2400 889 0575 20 895 1072 4.1 247 154 88 614.4
38-40 1952 nd. nd. 397 39 59 2 276 77 46 047 120 417 29 2.8 2442 1104 0720 24 928 1062 48 206 192 88 598.9
40-42 1948 <dl 10 699 52 46 2 274 78 49 045 117 411 28 24 2175 1142 0895 2.3 83.0 96.6 4.6 290 182 84 5425
42-44 1944 nd. nd. 364 37 60 3 280 78 41 035 160 334 13 1.4 1290 954 0570 15 51.2 849 3.7 381 122 72 292.3
44-46 1940 nd. nd. 497 45 52 3 282 80 30 030 133 324 10 1.0 1269 655 1.080 12 40.6 912 36 558 104 7.3 199.7
46-48 1936 <d.l 06 311 32 64 3 282 80 26 018 137 276 10 0.9 1261 524 0410 09 39.3 870 29 607 104 6.7 179.5
48-50 1933 nd. nd. 324 37 60 3 277 84 29 021 117 327 10 0.8 1315 483 0450 1.0 40.4 907 3.1 713 96 68 1787
50-52 1931 nd. nd. 177 21 74 5 262 90 23 015 86 301 1.0 0.6 1707 431 0420 09 455 917 3.0 589 83 58 1623
52-54 1930 <d.l 07 175 19 77 5 264 88 27 013 85 317 10 0.7 1805 448 0480 09 427 1094 36 77.2 82 56 160.3
54-56 1928 n.d. nd. 137 8 86 6 261 90 26 011 75 293 1.1 0.6 1715 688 0505 1.0 412 1140 39 81.9 85 6.1 181.1
56-58 1927 n.d. nd. 180 19 76 5 272 85 24 010 88 292 1.1 0.7 1770 376 0470 1.0 379 1122 34 64.9 86 65 156.6
58-60 1925 <d. 07 167 15 79 5 272 87 20 007 87 233 09 0.5 1587 339 0395 08 40.8 842 25 29.0 87 60 140.1
60-62 1922 196 20 75 5 272 86 22 008 95 234 10 0.5 1573 347 0465 09 405 805 24 26.6 90 57 1415
62-64 1920 278 31 65 4 281 83 21 007 117 229 09 0.6 1578 333 0435 08 36.9 793 2.7 222 94 59 131.7
64-66 1918 190 21 74 5 280 83 22 009 105 270 09 0.6 1745 365 0450 038 38.0 781 26 233 94 63 145.1
66-68 1917 211 23 73 4 278 83 23 009 100 294 10 0.6 1646  37.0 0405 0.7 39.0 751 23 22.1 88 6.0 142.5
68-70 1915 201 21 75 4 278 83 24 009 103 294 09 0.6 1566 358 0410 08 395 735 23 208 90 59 139.9
70-72 1913 200 21 75 4 274 84 23 010 98 297 09 0.6 1522 357 0385 08 39.4 735 23 209 91 6.1 1409
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72-74
74-76
76-78
78-80
80-82
82-84
84-86
86-88
88-90
90-92
92-94
94-96
96-98
98-100
100-102
102-104
104-106
106-108
108-110
110-112
112-114
114-116
116-118
118-120
120-122
122-124
124-126
126-128
128-130
130-132
132-134
134-136
136-138
138-140
140-142
142-144
144-146
146-148
148-150
150-152
152-154
154-156
156-158
158-160

1910
1907
1907
1907
1903
1899
1895
1891
1888
1885
1880
1875
1871
1866
1861
1856
1854
1853
1851
1850
1848
1846
1846
1843
1840
1837
1833
1830
1827
1824
1821
1819
1816
1813
1810
1807
1804
1800
1797
1794
1791
1787
1783
1778

203
34.5
25.0
240
14.9
20.7
18.9
204
14.1
224
234
18.2
16.5
30.6
214
259
15.7
18.0
15.5
213
17.7
210
24.2
15.1
14.9
12.8
16.2
14.7
13.2
13.1
111
10.1
12.9
7.8

12.7
18.1
15.6
16.1
13.8
13.0
15.5
17.6
21.1
29.7

76
56
66
66
79
72
74
75
80
72
72
75
76
63
74
62

77
80
76
79
73
65
80
78
83
79
80
86
80
85

81
82
85
79
80
77
82
80

77
73
66

—_
U AOANNONONONDNMNNOOONNNNONNOOUOOUNON U, OON VTN D b b b

26.7
27.5
274
273
274
274
26.7
279
272
28.6
28.2
28.1
274
28.0
280
273
283
28.1
28.2
280
28.4
274
29.1
275
27.8
279
274
27.0
269
26.6
26.9
26.6
26.4
26.7
273
280
276
284
273
278
27.8
279
284
294

0.11
0.08
0.08
0.08
0.06
0.07
0.07
0.06
0.08
0.06
0.05
0.05
0.06
0.05
0.05
0.08
0.07
0.06
0.06
0.06
0.04
0.04
0.05
0.06
0.06
0.06
0.05
0.06
0.06
0.07
0.07
0.05
0.07
0.07
0.07
0.06
0.06
0.05
0.05
0.06
0.05
0.02
0.03
0.03

183

28.6
26.8
252
241
234
25.7
276
25.7
28.8
345
29.7
30.1
315
29.7
30.2
314
29.6
284
289
319
294
31.7
29.7
331
354
35.6
33.0
327
326
371
357
36.3
334
36.5
315
289
283
26.7
270
26.7
275
26.5
245
232

120.2
96.6
97.7
94.7
96.9
92.2
91.6
89.5
92.9
98.2
94.1
98.6
95.2
91.2
933
91.3
913
89.0
88.7

100.7
91.1
96.9
88.6
90.1
94.2
88.5
91.2
92.1
89.1
97.0
91.7
92.7

102.6
96.0
94.2
94.7
95.6
934

103.2
99.0
99.8

101.8
99.6
98.2

320
293
26.8
253
26.0
254
253
24.1
253
243
18.8
233
235
224
23.6
239
22.6
225
21.8
239
215
25.5
19.6
224
222
22,6
22.0
254
235
26.0
24.8
25.0
273
26.1
233
23.1
233
220
23.8
224
229
225
20.9
18.2

0315
0.275
0.250
0.225
0.235
0.290
0.485
0.555
0.605
0.425
0.215
0.071
0.100
0.063
0.066
0.060
0.058
0.063
0.051
0.049
0.045
0.067
0.036
0.049
0.047
0.045
0.043
0.051
0.046
0.050
0.055
0.049
0.051
0.044
0.053
0.046
0.047
0.042
0.047
0.042
0.044
0.039
0.032
0.026

40.7
375
39.1
379
394
36.7
355
35.7
375
37.1
36.2
39.0
371
354
36.2
37.0
354
355
354
40.7
38.1
414
33.0
373
36.1
34.9
35.6
36.4
37.0
40.5
37.8
382
441
375
374
36.4
36.8
36.2
41.5
39.4
40.0
393
38.5
358

66.1
64.6
61.5
583
55.6
61.4
64.6
63.1
69.3
80.3
66.6
63.9
63.7
60.8
60.2
60.2
61.7
59.4
58.0
59.6
55.9
58.7
56.7
59.2
62.3
63.3
60.4
61.4
58.5
60.1
61.2
61.4
54.2
58.4
55.0
54.7
56.4
524
524
52.7
57.8
514
52.4
50.9

15.1
12.7
11.8
10.9
10.7
10.9
119
10.5
11.5
13.9
121
13.2
121
11.7
114
10.8
11.8
10.8
10.8
114
10.5
104

10.9
113
10.9
10.5

136.8
1355
127.8
121.6
126.7
126.5
125.7
120.9
130.8
120.0
108.2
112.7
114.6
107.8
109.2
1135
109.9
108.9
107.7
117.4
106.2
119.6
100.2
1121
116.1
117.6
110.7
126.4
116.4
1273
124.6
127.0
138.7
1324
127.5
124.9
129.7
118.6
124.6
119.6
120.8
1171
1115
105.1
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extreme flood events, as shown by Dieras et al. (2013) in the Rhone
River basin. However, preserving extreme flood deposits is limited in
river banks (like RBC) because of strong erosion with these catastrophic
discharges (Benedetti, 2003). Erosional control of river bank accretion is
particularly strong for embanked rivers, as in the study area (Thompson
and Croke, 2013; Fuller, 2008).

In the UWC, the preservation of flood sequences denotes a high level
of archiving capacity and a nearly continuous record. In the RBC, their
absence notes the importance of a topographic control on accretion
and sediment preservation.

3.2. Time correlation and mass accumulation rate comparisons

3.2.1. Time correlation of sedimentary archives

In addition to archiving capacity and accretion continuity, the aggra-
dation rate is an important factor influencing the resolution of temporal
analyses. Spatial and temporal variability of aggradation rates across the
floodplain can be highlighted by comparing the two cores. The first step
of this analysis consists on a time correlation using specific temporal an-
choring markers.

First, based on '’Cs vertical profiles, specific time markers can be
defined. In these cores, the '3’Cs is not detectable less than 36 cm
deep in the RBC and 40 cm deep in the UWC (Tables 1 and 2). Sediments
archived below these depths were settled before 1950, which was the
date of the first important Nuclear Weapon Test (NWT). Gamma activ-
ities, measured between the surface and 36 or 40 cm deep, have large
peaks at 16-18 cm deep for RBC and at 30-32 cm deep for the UWC
(Tables 1 and 2). These sedimentary layers can be associated with the
NWT maximum fallouts in 1964. The study area was barely impacted
by the Chernobyl Nuclear Power Plant Disaster (C-NPPD) fallout of
1986 (De Cort et al,, 1998). The measured '*”Cs patterns do not involve
secondary peaks related to this event.

To refine the time correlation, additional relative time markers can
be determined with sedimentary records associated with well dated
hydrosedimentary events, such as flood events or climate and anthro-
pogenic river forcing. The Decize Dam elevation of 1933 should influ-
ence sedimentation up to 50 cm deep for the UWC. In the upper unit
of the RBC, only one sandy layer is recorded at 24-28 cm, likely related
to the Decize Dam elevation, which should have triggered better preser-
vation conditions. This hydrosedimentary event may be correlated to
the three coarsest layers archived in the dam impacted unit of the
UWC (48-50 cm, 44-46 cm and 40-42 cm; Fig. 2). The sedimentary
transition dating is consistent with the '*’Cs absence under 40 cm
(<1950) in the UWC. However, this time correlation holds for the RBC,
where the *7Cs vertical distribution does not conform to the common
pattern described in the literature (13’Cs peak at 16-18 cm and some ra-
dionuclide was detected until 36 cm). In the pedogenetic context of the
top 80 cm of the RBC, the 37Cs vertical profile has to be interpreted cau-
tiously because of roots and macrofauna bioturbation associated with
solute transport. All of these mechanisms may be responsible for the
downward migration of the radionuclide (Détriché et al., 2010;
Matisoff et al., 2011). Additionally, the four flood sequences in the
deepest unit of UWC at 114-118 cm, 102-104 cm, 98-100 cm, and
74-80 cm deep, can be dated to be 1846, 1856, 1866 and 1907, respec-
tively, which are the four catastrophic floods events documented at the
Decize gauging station.

3.2.2. Temporal and spatial variability of the mass accumulation rate

To compare the aggradation rhythm between the two cores, age-
models can be set up between time markers. Age-models are built
using mass accumulation rates (MARs), calculated between each
dated level. The sandy sequence of the proximal floodplain aggradation,
of the RBC, is considered contemporary at the end of the LIA (between
1760 and 1820). Detailed age models are only defined for the fine-
grained sedimentation, i.e., the whole UWC core and up to 144 cm for
the RBC.

To refine the age-model, dates were calculated with respective
MARs calculated between each date-bounded. For the UWC, a constant
MAR of 1.3 kg-m~2-year™ ! can be calculated between the 2012 and the
1933 time marker, both bounding the upper unit. However, the MAR
varies by 8% of this value by focusing on the 2012-1964 period or the
1964-1933 period (Fig. 3). The maximum error associated with these
estimates is £ 6 years. For the deepest unit of the UWC, a constant
MAR of 2.3 kg-m~2-year™! is calculated between the 1933 and the
1846 time marker. More precisely, the MAR ranges between 1.7 and
4.4 kg-m~2-year~ ! between dated flood sequences (Fig. 3). The maxi-
mum time deviation corresponding to this variability reaches 11 years.
There is no time marker below the 118 cm deep sedimentary level
(1846), but the age-model can be extended given the lack of sedimen-
tary variations to the core bottom. Therefore, a constant MAR of
2.3 kg-m~2-year~ ! allows the dating of the core base at approximately
1778 £ 11 years. This result is consistent with the previously men-
tioned morphodynamic evolution of the floodplain and, therefore, the
UWC can be considered as a complete sequence of fine-grained
aggradation.

For RBC, accurate dating based on a constant rate of accumulation
between two date-bounded lacks may be less robust because there is
no linear accretion caused by erosional processes controlling the river
bank vertical accretion. Without considering this limit, the MAR reaches
24 kg-m~2-year~ ! between the 1933 and 2012 time markers. During
this period, the MAR varies a maximum of 12.5% of this value, which
induces an associated error of 4 years (Fig. 3). To date the 28-144 cm
sequence, we correlated the base of the two archives at approxi-
mately 1778 + 11 years and defined this date to be the beginning
of fine-grained aggradation. In this sequence, the MAR reaches
6.2 kg-m~2-year™ ! with a maximum error of + 11 years.

The proximal floodplain aggradation in the RBC, which lasted at least
from the 1760s to the late 1770s, has a MAR of 17.4 kg-m™2-year™ !,
materializing an important sediment transport at the end of the LIA
and a MAR gradient from the proximal to distal floodplain. A similar
spatial variability was shown by Walling and He (1998) at a floodplain
scale.

For fine-grained sedimentation, MARs estimated over the 234 years
for the two archives (4.9 kg-m~2-year™ ' for RBCand 2.0 kg-m™2-year™ !
for UWC) are comparable with values generally calculated in floodplains
(e.g, 1.0 to 6.6 kg-m~2-year™' by Walling and He, 1997; 0.7 to
5.9 kg-m~2-year~ ' by He and Walling, 1996). In this study, the MAR is
more than 2 times larger for the RBC than for UWC (3 times larger for
cum). During overbank floods, important differences of sediment depo-
sition rates exist between morphological units at the floodplain scale,
not necessarily correlated to ground-level elevation (Baborowski
et al.,, 2007). Walling and He (1997, 1998) explained that the large
MAR variability detected in distal floodplains is usually controlled by
connection degree variations (with the river channel) rather than topo-
graphical forcing. Natural depressions, such as paleochannels, do not
necessarily have the highest accumulation rates because their connec-
tivity with the main channel limits fine-grained deposition compared
to their outer margins. During overbank floods, sediment deposition is
less important in the UWC than the RBC because transported sediments
are evacuated by the downstream connection before settling. However,
stored sediments are better preserved long-term in the paleochannel
than in a river bank.

During the archived period, the MAR is not constant for the two
cores. The Decize Dam elevation in 1933 moderates the MAR by
44% in the UWC and even more in the RBC (—68%), highlighting
the dramatic reduction of overbank inputs for the river bank. The
reduction in the magnitude and the frequency of overbank floods,
or/and decline of transported sediment recorded since the 19th cen-
tury and the second part of the 20th century in many anthropized
rivers, can explain this trend (Owens et al., 1999; Arnaud-Fassetta,
2003; Benedetti, 2003; Lecce and Pavlowsky, 2004; Du and Walling,
2012).
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Fig. 3. Time correlation, age model definition and mass accumulation rates temporal variations in the two cores.

3.3. Influences of archiving processes on geochemical patterns

3.3.1. Comparison of the local geochemical background in fluvial
environments

Depositional environments influence sediment texture and aggrada-
tion rate, but can they control geochemical composition? For the sandy
Loire River, variations of Si/Al ratios and some Rare Earth Elements
(REE), such as Hf and Sm concentrations, can be used as tracers of
silico-clastic and heavy mineral inputs, even in the <63 pm fraction
(Dhivert et al., in press).

In this study, Si/Al ratios and Hf concentrations are significantly cor-
related in both cores (r = 0.9, p < 0.05, n = 181). However, significant
differences in their geochemical profiles are observed between sedi-
ments deposited in the proximal floodplain (126-202 cm in the RBC)
and those archived in the distal floodplain (0-126 cm for the RBC and
50-160 cm before the dam elevation of 1933 for the UWC; Fig. 4,
Tables 1 and 2).

During proximal floodplain aggradation (only in the RBC), Si/Al ra-
tios and Hf concentrations have the maximum values of all profiles
and are highly variable (Fig. 4). Si/Al ratios and Hf concentrations de-
crease from the bottom to 126 cm according to a fining upward trend
(r= 0.6, p < 0.05, n = 33 with Dsp). In this dynamic environment, sed-
iments (essentially sands) are mainly composed of Si-rich detrital parti-
cles and REE-rich heavy minerals.

During distal floodplain aggradation, both cores have lower Si/Al ra-
tios and Hf concentrations with much smaller variations than in the
proximal floodplain (Fig. 4). Sediments are poorer in Si-rich sands and
REE-rich heavy particles in favor of fine-grained sediments, and richer
in Al. Additionally, for the UWC, the 0-50 cm sediment layers, deposited
after 1933, have Si/Al ratios and Hf concentrations similar to the proxi-
mal floodplain environment of the RBC (Fig. 4). The 0-50 cm levels are
coarser compared to sediments archived below because of slackwater
deposition of fine sands after the elevation of the dam.

The sandy fraction of the Loire River sediments mobilized during
high discharge events are composed of Si-rich minerals, such as quartz
and REE-rich heavy minerals. In the fining upward sequence recorded
in the proximal floodplain, (Si, REE)-rich sands are less present. This is
the result of a bottom-up decreasing trend of the depositional environ-
ment energy. A progressive disconnection of the river bank induces a
change in the grain size and mineralogical composition. However,
fine-grained sediments settled in a low-energy distal floodplain in a
highly disconnected environment with a homogenous mineralogical
composition. After the dam elevation, the connection degree enhanced
in the UWC, and the sandy fraction composed of (Si, REE)-rich minerals
are more expressively represented.

These results highlight a high variability of detrital material
input, influencing the mineralogical and the geochemical signature
across a floodplain, even in the <63 um fraction. The mineral distri-
bution depends on the connection degree in the depositional
environment.

Additionally, sediments deposited during the preindustrial period
allows for the definition of natural TE concentrations specific to the
local geochemical background. In this study, these sediment layers can
be used to highlight the influences of depositional environments on
measured preindustrial concentrations. Therefore, sediments older
than the 1830s (100-202 cm for the RBC; 128-160 cm for the UWC)
are considered. The background levels could have been affected by the
first coal mining activities in the upstream basin (Woronoff, 1994,
French coal mining agency, 2013).

In the distal floodplain environment, Al concentrations and TE con-
centrations are very similar along both cores (Table 3). The two cores
have similar concentrations with median differences less than 11% for
all of the cited TE. No significant differences in TE distributions
(p > 0.05, n = 28) were noted, except for Pb and U. Therefore, the
local geochemical background can be well-defined in this highly discon-
nected context because the mineralogical composition of settled fine-
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Fig. 4. Vertical profiles of Si/Al ratio, Hf, TOC and S concentrations for the two cores.

grained sediments is homogenous across the distal floodplain and stable
over the registered period.

In the proximal floodplain sequence (only in the RBC), the chemical
composition is more variable than in the distal floodplain (Table 3). This
can be related to the mineralogical sorting associated with river bank
accretion. This process results in accumulated sediments during
overbank floods. However, the geochemical compositions of deposited
sediments in the proximal floodplain depend on flood magnitudes and
river morphology (Birch et al., 2001; Martin, 2000). Considering the in-
fluence of the energetic gradient on particle mineralogy and induced
chemical variability in the proximal floodplain sequence, measured geo-
chemical backgrounds are less representative than in the distal environ-
ment. Distributions of TE concentrations measured in the proximal
floodplain are significantly different from those in the distal floodplain
(p <0.05, n = 61, except for Cr and Ni). However, TE concentrations
are in the same range of magnitude in both depositional environments,
except for Cd, U, Hg and, to a lesser extent, Sn. They present over-ranges
of 77%, 111%, 65%, and 52%, respectively, compared to the distal flood-
plain maximum. The differences between the two depositional environ-
ments could be related to mineralogical sorting from the proximal to
distal floodplain. Cd and U are significantly correlated to Hf concentra-
tions (r = 0.9, p < 0.05, n = 61). Cadmium and U enrichments in the
proximal floodplain sediments can be explained by a higher percentage
of their heavy mineral hosts in the sandy fraction, i.e., zircons, barites,
phosphorites and Ti-bearing heavy minerals (Dill, 2010).

Intra-site variability of natural TE concentrations exists at a local
scale between sediments deposited in the proximal and the distal

floodplain, but what do they represent when compared with inter-site
differences? To answer this question, the defined local background con-
centrations can be compared to preindustrial TE levels in fine-grained
sediments archived at the most downstream station of the basin
(Grosbois et al., 2012) and are representative of an average background
at the entire Loire Basin scale (Table 3). Enrichment factors (EF) were
calculated using the double normalization of Al contents and the prein-
dustrial TE levels. For Bi, Cr, Cu, Ni, Sn, U, W and Zn, the EFs are close to 1
for deposited sediments in both distal and proximal floodplain environ-
ments. The local geochemical background for this TE is then similar to
the one assumed for the basin. For Cd and U unit, EFs are verified in
the distal environment, but have significant differences in the proximal
environment (p < 0.05,n = 61, EFranged between 1 and 4 for Cd, 1 and
3 for U). In the Loire Basin, the mineralogical variability linked to
proximal environment dynamics induces larger geochemical
variations in the Cd and U concentrations than the upstream-
downstream gradient because of heavy mineral relative abundances.
For distal and proximal environments, As, Hg, Mo and Sb have light
enrichments in sedimentary levels older than the 1830s (EF ranged
between 1 and 6). Preindustrial Hg concentrations in the UWC and
the RBC are low and similar to those archived in the downstream
part of the Loire Basin. The reason for Hg enrichments is not signifi-
cant (Table 3). However, for As, Mo and Sb, enrichments can be relat-
ed to a local geochemical anomaly 50 km upstream of the study
station, associated with Variscan hydrothermal mineralization,
which could provide (As—Mo-Sb)-rich chalcopyritic bearing phases
(Delfour et al., 1984).



E. Dhivert et al. / Science of the Total Environment 505 (2015) 121-136 133

Table 3

Geochemical composition of preindustrial sediments (<1830) in the paleochannel (UWC) and river bank (RBC) cores compared to preindustrial concentrations representative of the all-
natural sources at the entire Loire Basin scale (*Grosbois et al., 2012) and prehistorical concentrations in organic sediments of the Upper Loire Basin (** ARTEHIS — UMR 6298 — Dijon
University, France). n.d. = not determined; Med. = Median value; Var. = Range variability compare to the median value; Unit: Si, Al, TOC, S tot. (%); As, Bi, Cd, Cr, Cu, Hg, Mo, Ni, Pb,

Sb, Sn, U, W, Zn (ppm).

UWC — distal floodplain RBC — distal floodplain

RBC — proximal floodplain Entire Loire Basin Upper Loire Basin

(n =15) (n =13) (n = 33) (n =2)* (n= 1)
Range Med. Var. Range Med. Var. Range Med. Var. <6000 BP

Si 26.4-284 27.30 7 26.0-28.5 27.10 9 25.5-31.3 29.60 20 n.d. n.d. 20.34
Al 8.46-9.4 8.77 11 8.24-9.22 8.86 11 7.31-9.12 7.93 23 8.37 8.54 8.90
TOC 0.85-1.31 1.13 41 0.45-0.71 0.61 43 0.4-0.9 0.54 93 12 1.1 8.71

S tot. 0.02-0.07 0.06 83 0.02-0.07 0.06 83 0.01-0.03 0.02 100 n.d. nd 0.54
As 24.5-37.1 289 44 26.4-38 30.8 38 16.2-46.2 255 118 19.8 194 434

Bi 0.8-1.1 0.9 44 0.8-0.9 0.9 18 0.6-0.9 0.8 39 0.7 0.6 1.1

cd 0.4-0.6 0.5 43 0.4-0.6 0.5 44 0.4-1.1 0.7 101 0.3 0.4 0.8

Cr 89-103 96 15 94-104 98 10 88-110 97 22 109 89 98

Cu 20.9-27.3 233 28 20.5-27.1 242 27 14.1-26.9 19.5 65 18.6 213 31.1

Hg 0.03-0.06 0.05 50 0.04-0.06 0.05 37 0.02-0.09 0.03 226 0.02 0.02 0.09
Mo 0.7-1.0 0.8 29 0.8-1.0 0.9 23 0.6-1.1 0.8 68 0.4 0.3 2.8

Ni 36.2-44.1 382 21 34.3-42.7 385 22 26.9-48.5 34.0 64 326 242 87.2

Pb 51-61 55 18 47-58 52 20 46-69 52 43 37.0 33 49

Sb 1.6-2.2 2.0 31 1.6-2.4 1.8 42 1.5-2.2 1.7 44 0.5 0.3 3.2

Sn 8-12 10 38 8-11 9 30 7-17 8 128 8 7 8

U 7.8-10.2 8.7 28 9.1-10.7 9.7 17 8.8-22.1 121 110 8.8 7.5 12.8

w 5.1-74 6.0 38 5.6-6.3 5.8 13 4.6-6.3 5.5 30 6.3 5.7 4.9

Zn 112-139 125 22 105-127 120 18 81-137 100 56 90 97 118

Because of the mineralogical sorting in the <63 pm fraction of flood-
plain sediments, the geochemical background measured in fine-grained
sediments settled in the distal environment can be considered more
representative of the basin scale. With the exception of specific local en-
richments caused by geochemical anomalies, preindustrial concentra-
tions in the upstream part of the Loire Basin are similar to those of the
downstream basin. These results provide evidence for an average back-
ground reference at the basin scale and will be further used in this study.

3.3.2. Influence of archiving processes on anthropogenic TE variations

Archiving processes and associated connection degree variations in-
fluence sediment accumulation rates, major elements and natural TE
levels. They can induce temporal discrepancies in anthropogenic TE var-
iations. Because of this, archived TE temporal dynamics could be related
to the sampling site choice. For the studied cores, do they allow access to
a similar anthropogenic contamination history? This study focuses on
distal floodplain sediments because proximal floodplain sediments are
preindustrial with low to moderate enrichments of As, Cd, Mo, Sb, Sn
and U, which are linked to mineralogical composition differences.

In the distal floodplain, the two cores have enrichment factors close
to 1 for TEs up to the late 1860s, except for Hg, which has had a light en-
richment (2 < EF <4) since the 1850s (Fig. 5), and Sb and Mo which have
higher geochemical backgrounds.

After the late 1860s, three different temporal dynamics are repre-
sented by Hg, Sn and Cd. First, a synchronic EF increase is calculated
for Hg and Sn (up to 30 and 8, respectively) in both cores from the
1860s until the dam elevation in 1933. The other TE (Cd) shows EFs
not higher than 2-3 (Fig. 5). Hg, and Sn profiles are different between
the two cores. In the RBC, Hg enrichments gradually increase from the
1860s and reach a maximum of 21 in the 1930s. Sn enrichment becomes
significant in the early 1900s and reaches a maximum of 7 in the late
1920s. In the UWC, TE enrichment profiles are different than in the
RBC and characterize short temporal variations of contamination levels
(Fig. 5). Hg enrichment sharply increases between the early 1880s and
the early 1890s with a maximum EF of 30, higher than the RBC regis-
tered maximum. The Hg EF then decreases until the late 1900s (EF =
11, similar in RBC) before a second increase in the RBC (EF close to 23
in the early 1930s). For Sn, the EF profile is similar to the RBC variations
with a light enrichment between the late 1900s and the early 1920s
(EF = 4). However, this maximum EF peak is higher in the UWC

(EF = 10) than in the RBC. By the 1930s, enrichment levels are similar
in both cores with maximum values higher in the UWC than in the RBC.

After the dam elevation in 1933, TE enrichment trends and maxima
highly differ between the two cores. In the RBC, EF temporal trends sig-
nificantly decrease for Hg and Sn (r = 0.8, p < 0.05, n = 14), reaching an
enrichment level high for Hg in the early 2010s (EF = 11) and low for Sn
(EF ca. 4). For Cd, the EF starts to increase with the dam elevation (EF ca.
3) and then remains stable (p > 0.05). In the UWC, the EF temporal
trends are less linear than in the RBC. All of the studied TE have a period
of maximum enrichment. The Hg maximum (EF ca. 57) occurred just
after the dam elevation, between the early 1940s and the 1950s. The
Sn maximum occurred (in the 1920s-1930s) before the dam elevation
but the enrichment remains high until the 1940s (EF close to 8) and
the Cd maximum occurs in the early 1950s (EF ca. 9). After these EF
maxima, all of the TE enrichments slowly decrease, reaching enrich-
ment levels less than those recorded in the RBC for Hg and Sn and sim-
ilar for Cd.

These EF variations highlight the influence of settling environments
on the archived anthropogenic TE history. In this studied floodplain and
before water-depth control by the dam in the early 1930s, TE temporal
trends are comparable in terms of trajectories and contamination levels,
although the UWC has shorter-time variations and higher EF peaks.
Even if the aggradation rate is higher for the RBC before 1933 (see
Section 3.2.2), the temporal resolution of the recorded TE chronic is
not as good as for the UWC. This is linked to a better conservative envi-
ronment for the trapped sediments in the paleochannel.

After the dam elevation, differences in TE temporal dynamics are en-
hanced, with enrichments in UWC sediments becoming more variable
and with higher EF peaks than in the RBC. The spatial variability of con-
tamination levels in sediments deposited during overbank floods de-
pends on the transport capacity of suspended materials (Baborowski
et al., 2007). As a result of water-depth control, the aggradation rate of
the RBC is largely reduced. Therefore, less potential contaminated parti-
cles can settle down in this part of the floodplain. Additionally, some or-
ganic particles containing a significant part of the total S and chalcophil
TE-rich (such as As, Cd, Co, Cu, Hg, Mo, Ni, Sb, U and Zn, all highly corre-
lated, r = 0.9, p < 0.05, n = 8) are trapped in the UWC between 34 and
50 cm and are absent in the RBC (Fig. 4). The dam elevation enhanced
the connectivity degree for the UWC and archived conditions for these
TE-rich particles compared to the RBC. These TOC-S increases could be
related to metalliferous coal and blast furnace sludge activities in the
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study area. Bioturbation, organic matter degradation and post-
depositional processes can be important factors to explain differences
in recorded TE chronics between the UWC and the RBC. The upper
unit of the RBC, from 70 cm to the surface, has pedogenetic characteris-
tics with secondary porosity, roots and a bottom-up important increase
of TOC content (Fig. 4). TE-TOC correlations are significant in this core
interval (r > 0.6, p < 0.05, n = 63). Surface sediments (post 1990s,
<10 cm deep) of the RBC, and TOC-rich (>3%) with roots have higher
contamination levels than the UWC. In a pedogenic context, the TE ver-
tical distribution and contamination levels are more dependent on their
high retention in surface because of an organic top soil and TE redistri-
bution by biological activities than progressive archiving processes.
These results have been shown by other authors (Palumbo et al.,
2000; Fujikawa et al., 2000). At a long-term scale, this phenomenon
should also be magnified by the high disconnection degree of the river
bank and low sediment inputs induced by water depth control.

These results show a significant influence of the settling environ-
ment on archived long-term TE variations. In the paleochannel, TE tem-
poral dynamics are archived with a well-defined time resolution and are
not affected by connection degree variations. However, sediments cored
in a river bank can be more influenced by river modifications and ped-
ogenetic activities.

4. Conclusions

To highlight the influences of fluvial depositional environments on
sediment archiving processes, aggradation rates and recorded geo-
chemical patterns, two cores were sampled on a ridge of the river
bank and in a paleochannel. In the river bank core, two steps of the
floodplain edification are archived, corresponding to two successive de-
positional environments. The oldest one corresponds to a proximal
floodplain sedimentation archived during the earliest age of the
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floodplain during the end of the Little Ice Age. This sedimentary se-
quence shows a general fining upward sequence related to decreasing
river energy during river bank accretion. Subsequently, a fine-grained
material was homogenously settled during overbank floods to present
day. Sediments in the underwater core of the paleochannel are similar
to the upper unit of the river bank core. However, after the Decize
dam elevation in 1933, slackwater depositions of fine sands have largely
contributed to its aggradation.

The main differences between the two depositional environments
highlighted in this study are

1. abetter archiving capacity of sediments in a paleochannel as the river
bank accretion is largely influenced by erosion episodes,

2. higher aggradation rates in the river bank, although more dependent
on connection degree variations, with the aggradation rate signifi-
cantly reduced after water depth regulation in this environment,

3. preindustrial geochemical concentrations are more dependent on
river energy in proximal than distal areas because of the sorting of
heavy minerals, and

4. in the paleochannel, trapped contaminated sediments are less select-
ed and allow for a better time resolution of anthropogenic TE signals.

For this floodplain study, TE temporal dynamics archived in the
paleochannel are more representative of an anthropogenic source histo-
ry. However, TE temporal dynamics recorded in the river bank show
similar trends than those of the paleochannel, with the divergences
being caused by local water depth regulation and a biological redistribu-
tion of deposited TEs.
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