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Abstract:  21 

As within many European rivers in mountainous areas, the Bienne River (Jura Mountains, France) has 22 

been severely impacted by the implementation of obstacles to river flow. The aim of this study is to 23 

better understand how hydro-sedimentary dysfunctions (complex alterations of sediment transport 24 

in response to river engineering) can influence contaminants storage along the river. The sediment 25 

pollution trajectory was reconstructed based (1) on a well-dated sediment core, and (2) on several 26 

sediment samples taken at different depths on six riverbank profiles. Age control was established 27 

with a well-defined 137Cs profile and time-related grain size transitions in the sediment core, and only 28 
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relatively for riverbank profiles using a plasticizer and PCB contents as chemical markers of the 29 

Anthropocene. Riverbanks and the core are composed of fine-grained legacy sediments deposited 30 

during the 20th century. They covered the former active channel mostly composed of pebbles and 31 

cobbles. Historical contaminants were the highest in the most upstream station and declined in the 32 

downstream direction to reach relatively low values in the lower river section. This historical 33 

upstream signal poorly influences the geochemical composition of sediments in the lower reaches, 34 

due its attenuation by numerous human-made obstacles to river flow and to the limited sediment 35 

transport capacity of the river. According to an unmixing model, the contribution of the upper 36 

sediments only weights a small percentage of the sedimentary mixture at the river outlet. These 37 

results highlight the sedimentary storage capacity of historical contaminants in mountain coarse-38 

bedded river. This phenomenon has been led by a riverbed narrowing and stabilization caused by 39 

deep alterations of hydro-sedimentary processes. It finally emphasizes storage of sedimentary 40 

contaminants and leads to limited source influences. Hence, this study shows the key role of 41 

sedimentary transport, which triggers spatial and temporal variability of contaminants stored in 42 

sediments. 43 
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1. Introduction 47 

Since the 19th century, river systems have been impacted by an increase of human-induced pressure, 48 

and their natural functioning has been widely modified (Best, 2019). The cumulative impacts of 49 

anthropogenic activities intensified after 1945 and marked a great acceleration associated to the 50 

Anthropocene Epoch in Europe (Meybeck, 2003; Steffen et al., 2004; 2007; 2015; Downs and Piégay, 51 

2019).  52 

Hence, river engineering has greatly intensified during this period. River infrastructure such as weirs, 53 

sluices, dams, sills, embankments, and road culverts have become ubiquitous, especially in Europe 54 

(Tockner et al., 2009; Grill et al., 2019; Belletti et al., 2020). They have often led to significant 55 

deceleration of sediment transport at a catchment scale, expressed as a dramatic decrease in 56 

sedimentary discharges (Vörösmarty et al., 2003; Walling, 2009; Sokolov et al., 2020; Bussi et al., 57 

2021), and marked by an increase in fine-grained (<63 µm) sediment deposition in floodplains and 58 

upstream of dams (Arnaud Fassetta, 2003; Provansal et al., 2014; Arnaud et al., 2019; Vauclin et al., 59 

2019).  60 

In response, significant changes of river courses occurred (Piégay, 2016; Versaci et al., 2018; Horacio 61 

et al., 2019; Piégay et al., 2020; Fazelpoor et al., 2021). Channel incision and narrowing have been 62 

documented for several decades. River engineering activities may have contributed to the 63 

interruption of the long-term geomorphic trajectory of channels adjustments and floodplains 64 

widening (Gasowski, 1994; Petit et al., 1996; Surian and Rinaldi, 2003; Latapie et al., 2014; Habersack 65 

et al., 2016; James, 2017).  66 

Such alterations of the river sediment transport capacity (human-induced) and the associated 67 

geomorphological responses can be summarized as hydro-sedimentary dysfunctions in relation to 68 

river fragmentation and flow regulation (Grill et al., 2015; Jumani et al., 2020). 69 

In river systems, the Anthropocene is also characterized by an important alteration of water and 70 

sediment chemical compositions, related to a large-scale increase of pollutant release in terms of 71 

source intensity, contaminant diversity, and impacted areas (Meybeck, 2002; Gałuszka et al., 2014; 72 



 

 

Meybeck et al., 2018; Kaushal et al., 2018). Some of the pollutants emitted over time are bounded 73 

and sorbed to particles and can be stored in sediments for decades, centuries or even millennia. 74 

According to these properties, pollutant history can be revealed by studying sedimentary deposits 75 

(Charles and Hites, 1987; Heim and Schwarzbauer, 2013). These deposits can provide information 76 

about spatial and temporal changes in sedimentary contaminants at catchment scales (e.g. for 77 

French basins: Le Cloarec et al., 2011; Grosbois et al., 2012; Desmet et al., 2012; Mourier et al., 2014; 78 

Dhivert et al., 2016; Lorgeoux et al., 2016; Mourier et al., 2019; Dendievel et al., 2020ab; Gardes et 79 

al., 2020; Thiebault et al., 2021; Vauclin et al., 2021). They may also provide information about long-80 

term changes in depositional environments (Bábek et al., 2008, 2020; Dhivert et al., 2015ab; Vauclin 81 

et al., 2020a).  82 

Along mountain rivers, many studies have examined coarse sediment supply and transport, as well as 83 

the morpho-dynamic incidences of strong alterations (Lenzi et al., 2006; Recking, 2012; Yager et al., 84 

2012; Attal, 2017). In these river systems, a high bedload concentration is important to maintain the 85 

steady-state conditions and to preserve the sedimentary balance at the catchment scale. By 86 

exceeding a certain threshold in the sediment transport decline, incised single-thread and armored 87 

channels can typically replace braided streams (Pitlick et al., 2008; Mueller and Pitlick, 2013). 88 

Changes in the bankfull shear stress can be observed and may influence the storage capacity of fine-89 

grained sediments. Many pollutants, such as metallic contaminants, are primarily transported with 90 

fine-grained particles in the wash load. The settling capacity of this fine fraction controls the 91 

distribution of sedimentary pollutants (Horowitz and Elrick, 1997; Walling et al., 2003).  92 

In this study, we focused on the longitudinal distribution of trace element (TEs) contaminations and 93 

some organic contaminants specific the Anthropocene as the di(2-ethylhexyl) phthalate (DEHP) and 94 

indicator polychlorinated biphenyls (PCBs) deposited in riverbanks along the Bienne River. This river 95 

basin serves as an interesting case study to understand the sedimentary transport of contaminants 96 

along the course of a coarse bedded river by studying cascading sediment transport. In brief, the 97 

Bienne River is a typical mountain river with a wide range of discharge and fluvial styles from straight 98 

channel in steep slope sections to more meandering channel where the floodplain is larger. Many 99 

dams, sills and embankments have been built in the river and their tributaries, with also 100 

infrastructures on slopes. In addition, several polluting industries are implanted in the Bienne 101 

catchment for decades. In this specific context, the principal objectives of this study are to analyze:  102 

(i) long-term storage of sediments along riverbanks and associated contaminants, 103 

(ii) spatial influence of contaminant sources, and  104 

(iii) up-to-downstream trajectories at a basin scale to understand the sedimentary cascade of 105 

pollutants under the influence of infrastructures.  106 

The novelty of this paper is to question the influence of human-induced alteration of sediment 107 

transport on the storage of contaminants in sediments at a river straight scale. This issue will go 108 

beyond the classical approach, traditionally focusing on a most downstream sampling site to 109 

reconstruct pollution trajectories at a basin scale. It is particularly justified for mountain rivers with a 110 

high density of infrastructure controlling large sections of river courses, as in many basins in Europe.  111 

2. Study area  112 

The Bienne River is 69 km long and drains a hydrogeological basin of 808 km² in the southern Jura 113 

Mountains of France (Fig. 1a). This is a mid-altitude mountain basin (elevations ranging between 304 114 

and 1495 m a.s.l.) characterized by sedimentary rocks (Mesozoic limestones and marls, and glacial 115 

deposits dating back to the last glacial maximum in Western Europe). Groundwater flows are 116 



 

 

particularly important because of a well-developed karstic system. The course of the river can be 117 

divided into two parts. The upper basin lies between the source spring and the town of Saint-Claude 118 

(draining an area of 392 km²). In this section, the Bienne River is confined within gorges (about 2000 119 

m wide and 400 m deep) and the mean river slope is 12.4‰. A steep stream morphology can be 120 

recognized (Church and Zimmermann, 2007), with a straight channel and step pool patterns 121 

accentuated by numerous barriers to the river flow. The bedload is mostly composed of boulders and 122 

cobbles. The lower basin extends from Saint-Claude to Chancia (a village located at the Bienne River 123 

outlet in the Coiselet reservoir), where the valley is broader with a mean slope of 3.3‰ (draining an 124 

area of 416 km², Fig. 1b). In this section, the Bienne River channel is more meandering with scroll 125 

bars and sporadic islands. Large parts of this section are under the influence of dams. The bedload is 126 

essentially composed of pebbles and cobbles. The floodplain is only well-developed in less confined 127 

parts of the valley. It is discontinuous, mostly controlled by the bedrock and human settlements. 128 

Overflows are constrained in a narrow band of few dozen to hundred meters wide because of 129 

numerous embankments. Downstream of Chancia, the Bienne River finally meets the Ain River at the 130 

Coiselet reservoir (Rhône basin, France; Fig. 1a and b). The Bienne River is the most important 131 

tributary of the Ain River with an interannual average discharge of 29.3 m3/s at the Jeurre gauging 132 

station (calculated with daily discharge over the 1971–2020 period, www.hydro.eaufrance.fr). The 133 

hydrological regime of the Bienne River is influenced by snow melt and rainfall, with significant 134 

fluctuations in river discharge. Monthly discharges are lowest in August and highest in March (10.7 135 

and 43.1 m3/s, respectively). During flood episodes, daily discharge can reach 270 m3/s for a 2-year 136 

flood, 390 m3/s for a 10-year flood, 490 m3/s for a 50-year flood, and more than 600 m3/s historical 137 

floods (e.g. up to 680 m3/s for the flood of February 15, 1990).  138 

Since the 19th century, river engineering has strongly modified the Bienne River system to improve 139 

navigation (historically for log driving and more recently for canoeing), protect human facilities, 140 

produce hydroelectricity, and facilitate gravel extractions (Janod, 1985; Bravard et al., 1998; Bravard, 141 

1999). Today, 106 river flow obstacles are documented for the Bienne Basin (Fig. 1b, ROE database, 142 

www.data.gouv.fr). Spatial density of river infrastructures is similar in the upper and the lower parts 143 

of the Bienne basin with 0.3 and 0.4 low-head dams or sills per km of river straight, respectively. 144 

However, in the upper part, these obstacles are concentrated near and in the city of Morez (Hauts de 145 

Bienne municipality), while they are more dispersed in the lower part. Two large dams also influence 146 

the Bienne River flow: the Etables Dam (27 m), built between 1930 and 1932 downstream of the city 147 

of Saint-Claude and the Coiselet dam (37.5 m high), built across the Ain River between 1968 and 148 

1970 which controls 2.6 km of the Bienne River level at its outlet (Fig. 1b). Considering the effect of 149 

dams, water levels are anthropogenically controlled on 14% of the river drop and 15% of the river 150 

course. Consequently, sedimentary transport in the Bienne River has been highly altered (Landon et 151 

al., 1998, 2000). With data from the monitoring of the river system since 1993 and given by the Haut-152 

Jura Natural Park as the main stakeholder (www.parc-haut-jura.fr) predominant manifestations of 153 

these disturbances can be detailed as follows: 154 

(i) a dramatic decrease in sediment transport from 25,000 to 8000 m3/y since the 1950s,  155 

(ii) a lack of more than 550,000 m3 of riverbed sediments in the lower part of the river, 156 

(iii) a deep incision of the riverbed, up to 2 m in some sections,  157 

(iv) a channel narrowing of about 40% to 50%, 158 

(v) an armoring of the stream over most of the river course (partially or totally over the channel 159 

width, depending on reaches). 160 

These hydro-sedimentary issues also affect the Ain River downstream of the confluence (Marston et 161 

al., 1995; Piégay et al., 2008; Dufour and Piégay, 2010). 162 



 

 

The population density of the Bienne Basin is low, with an average of 60 inhabitants/km² 163 

(www.insee.fr). The two most important populated areas are the Hauts-de-Bienne / Morbier area 164 

(approximately 7,700 inhabitants) and Saint-Claude (9,500 inhabitants, population in 2018, 165 

www.insee.fr). Many industries are historically present in the Bienne Basin as nail factories, 166 

wireworks, edge-tool factories, undercutting, polishing, coating, eyewear, watchmaking, plastic 167 

industries, etc. A total of 1032 industrial plants (historical and currently operating) are documented 168 

in this basin (Fig. 1b, BASIAS database, www.georisques.gouv.fr). Their distribution differed between 169 

the upper and lower parts of the basin. The density is 0.7 installations per km² in the upper basin, 170 

because industrial plants are mainly located in and around Morez (Hauts-de-Bienne, 33 installations 171 

per km² locally). In the lower basin, the density is generally higher with 1.9 installations per km², but 172 

they are more evenly distributed along the Bienne River straight and its tributaries. 173 

Connections to wastewater treatment plants and water treatment improvements have been adopted 174 

since the late 1970s, and the activity of the most polluting industrial sites has largely decreased 175 

because of a strong decline in the local industry. However, contaminant levels are still high, and 176 

hotspots have been identified since the 1990s when the monitoring of metals in the Bienne River was 177 

initiated by the Haut-Jura Natural Park. The metals are mostly related to the non-controlled releases 178 

of industrial and urban sewage.  179 

3. Material and methods 180 

3.1. Sampling strategy 181 

Along the Bienne River, six sampling stations were chosen at key locations to analyze spatial and 182 

temporal changes in metallic and organic contaminants (Fig. 1b and c; Supplementary material S.1). 183 

At stations 1 to 5, fine-grained sediments were sampled in riverbank during October and November 184 

2018. Samples were collected across the erosional surfaces with a stainless-steel shovel according to 185 

the method described by Dhivert et al. (2016):  186 

(i) When the riverbank was visually homogenous, sediments were sampled at vertical 187 

intervals of 20 cm.  188 

(ii) When visual transitions occurred, each layer was sampled (minimum of 10 cm thick).  189 

Station 1 was located downstream of Morez. At this place, the Bienne River is confined in deep 190 

gorge. The stream channel is steep (14‰ slope). The riverbed does not exceed 12 m wide. Sediments 191 

were sampled in a 140 cm high bank deposit (about 20 m long and 5 m wide), trapped in a channel 192 

widening in the right bank.  193 

Station 2 was upstream the city of Saint Claude, where the Bienne River gorge became larger. Here, a 194 

floodplain has been developed over 2.2 km of the river course. Alongside the sampling site, 195 

overbanks are constrained (75 m wide maximum) by the bedrock in the left bank and embankments 196 

in the right bank. The slope of the stream channel is 6‰. The riverbed has considerably narrowed 197 

since the 1950s, from about 25 m to 15 m wide presently (www.remonterletemps.fr). Sediments 198 

were sampled over the thickness (150 cm) of a cut bank, between two meanders. 199 

Station 3 was established in the left bank of the Etables reservoir, 40 m upstream of the dam. Here, 200 

fine-grained sediments have accumulated since the 1950s (at least), over 180 m in length and 40 to 201 

60 m in width. Riverbank sediments were sampled during a maintenance period within the empty 202 

reservoir, where the sediment accumulation was the thickest (380 cm). 203 

Station 4 was 4.3 km downstream of the Etables dam. Here, the valley become narrower over a 5 km 204 

long section. The slope of the stream channel is 4‰. The riverbed wide is about 20 m presently but 205 



 

 

was about 25 m in the 1950s. Fine-grained sediments have settled in bank over a large part of this 206 

section. Sediments were sampled over the thickness (115 cm) of such depositional setting, in the 207 

right bank. 208 

Station 5 was located 11.7 km downstream of the latter site, where the valley and the floodplain are 209 

larger. This station corresponds to a 390 m long section, relatively straight-lined and upstream a 210 

meander. Overbanks are constrained in a band of about 120 m wide maximum, limited by the 211 

bedrock in the left bank and a dyke in the right bank. Since 1970 a bridge crosses the river at this 212 

place and divides the floodplain with its structure. The stream channel slope is 4‰. The riverbed has 213 

narrowed from 60 m to 45 m wide since the 1950s. Samples were collected, in the right bank, 150 m 214 

downstream of the bridge, over the thickness of the riverbank (100 cm). Here, the river cut into a 215 

natural levee.  216 

Station 6 was located at the river inflow to the Coiselet reservoir in the inner part of the meander 217 

between villages of Dortan and Chancia (Fig. 1b and c). At this place, a chute channel crosses the 218 

right bank, delimiting a vegetated island of 840 m long and 60 to 80 m wide. The stream channel 219 

slope is considerably lower than other stations (0.8 ‰), due to the influence of the Coiselet reservoir. 220 

Overbanks can reach 230 m wide maximum. This station has stabilized and aggraded since the 1950s, 221 

its history is detailed further to establish the age model (§ 4.2). Two sediment cores were collected, 222 

approximately 30 cm apart in the middle of this island on May 05, 2019, using a stainless-steel 223 

Russian corer. The first one captured the top 50 cm of sediments, and the second was a sedimentary 224 

sequence from 34 to 84 cm in depth. A 84 cm long master core was built in the field, using these two 225 

composite cores collected. Sediments layers were directly sampled in the field, at 4-cm intervals with 226 

a ceramic knife.  227 

In addition, some sediments were sampled with a stainless auger at the base of a historical floodplain 228 

located 740 m downstream, above coarser sediments composed of gravels and cobbles (250-270 cm 229 

deep). This sample was collected to access concentrations of TE in old sediments. Actually, this 230 

former floodplain of 1.1 km long and 240 m wide maximum was settled on the left bank during the 231 

late 18th to early 19th centuries. Currently, the top of the floodplain is approximately 3 m above the 232 

water level regulated by the Coiselet Dam and can be related to a terrace functioning, with a lateral 233 

erosion of about 40 m between the 19th and the 1950s, and additional 10 m between the 1950s and 234 

2020 (www.remonterletemps.ign.fr). 235 

To prevent cross-contamination, all materials used for sampling were washed with HNO3 (30%) and 236 

acetone prior to sample collections. Sediment slices were preserved at 5 °C in precleaned glass 237 

containers.  238 

3.2. Analytical method 239 

Grain size analyses were performed on fresh sediment samples with a Malvern Mastersizer 3000 240 

laser diffraction microgranulometer, after a 30 s ultrasonic step (analyzed particles ranged between 241 

0.01 and 2000 μm, Supplementary material S.2). Organic debris, such as leaves and wood fragments, 242 

present in some slices, were manually removed before analysis. The median grain-size (D50), ten and 243 

ninety percentiles (D10 and D90), cumulative volumetric percentage of fine-grained sediments (<63 244 

μm), clays (<2 µm), silts (2–63 µm), and sand (63–2000 µm) were computed using the geometric 245 

method of Folk and Ward (1957).  246 

An age model was proposed for the sedimentary core sampled at station 6. It was based on the 247 

calculation of sedimentation rates between temporal markers at different depths in the sedimentary 248 

deposits. The top of the core was assigned the date of the last flood event before the sampling date 249 



 

 

(during the winter of 2018-2019). We used temporal markers related to the 137Cs activity profile and 250 

grain-size transitions throughout the core to detail the age model (Supplementary material S.2). The 251 

artificial radionuclide 137Cs has been present in the environment since the beginning of atmospheric 252 

nuclear weapon testing in the early 1950s. Two events can be identified in the Jura Mountains:  253 

(i) the maximum 137Cs atmospheric fallout in 1963 (coming from the peak of nuclear 254 

weapon tests, NWT, prior to the international moratorium), and  255 

(ii) the 1986 fallout peak following the Chernobyl Nuclear Power Plant Disaster (C-NPPD; 256 

Meusburger et al., 2020; Foucher et al., 2021).  257 

In this study, radiometric analyses were performed using the analytical service of the Institut de 258 

Radioprotection et de Sureté Nucléaire (IRSN/PSE-ENV/SAME, Veniset, France, www.irsn.fr). The 259 

samples were composed of approximately 50 g of dry sediment (< 2 mm) packed in air-tight plastic 260 

boxes for a 24-h gamma counting with very low-background detectors used for gamma spectrometry 261 

(coaxial HP Ge N-types). The laboratory detected 137Cs with an energy peak at 661 keV in the 262 

spectrum area free of interference. The activities were corrected to the time of the collection period. 263 

Measurement uncertainties were approximately 2.5% with a detection limit between 0.7 and 2.4 264 

Bq/kg.  265 

For each sample, a part of the material was dried at 40 °C for 48 h. TEs analyzes were performed on 266 

sieved sediments through a 63 μm disposable nylon mesh in order to normalize the data and limit 267 

the grain-size influence on metal concentrations (Horowitz and Elrick, 1987). In addition, the DEHP 268 

and indicator PCBs were also analyzed in the < 2 mm fraction of riverbank sediments (Supplementary 269 

material S.2).  270 

Geochemical analyses were performed using the analytical service of Eurofins Scientific (Saverne, 271 

France, www.eurofins.fr) with standardized procedures NF EN ISO 17294-2 and 13346 for TEs and XP 272 

X33-012 and CEN/TS 16183 for organic contaminants (www.afnor.org).  273 

Concerning TEs, sieved materials were digested using an aqua regia procedure and TEs were 274 

analyzed by mass spectrometry (ICP-MS), except for Hg which was analyzed by cold vapor atomic 275 

absorption spectrometry (CV-AAS) (Tab. 1). All digestion processes and analyses were qualitatively 276 

checked by analyses of internal reference materials (z-score ranging between -1.2 and 1.05).  277 

In this study, enrichment factors (EF) were calculated to evaluate TE contaminant levels. The 278 

normalization procedure performed in our study was described in Grosbois et al. (2012) and 279 

references therein. The local geochemical background used to calculate EF has been defined in the 280 

old sedimentary level sampled at the base of the former floodplain downstream of the station 6 (see 281 

§ 3.1.). This sediment layer gave non-impacted concentrations ranging in the same intervals 282 

compared with preindustrial concentrations analyzed in other basins of metropolitan France (Tab. 2).  283 

Concerning the DEHP and PCBs, solid-liquid extractions with low temperature purifications were 284 

done before analysis using gas chromatography / mass spectrometry (GC-MS, Tab. 1).  285 

4. Results and discussion 286 

4.1. Grain size variations and history of the river management  287 

The samples are chiefly composed of fine-grained sands and silts (Fig. 2). At some stations (2, 3, 5, 288 

and 6), sedimentary profiles are interspersed with layers richer in organic-rich layers and/or medium 289 

to coarse sands. Different grain size groups can be defined according to the percentage of the <63 290 



 

 

µm fraction, as well as silts and clays proportions (Fig. 2). They are described below from the coarsest 291 

to the finest grained groups:  292 

- In group 1, the average percentage of the <63 µm fraction is 26.1% (range: 9.0% - 41.9%), 293 

with less than 0.3% of clays (<2 µm fraction). This group has a high average percentage of 294 

sand (63–2000 µm fraction) of about 73.8% (57.9–91.0%). The D10, D50, and D90 grain size 295 

parameters averaged 25 µm (8–70 µm), 144 µm (81–291 µm), and 535 µm (239–1390 µm), 296 

respectively. This grain size group corresponds to all samples of stations 1, 4, and 5; to layers 297 

between 0 and 110 cm in depth at station 2(the unit U2.1); and to sedimentary layers 298 

between 52 and 84 cm in depth at station 6 (the unit U6.2). At the base of the sedimentary 299 

core sampled at station 6, the D90 parameter differs from the 52–68 cm sequence with a 300 

mean value of 269 µm (239–294 µm) while the 68–84 cm sequence presents higher values 301 

(mean of 527 µm, 309–915 µm). This basal sequence appears to be reworked and contains 302 

layers enriched in coarse sands.  303 

- The group 2 has a larger fraction of fine particles (<63 µm), with 54.7% on average (43.1–304 

64.1%). Average percentages of silts and sands are52.8% (41.0–61.5%) and 45.8% (35.9–305 

56.9%), respectively. Clays are present in a proportion of 1.5% on average (0.5–2.6%). On 306 

average, grain size parameters present mean values of 6 µm (5–9 µm) for D10, 55 µm (37–73 307 

µm) for D50, and 209 µm (155–271 µm) for D90. This group corresponds to the upper 308 

sedimentary units sampled at stations 3 (U3.1 between 0 and 260 cm in depth) and 6 (U6.1 309 

between 0 and 52 cm in depth). 310 

- In group 3, the <63 µm fraction is much higher than the other groups, with a mean value of 311 

83.0% (77.2–92.2%). This sedimentary group is mostly composed of silts with an average 312 

value of 79.3% (74.1–86.8%), while clays account for 3.7% on average (3.1–5.5%). It contains 313 

less sand than the other groups, (ca. 17.0% on average, 7.8–22.8%). The grain size 314 

parameters are also finer, with averages of 4 µm (3–5 µm), 21 µm (10–36 µm), and 86 µm 315 

(56–97 µm) for D10, D50, and D90, respectively. This group corresponds to the deepest layers 316 

at stations 2 (U2.2 between 110 and150 cm in depth) and 3 (U3.2 between 260 and380 cm in 317 

depth). 318 

 These three grain size groups can be related to different deposition mechanisms. The group 1 is 319 

mostly unimodal and well sorted, composed of fine-grained sands and silts (Supplementary material 320 

S.3). These sediments are typically transported in the suspended load, in slope and specific stream 321 

power conditions of the Bienne River (1.8 to 3.6 10² N/m² according to Dade and Friend, 1998; 322 

Kleinhans and van den Berg, 2011). Groups 2 and 3 are richer in clays and silts and moderately to 323 

poorly sorted. Such sediments are deposited under low velocity flow conditions, fostering the 324 

settling of the wash load. Both stations 3 and 6 are presently influenced by the Etables and Coiselet 325 

dams. Changes in the wash load sedimentation capacity should be related to changes in the water 326 

level management. However, there is no readily available information related to historical water 327 

level management of these dams. The base of the riverbank at station 2 (U2.2) is also composed of 328 

fine-grained sediments (group 3), but this deposit was probably caused by temporary fishing 329 

structures (wire-wrapped dams) installed between 1961 and 1965 for fish farming. This information 330 

is documented in the historical records of the Jura Department (ref. 2517 W 120, 331 

www.archives39.fr). After the removal of these river flow obstacles, the upper unit of the riverbank 332 

(U2.1) was deposited under a higher flow energy (shift from group 3 to group 1). Evidence of a post-333 

1950s deposition is also given in § 4.2. 334 

Bienne riverbanks were deposited on basal coarse sediments composed of medium to coarse sands, 335 

gravels, cobbles, and boulders (Fig. 1c). These coarse sediments were manually measured in station 336 



 

 

1, 4 and 5. Grain size parameters are close between these stations and similar to sediments presently 337 

transporting in the bedload, with on average D10 = 6.1 cm (5.0–6.8 cm), D50 = 11.2 cm (10.8–11.9 cm), 338 

and D90 = 20.9 cm (18.8–24.2 cm; n=90). They correspond to the former riverbed now covered by 339 

finer sediments belonging to the riverbanks. Aerial photographs from the 1950s show different 340 

fluvial styles for the Bienne River compared to present day (www.remonterletemps.ign.fr). Bed 341 

material was visually more abundant at that time and the riverbed was wider and moderately 342 

braided in the lower section (Supplementary material S.4). Alternate bars were present in the upper 343 

section. These patterns are typical in confined and partly confined valleys as the Upper and the 344 

Lower Bienne River (Fryirs, 2013, 2017; O’Brien et al., 2017). The riverbed grain size and the specific 345 

potential stream power of the Bienne River are in concordance with a moderately braided channel 346 

pattern (Kleinhans and van den Berg, 2011). The sharp grain size transition between coarse and fine-347 

grained sedimentary deposits reflects morphological changes of the Bienne riverbed which have 348 

occurred since the 1950s. It indicates an important drop of the bedload transport and a change in 349 

hydro-sedimentary processes fostering the settling of sediments transported in the suspension over 350 

the former active channel. It is consistent with the definition of infrastructure-induced legacy 351 

sediments proposed by Vauclin et al. (2020b). According to the Lane’s balance (Lane, 1955), an 352 

equilibrium is maintained between water discharge, slope, sediment load and grain size. Changes in 353 

any of these parameters lead to changes in the others and drive channel adjustments. In coarse-354 

bedded rivers, dams (even low-head dams) can largely influence the channel morphology by 355 

impacting the slope, the sedimentary transport and grain size distribution upstream and downstream 356 

of the infrastructures (Casserly et al., 2020; Brenna et al., 2020). They can also influence the spatial 357 

and temporal dynamics of suspended sediments (Casserly et al., 2021). In addition, coarse sediment 358 

delivery by the Bienne River has been dramatically reduced by many infrastructures built on slopes 359 

and embankments to limit river wandering since the middle of the 20th century. Consequently, some 360 

river sections have been partially or totally disconnected to supply reservoirs of coarse sediments. 361 

River engineering has resulted in a deep loss of sediment connectivity at the catchment scale 362 

(Borselli et al., 2008; Najafi et al., 2021). Fine-grained deposits have been the consequence of an 363 

important change of the riverbed functioning as a narrowing and a stabilization process of the active 364 

channel, accompanying by an incising of the wetted channel. Such evolutions follow stream 365 

anthropogenic disturbances as slopes tiering and the bedload starvation (Marren et al., 2014; 366 

Provansal et al., 2014; Fencl et al., 2015). 367 

4.2. Age of the riverbank formation 368 

In the sediment core collected at station 6, 137Cs activity results attest to a post-1950 deposition with 369 

a minimum of 2.9 ±0.8 Bq/kg at the base of the core (Fig. 3). The 137Cs vertical profile shows a well-370 

defined peak at a depth of 48–52 cm (17.3 ±2.4 Bq/kg). No 241Am was detected, and this shape of the 371 
137Cs profile was in good agreement with the C-NPPD in 1986.  372 

The grain-size transitions recorded in this core (Fig. 2: station 6) can provide additional time markers 373 

associated with morphological changes documented in historical data 374 

(www.remonterletemps.ign.fr). Aerial photographs for the Station 6 area are available since 1953. 375 

From 1953 to 1969, this area was a point bar, which is characteristic of the inner curve of meanders. 376 

The aerial photograph from 1971 (end of the first filling period for the Coiselet reservoir, Fig. 1) 377 

shows a cleared area, partly flooded. The sedimentary pattern of the 68–84 cm sequence (down to 378 

the layer composed of pebbles and cobbles representing the base of the bank) is a discontinuous 379 

record. The 68–72 cm interval reflects sediment remixing during the reservoir-filling period and/or 380 

flood deposits during that time (Dhivert et al., 2015a). In addition, several flood events occurred 381 

during the Coiselet Reservoir building period (Paravy and Fournevy, 1973). Consequently, unit U6.2 is 382 



 

 

dated with low accuracy as being deposited during or before reservoir filling (before 1971 but after 383 

1950) as erosional episodes could have occurred during the deposition of this unit (Fig. 3).  384 

Aerial photographs of the station 6 area from 1975 to 1984 show the presence of scroll and chute 385 

bars with mostly light-colored deposits (probably enriched in sand). A sparse vegetation developed at 386 

the top of bars attesting to their stabilization. In more recent photographs, from 1989 to 2018, bars 387 

were well stabilized and connected each other by a dense vegetation. Deposits were also 388 

considerably darker. Riparian vegetation can play a key role in the stabilization of river bars and in 389 

the trapping of the suspended load (Rodrigues et al., 2007; Wintenberger et al., 2015; Jourdain et al., 390 

2020). This process continues to operate in some reaches of the Lower Bienne River. This 391 

morphological change occurred during the C-NPPD fallouts and is consistent with the 137Cs peak 392 

between units U6.1 and U6.2. It attests to a decrease of the transport energy at this time (Fig. 3, 393 

grain size groups 2 and 1 respectively in Fig. 2). These morphological and sedimentary changes could 394 

also be fostered by an evolution of the reservoir impoundment (see § 4.1). The base of the 395 

sedimentary sequence (64–68 cm) can be dated to 1975 ±2 year. according to a constant 396 

sedimentation rate (1.5 cm/year) based on the thickness of the sampled slices and bounded by the 397 
137Cs peak and by the influence of the Coiselet reservoir. To refine the age model, the age of this 398 

sedimentary level can be constrained to 1971 (i.e. the end of the filling period of the dam). Under 399 

this other scenario, the sedimentation rate of the 52–68 cm sequence was 1.1 cm/year. Age models 400 

are similar between these two scenarios, with uncertainties only extending to 4 year (Fig. 3).  401 

The 137Cs was not analyzed in riverbank sediments at upstream stations (1 to 5). Indeed, the sampling 402 

strategy with riverbanks was not suitable to robustly identify and characterized 137Cs peaks. However, 403 

we used other specific markers of the Anthropocene to assess the relative age control of riverbanks 404 

sediments such as the DEHP). It was the first phthalate ester introduced as a plasticizer in the 1930s 405 

for PVC (polyvinyl chloride) fabrication (Graham, 1973). By the 1950s, the PVC production and 406 

consumption marked a real takeoff (Mulder and Knot, 2001). Nowadays, DEHP has become the most 407 

widely used plasticizer (Jamarani et al, 2018). This compound is ubiquitous in the environment and 408 

can accumulate and be preserved over long time in sediments (Bergé et al, 2013; Goa and Wen, 409 

2016). DEHP is quantified in all sediment layers collected in riverbank (station 1 to 5) and in the core 410 

(station 6), ranging between 24 and 870 µg/kg (Fig. 4). During the sediment collection, plastic debris 411 

in association with other various wastes were also visible all over the height of banks. PCBs can also 412 

be considered as chemostratigraphic marker of the Anthropocene (Gałuszka et al, 2020; Dong et al, 413 

2021). PCBs are detected in all stations of the Bienne River, the sum of 7 indicator PCBs ranging 414 

between < 1 and 19.5 µg/kg (Fig. 4).  415 

All these indicators, in addition to the 137Cs dating of the core, represent robust arguments to 416 

consider the deposition of the Bienne riverbanks during the second part of the 20th century, 417 

concurrent with the building of several dams, sills, and embankments during this period. This 418 

interpretation is also consistent with observations (aerial photograph survey) of riverbed narrowing 419 

since the 1950s. 420 

4.3. Temporal evolution of contaminants recorded in stored sediments  421 

In the Bienne riverbanks, the highest TE enrichments occur in sediments from the most upstream 422 

station 1(Fig. 5, Tab. 3). Here, high contaminant levels (EF ≥ 10) are registered for Cu (EF ranges 423 

between 20.4 and 25.8), Pb (10.9–25.0), and Sn (15.5–34.5) in all layers; and Hg between 30 and 110 424 

cm (11.1–12.7). Moderate enrichments (5 ≤ EF < 10) are calculated for Ag (7.2) and Hg (9.5) in 425 

separate layers (120-140 cm and 0-20 cm layers respectively) and Zn except at the base of the 426 

sampled column (6.1–7.3). Low enrichments (2 ≤ EF < 5) are calculated for most of the analyzed 427 

samples for Ag between 0 and 110 cm (ranges: 3.1–4.6), As (ranges: 2.0–2.2), Bi (2.5–3.6), Ni (2.0–428 



 

 

2.7), Sb (2.7–4.8); more rarely for Cd (2.3) and Zn (4.8) both in the 120-140 cm layer. A decreasing 429 

trend can be recognized for Ag from the base to the top of the riverbank and for Cu, Hg and Pb from 430 

the 90-100 cm layer to the top. Concerning organic compounds, the highest values are reached in the 431 

120-140 cm layer with 850 µg/kg for DEHP and 19.5 µg/kg the sum of 7 indicators PCBs (Fig. 4). In 432 

other layers, concentrations range between 24 and 66 µg/kg for the DEHP and are < 1 µg/kg for all 433 

PCB congeners. 434 

At station 2, the most enriched TEs are Cu (6.0–8.1) and Sn (5.1–11.3). However, it presents 435 

moderate EF values compared to upstream, except for Sn in the 30–50 cm layer (high enrichment). 436 

Moderate enrichments are also calculated for Bi (6.7–7.5), Hg (5.0), and Pb (5.0) in some layers. Low 437 

enrichments are recorded for Zn (2.2–3.6) across the entire column; Hg (2.2–3.7), Ni (2.1–2.5), and 438 

Pb (2.5–4.1) in most of the analyzed samples; along with Ag (2.0) and Cd (2.3) in separate, single 439 

layers (140-150 cm and 30-50 cm respectively). The highest DEHP concentrations are analyzed in 440 

layers between 80 and 150 cm (570-870 µg/kg). Other layers (form the top to 50 cm) range between 441 

290 and 360 µg/kg. The sum of PCBs decreases from 14.1 to 6.6 µg/kg form the base to the 80-100 442 

cm layer. A maximum of 18.5 µg/kg is reached in the 30-50 cm layer before to return to 5 µg/kg in 443 

the top layer.  444 

At station 3, TE enrichments are even lower than at stations 1 and 2. High and moderate 445 

contaminant levels are only recorded for Bi (6.6-11.3), Pb (5.7), and Sn (5.2) between 0 and 260 cm. 446 

Low enrichments are calculated in most layers for Bi (2.9–3.4), Cu (2.8–3.6), Hg (2.8–3.9), Pb (2.6–447 

4.3), Sn (2.1-4.5) and Zn (2.3–2.6); and in a few samples for Cd (2.0–2.3) and Sb (2.2-3.5). DEHP 448 

concentrations are stronger in layers between 0 and 140 cm (250-850 µg/kg) than in other layers 449 

between 185 and 380 cm (34-130 µg/kg). The sum of PCBs ranges between 4 and 6.9 µg/kg in 0-140 450 

cm layers, whereas all PCBs congeners are < 1 µg/kg in other layers.  451 

TE Enrichments are slightly higher at station 4 than at station 3. Moderate to high enrichments of TEs 452 

are noted in three sampled layers between 60 and 115 cm for Bi (5.1–22.4), Cu (5.2–5.4), Hg (15.7), 453 

and Pb (9.5–11.9); and in all samples for Sn (6.1–12.5). Low enrichments are also calculated for Ag 454 

(2.9–3.3), Bi (2.1–4.9), Cd (2.1–2.8), Cu (2.5–4.4), Hg (2.4–4.6), Pb (2.4–4.1), Zn (2.9–3.9); and in a few 455 

samples for As (2.0), Ni (2.3), and Sb (2.4–3.4). A decreasing trend can be identified for Bi, Pb and Zn 456 

from the 80-100 cm layer to the top. In this station, DEHP concentrations increase from the base to 457 

the 30-50 cm layer (57-470 µg/kg). In the top layer, the DEHP concentration is slightly lower (320 458 

µg/kg). Concerning the sum of PCBs concentrations range between 2.5 and 17.3 µg/kg except for the 459 

30-50 cm layers where all PCBs congeners are < 1 µg/kg. 460 

TE enrichments are similar at stations 5 and 6. At station 5, moderate contaminant levels are 461 

calculated for Hg (5.7) in the 10–20 cm layer and Sn (5.0–5.9) between 10 and 60 cm. Low 462 

enrichments are recorded for Cu (2.1–2.6), Pb (2.0–2.7); Ag (2.1), Bi (2.1), Hg (4.9), Sn (3.9–4.7) and 463 

Zn (2.0-2.1). At station 6, some layers also present moderate Sn enrichments (5.3–6.7), while the 464 

other samples show low enrichments (2.5–4.7). Bi is slightly enriched from the base of the core, 465 

rising until sedimentary levels settled during the 1990s (2.3–3.3). Sediments deposited during the 466 

2000–2010 period have negligible Bi enrichment. Low enrichments are also calculated for Cu (2.0–467 

2.9) since the early 1970s, Pb (2.1–2.9) in all layers of the sampled sedimentary column, and Zn (2.0–468 

2.2) only from layers deposited during the 1970s. Thus, a weak temporal mitigation of TE 469 

enrichments is recorded in this sedimentary core (Supplementary material S.5). Average EF decrease 470 

from the 1970s to the 2010s (from 3.1 to 1.7 for Bi, from 2.6 to 2.2 for Cu, from 2.9 to 2.2 for Pb, and 471 

from 2.1 to 1.6 for Zn). Sn reveals no temporal trend across the recorded period (3.5–3.9). Negligible 472 

enrichments (EF <2) are also detected in all the analyzed samples at each station for Cr (EF <1.9), Mo 473 

(EF <1.8), and W (EF <1.5). The temporal trend recorded in sediments of the Bienne River for most of 474 



 

 

historical TEs is commonly recorded in Western Europe basins, following the improvement of 475 

wastewater treatments, local applications of the UE Water Framework Directive and changes in the 476 

urban and industrial development (e.g. Dendievel et al, 2022). 477 

Concerning organic contaminants, DEHP concentrations range between 340 and 530 µg/kg in 70-100 478 

cm layers and between 260 and 270 µg/kg in 0-40 cm layers of the station 5. In the sedimentary core 479 

of the station 6, DEHP concentrations are a bit lower. They fluctuate between 30 and 190 µk/kg from 480 

the 1970s to 2000s, with decade averages between 89 and 157 µg/kg. Concentrations range between 481 

30 and 120 µg/kg in the 2010s with an average of 68 µg/kg. Several studies reveal that DEHP signal in 482 

sediments has considerably increased since the 1970s, in relation with the plastic production 483 

(Peterson and Freeman, 1982; Li et al, 2021; Kim et al, 2021). In Western Europe, sediment 484 

contaminations have begun to decrease since the late 2000s because of its regulation in the 485 

Environmental Quality Standards Directive of the EU Water Framework Directive as a priority 486 

substance (European Council, 2008; Nagorka and Koschorreck, 2020). The temporal evolution 487 

recorded in the Bienne River core is consistent with the production and regulation history explained 488 

above. 489 

The sum of PCBs varies between 3.2 and 3.7 in layers collected in the station 5, except for the 0-10 490 

cm and the 30-40 cm layers where all PCBs congeners are < 1 µg/kg. In the station 6, recorded PCBs 491 

concentrations are at maximum at the end of the 1970s (15.7 µg/kg), before to sharply decrease and 492 

reach lower values since the end of the 1990s (3.2-5.5 µg/kg; Supplementary Material S.6). Such 493 

temporal evolution is typically recorded in Western Europe basins. It occurred synchronically with a 494 

drop of global emission following the application of a regulation which prohibited the use of PCBs in 495 

open environments (Breivik et al, 2002a, b, 2007; Dendievel et al, 2020a). 496 

4.4. Spatial evolution of riverbank contaminations along the river course 497 

In riverbank sediments of the Bienne River, contamination levels are high for TEs, especially in the 498 

upper reach. The highest TE enrichments in all Bienne riverbanks across the river course are recorded 499 

for Cu, Pb, Sn, Hg and Zn. Strong correlations are calculated between Cu, Pb, Sn and Zn enrichments 500 

(r >0.94. p <0.05, n = 47). There are also weak but significant correlations with As, Ag, Hg, and Sb (r 501 

between 0.64 and 0.82, p < 0.05). TEs such as Cu, Hg, Pb, Sn, Sb, and Zn are commonly enriched in 502 

basins draining land with metal industries (Ettler et al., 2005; Jasminka and Robert, 2011; Grygar et 503 

al., 2012). In the Bienne basin, known sources were nail factories, wireworks, edge-tool factories for 504 

all cited TEs, undercutting, polishing, coating especially for Cu, Pb, Sn and Zn (www.parc-haut-jura.fr). 505 

Downstream of the station 1, EFs show an important gradient from high to low contaminant levels 506 

(e.g.r Cu, Fig. 6). Specifically, the Cu EF decreases sharply in the Upper Bienne River (stations 1 and 2). 507 

However, in the Lower Bienne River (stations 3 to 6), enrichments are lower with slight variation 508 

between stations. Another hot spot influence is marked for elevated Bi concentrations at stations 3 509 

and 4 (Fig. 6). Other TEs are also concerned as Hg, Pb and Sn but in a lesser extent than Bi. Several 510 

plastic industries are located near these stations. They mainly bismuth vanadate for plastic coloring 511 

and as bismuth alloys for mold making (Ojebuoboh, 1992; Kus et al., 2013). A quick EF decline is also 512 

recorded for Bi downstream of this pollution hotspot. Furthermore, DEHP and PCB concentrations in 513 

the Bienne riverbanks are relatively ubiquitous compared with neighborhood basins (Net et al, 2015; 514 

Dendievel et al, 2020a). Because of their wide use in different applications, DEHP and PCB sources 515 

are numerous and widespread in basins. In this context, their river course profiles do not show 516 

clearly identified pollution hotspots.  517 

At the catchment scale, the sedimentary cascade controls the fate of river sediments, as described by 518 

Burt and Allison (2010). This cascade has spatial and temporal imprints on sediment geochemistry, 519 

influencing the spread and weathering of TE-bearing particles (Lecce and Pavlowsky, 2014; Dhivert et 520 



 

 

al., 2016; Ledieu et al., 2020). In mountain rivers, the spreading of contaminant particles could be 521 

enhanced with steep slopes and intense hydro-sedimentary dynamics related to the functioning of 522 

coarse bedded streams. However, this study in the Bienne River reveals a strong spatial attenuation 523 

of Bi, Cu, Hg, Pb, Sn and Zn enrichments (also for Ag, As and Sb but enrichments are lower), attesting 524 

to an extremely slow transport of sedimentary contaminants in the downstream direction. The 525 

important alteration of the sedimentary transport capacity and the strong storage capacity of fine-526 

grained sediments in banks (c.f. § 4.1) have been followed by a rapid capture of contaminant 527 

particles downstream of their sources. The Spatial Attenuation (SA1/2) of Cu and Bi was appreciated 528 

along the Bienne River course as the distance necessary to decrease enrichments by a factor 2 529 

downstream of peaks (SA1/2 = 12 km for Cu and 8 km for Bi, Fig. 6). Close values (about 10 km) can be 530 

calculated with TE contaminations of floodplain and stream sediments in other similar rivers, 531 

downstream of mining and manufacturing facilities (Pizzuto, 2014; Lecce and Pavlowsky, 2014; 532 

Pavlowsky et al., 2017). Authors also explained the slow transport of contaminated particles by a 533 

strong storage in the floodplain.Therefore, in these conditions, depending on river flow rates, the 534 

alteration of the bedload transport, and the intrinsic properties of stored sediments, riverbanks can 535 

establish only temporary sinks for contaminant particles in the sedimentary cascade. These stored 536 

particles can be released during erosional episodes (Förstner, 2004; Coynel et al., 2007; Reis et al., 537 

2014; Dhivert et al., 2015a). This is the case for the Bienne River, where evidence of bank erosion is 538 

visible along the river course. Erosion is particularly noticeable at the base of riverbanks where non-539 

cohesive sediments are strongly eroded in some reaches (Fig. 1c). In the Bienne River, these erosion 540 

patterns have been described since the early 2000s (Landon et al., 2000). This can be explained by 541 

disturbances in the sedimentary transport, leading to lateral erosion of bank sediments because the 542 

vertical incision of riverbed sediments is advanced (Lyons et al., 2015). These results highlight the key 543 

role of sedimentary cascade inefficiency in the spatial and temporal trends of contaminants. 544 

4.5. Spatial and temporal influence of trace element sources 545 

To explain the strong decrease in TE enrichments along the river, we intended to quantify the 546 

provenance of sedimentary contaminants recorded in the core sampled at the river outlet. For this 547 

purpose, we applied the fingerprinting procedure defined in the FingerPro R package (Lizaga et al., 548 

2018, 2020; Gaspar et al., 2019). In this approach, all the samples from stations 1 to 5 were 549 

considered as potential sources and those of station 6 were considered as a mixture of these 550 

sediments. We integrated the normalized TE-Al ratio dataset for the most enriched TEs (Bi, Cu, Hg, 551 

Pb, Sn, and Zn with EF >5, c.f. §4.3).  552 

The first step of this procedure consists in identifying which geochemical tracers are the most 553 

discriminant to characterize anthropogenic sources. To this end, a stepwise multivariate discriminant 554 

function analysis (DFA) was used to determine the TE-Al ratio, which passed a nonparametric 555 

Kruskal-Wallis H test. In our dataset, Hg, Bi, and Sn were excluded with this procedure (p >0.05). The 556 

second step corresponds to multivariate linear discriminant analysis (LDA) performed with the 557 

remaining tracers (Cu, Pb, and Zn). This procedure allows the clustering of three well-defined 558 

endmembers as samples of station 1, station 2, and a group composed of all samples from stations 3, 559 

4, and 5 (Fig. 7a). These results are consistent with the spatial distribution of the EF defined in 560 

Section 4.3. In the last step of this procedure, a standard multivariate mixing model was used to 561 

calculate the geochemical fingerprinting index quantifying the relative weights of these three 562 

endmembers in the composition of the mixture sediments (sedimentary core from station 6; Fig. 7b).  563 

Endmember 3 is largely dominant in the composition of mixture sediments, weighing between 94.4 564 

±5.4% and 98.3 ±1.9% (±1δ). Endmember 2 represents between 1.6 ±1.9% and 5.4 ±5.4% of the 565 



 

 

mixing pattern, and endmember 1 is limited (≤0.2 ±0.2%). The goodness of fit (GOF, Collins et al., 566 

1997) coefficient ranges between 89.7% and 94.4%.  567 

Enrichments are the highest in the upper part of the river (stations 1 and 2). While sources are more 568 

concentrated in this upper reach, they have little influence on the geochemical composition of 569 

sediments in the lower river (stations 3 to 5) and in the mixed sediments at station 6. In the sediment 570 

core sampled at the river outlet, contributions from temporal changes of the three endmembers are 571 

recorded in the sediment sample assemblages (Fig. 7b). The sum of endmembers 1 and 2 is low but 572 

presented a notable temporal variability. Indeed, the influence of the upper river reaches a 573 

maximum during the 1970s, with a mean value of 4.5% (2.5–5.5%), before decreasing until the 574 

1990s, when it averages 2.2% (2.1–2.3%). During the early 2000s, this contribution become more 575 

important. Then, it reaches a relative weight of 2.9% (1.7–4.1%) in the 2010s.  576 

These results in space and time are clearly related to the low capacity for transport of contaminant 577 

particles in relation to the alteration of the sedimentary cascade (§ 4.3). This resulted in contaminant 578 

particles being stored in riverbanks and upstream infrastructures. This phenomenon can be 579 

heterogeneous at a basin scale, and TE-bearing particles can be transported more easily in certain 580 

reaches than others. The alteration of sediment transport is particularly strong in the upper Bienne 581 

River, where the bedload is most lacking. The situation is relatively less critical in the lower river 582 

straight because certain tributaries continue to provide sediments (Haut-Jura Natural Park, personal 583 

communication). This explains the weak connectivity between the upper and lower basin. A better-584 

consistent bedload supply in the lower basin by functional tributaries improves the sediment 585 

connectivity in this section. Furthermore, it probably contributes to a dilution of sedimentary 586 

contamination coming from the upper reach and/or an important alteration of the upstream 587 

geochemical signature along the river course. Under these conditions, the geochemical imprint of 588 

sources located in the lower part of the basin became relatively more inflowing. The spatial 589 

distribution of sources probably also played a key role. Industrial plants are more localized in the 590 

upper part of the Bienne basin and are more evenly distributed in the lower part (Fig. 1; §2). The 591 

recent magnification of the upstream signal recorded in the core may be related to the increase of 592 

bank erosion process, described since the 2000s (see § 2). 593 

4.6. Implications of this study 594 

Since the implementation of the European Water Framework Directive, many efforts have been 595 

focused on improving the inclusion of sediment issues in river basin management plans 596 

(www.sednet.org; Brils, 2020). Our study provides relevant findings for this purpose by highlighting 597 

the relationships between sediment dynamics and long-term water quality at the river scale.  598 

From a methodological point of view, this study highlights the possibility of sedimentary 599 

contaminants being trapped in mountain rivers as a result of disturbances of sedimentary transport. 600 

Innately, it may be difficult to spot deposition sites in mountain rivers because of high flow velocities, 601 

heavy hydro-sedimentary dynamics, and relatively narrow floodplains. In this study, we highlight 602 

significant storage of contaminated sediments in riverbanks. In these conditions, this study reveals an 603 

important downstream decrease in sedimentary contamination. TE enrichments at the river outlet 604 

do not represent an average TEs distribution at the basin scale. Contaminant sources in the upper 605 

part have a low influence on the geochemical composition of sediments in the lower part, even a few 606 

kilometers downstream. While the contribution of the upper river reach is low in the composite 607 

sediment of the downstream core, a temporal change is recorded. Concerning organic contaminants, 608 

because of numerous and widespread sources, any clear pollution hotspot can be identified along 609 

the river course. For both metallic and organic contaminants, source influences are spatially limited 610 

along the river course. Such spatial and temporal influences of sources, driven by changes of the 611 



 

 

sediment connectivity between river sections can have deep implications for source monitoring in 612 

river basins.  613 

The question of the longitudinal influence of downstream sources is generally studied from various 614 

standpoints: 615 

(i) The mobility of contaminants related to chemical and physical properties of their bearing 616 

phases during the sedimentary cascade (Bossy et al., 2010; Dhivert et al., 2016; Grosbois 617 

and Courtin-Nomade, 2019). 618 

(ii) The influence of hydro-sedimentary events like major flood events as a dilution process 619 

or reactivation of old but important contamination sources (Coynel et al., 2007; Bábek et 620 

al., 2011; Dhivert et al., 2015a). 621 

(iii) The influence of dams on the dispersion of sedimentary contaminants (Vukovic et al., 622 

2014; Frémion et al., 2016; Grygar et al., 2018; Zhu et al., 2019). 623 

This study proposes a complementary approach by considering the long-term influence of hydro-624 

sedimentary dysfunction on the river-scale transport of sediments and associated contaminants. A 625 

river course approach, as performed in this study, can be a solution to better evaluate the 626 

heterogeneity of environmental conditions and complex interactions with regard to the sediment 627 

transfer between river sections. 628 

From a river functioning point of view, our study emphasizes the issue of legacy sediment 629 

management in mountain rivers. Geochemical analyses of Bienne riverbank sediments highlight 630 

elevated TE contaminations in the upper river. Here, enrichments are of the same order of 631 

magnitude as sediments settled during the enrichment maxima periods (1950–1980) in nearby large 632 

basins (Middelkoop, 2000; Ferrand et al., 2012; Grosbois et al., 2012; Dhivert et al., 2016; Dendievel 633 

et al., 2020b). This study agrees with other examples dealing with strong historical pollution in 634 

relatively small river systems at the head of larger basins, which are also impacted by previous 635 

human activities such as mining and associated smelting (Audry et al., 2004; Ettler et al., 2006; 636 

Resongles et al., 2014, Courtin-Nomade et al, 2016). Such high contaminant levels are less 637 

documented in industrial valleys such as the Bienne River, which drains various well-established 638 

manufacturing sectors. However, this situation is relatively common in European mountains. In many 639 

valleys, easy access to hydropower energy has fostered the development of diversified industrial 640 

networks persistent over long periods (Chabert, 1978; Ogilvie, 1993; Parrinello, 2018).  641 

Since the early 2000s, erosion of the Bienne riverbanks has been magnified, releasing sediments and 642 

contaminants into the river. This newly available stock of pollutants in the riverbank sediment 643 

reservoir represents a threat to freshwater ecosystems. Compared to sediment quality guidelines 644 

provided by de Deckere et al. (2011), Cu, Hg, Pb, Sn, and Zn concentrations were higher than the 645 

lowest consensus-based level at all stations (indicating a poor ecological status). Moreover, Cu, Pb, 646 

and Sn concentrations exceeded the highest consensus-based level in the upper reach (attesting to 647 

potential toxic effects). For most western European basins, a resilience trajectory of contaminants 648 

has been tracked for decades because of strong declines in source releases. In this context, the 649 

erosion of legacy sediments can constitute active non-point sources that significantly impact water 650 

quality (Dhivert et al., 2015; Donovan et al., 2015; Pavlowsky et al., 2017; Jiang et al., 2020). This 651 

erosional process is expected to intensify over the 21st century with hydroclimatic changes and their 652 

associated increase in the frequency and intensity of extreme flood events, modifications of land 653 

cover and sediment delivery, and entrainments (Lane et al., 2007; Szalińska et al., 2020; Pirkhoffer et 654 

al., 2021).  655 



 

 

Mitigation efforts to limit legacy sediment erosion (at least in hotspots) can be an effective approach 656 

to improve or limit the degradation of water quality (Fleming et al., 2019; Noe et al., 2020; McMahon 657 

et al., 2021). From this perspective, understanding the long-term relationships between alteration of 658 

sediment transport and water quality, as has been done in this study, can provide strategic 659 

information to guide river restoration programs. In the case of the Bienne River, the settling capacity 660 

of fine-grained and contaminated particles was modified along the river straight because of human-661 

made obstacles impacting the slope, river flow velocity, and supply/transport of coarse sediments. 662 

Restoring bedload transport can be a long-term solution to limit the storage of contaminated 663 

sediments and legacy sediment erosion. 664 

5. Conclusion  665 

This case study along the Bienne River exhibited a temporal and spatial distribution of legacy 666 

sediments that can be affected by strong hydro-sedimentary dysfunction at the basin scale. Other 667 

studies have rarely taken this basin-scale approach. Sedimentological and geochemical compositions 668 

of riverbank sediments attested to the deposition of relatively fine-grained legacy sediments in 669 

riverbanks since the middle of the 20th century. This sedimentary storage in the former active 670 

channel is a response to a huge depletion of the bedload transport and the slope tiering induced by 671 

river engineering. The Bienne River provides a good example of the long-term consequences of 672 

human-induced changes in hydro-sedimentary processes on coarse bedded and armored river 673 

systems. Consequently, important reservoirs of contaminants have been stored in Bienne riverbanks 674 

and may pose a significant threat to the freshwater ecosystem over the 21st century.  675 

Considering a gradient of anthropogenic pressures at a basin scale, mountain rivers are generally 676 

considered as better preserved and are usually intended to play a role of biological reservoirs in large 677 

river basins. There is much interest in developing research projects involving stakeholders to better 678 

understand the legacy impacts of human activities and the fate of contaminant stocks regarding local 679 

hydro-sedimentary and hydroclimatic issues. Such studies can provide data to improve survey 680 

planning and assist in the re-evaluation of ecological refuges consistent with environmental 681 

protection of sensitive species. 682 

These results also highlighted issues related to the long-term spread of sedimentary contaminants in 683 

relation to disturbances of the sedimentary transport. They also questioned the representativeness 684 

of recorded geochemical signals at the river outlet to basin scale TE contamination, at least in the 685 

context of strong disturbances of hydro-sedimentary processes. More studies in other basins will 686 

help to better understand this question.  687 
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Figures and tables 1108 

  1109 

 1110 

Figure 1. a) Location of the Bienne basin (Bienne b.) in Western Europe (Copernicus database, 1111 

www.copernicus.eu). b) Hydrography, catchment limit (Carthage and BDLISA 1112 

databases,www.data.gouv.fr), density of historical and current industrial installations calculated at 1 1113 

km² pixel size (Basias database, www.georisques.gouv.fr), referenced river flow obstacles (dams and 1114 

sills; ROE database, www.data.gouv.fr), and positions of sampling stations along the Bienne basin. c) 1115 

Schematic view of the Bienne riverbanks and sampling plan (sedimentary core and riverbank profile). 1116 



 

 

  1117 

 1118 

Figure 2. Sedimentological analysis of Bienne riverbank sediments. Sampling stations numbered from 1119 

upstream to downstream along the river straight. Vertical bars show grain-size parameters over the 1120 

analyzed layers. 1121 

 1122 



 

 

 1123 

Figure 3. The 137Cs profile and the age model defined in the sedimentary core sampled at station 6 (C-1124 

NPPD = Chernobyl Nuclear Power Plant Disaster). The sediment core is composed of 2 units 1125 

(sedimentary groups 1 and 2, see Fig. 2). The sedimentary transition at 52 cm of depth can be 1126 

explained by changes in the riverbank functioning, which occurred during the early 1980s and 1127 

probably related to the water level management of the Coiselet Dam. The bottom part of unit 2 (68–1128 

84 cm) presents sedimentary evidence of a non-continuous record (flood deposits and/or sediment 1129 

reworking). This sedimentary pattern was interpreted as deposited during or before the filling period 1130 

of the reservoir. Possible erosional episodes may have occurred during the deposition of unit 2. 1131 

 1132 



 

 

 1133 

Figure 4. Sedimentary concentrations of DEHP and sum of 7 indicator PCBs in sediment layers 1134 

collected in riverbank profiles (stations 1 to 5) and the core (station 6). In this study, they are 1135 

considered as chemostratigraphic markers of the Anthropocene. LQ = limit of quantification. 1136 

Concerning the sum of the 7 indicator PCBs, some sedimentary layers attest to concentrations under 1137 

the LQ for all congeners, but PCBs are detected in concentrations ranging between 0.5 and 1 µg/kg. 1138 

 1139 

 1140 



 

 

 1141 

Figure 5. Trace element contaminant levels based on enrichment factors (EF, see text for calculation) 1142 

in riverbank sediments at the six studied stations. 1143 

 1144 

 1145 



 

 

 1146 

Figure 6. Spatial distribution of Cu and Bi enrichment factors (EF) in riverbank sediments. For each 1147 

station, EF distributions are shown with colored dots. The Cu distribution is representative of a TE 1148 

group composed of Ag, As, Cu, Hg, Pb, Sb, Sn, and Zn. Bi has spatial distribution different from other 1149 

TEs. Blue and green envelops delimit minimum and maximum for Cu and Bi enrichments in all 1150 

stations. Blue and green dolt lines represent loess smoothing curves (span = 0.75) for Cu and Bi 1151 

enrichments. The spatial attenuation (SA1/2) corresponds to the distance necessary to decrease 1152 

enrichments by a factor 2 downstream peaks. 1153 

 1154 



 

 

 1155 

Figure 7. Result of the fingerprinting procedure FingerPro, performed with Trace element/Al ratios. 1156 

Cu, Pb, and Zn were selected as the best tracers. a) The Linear Discriminant Analysis (LD) led to the 1157 

characterization of three endmembers (EM) corresponding to station 1 for EM1; station 2 for EM 2; 1158 

and stations 3, 4, and 5 for EM3. b) The mixing model evaluation of the relative weights of the three 1159 

endmembers in the sedimentary mixtures at the river outlet (station 6). Results are shown for each 1160 

sediment layer of the core and average values of the Upper Bienne River weights by decades 1161 

according to the age model. 1162 
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30-
190 
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Tab. 1. Ranges of trace element concentrations in sediments collected in stations 1 to 6 (in mg/kg) 1164 

Tab. 2. Trace element concentrations in sediment collected at the base of the old floodplain 1165 

downstream of the station 6 and comparison with pre-industrial concentration ranges in 1166 

neighborhood basins (in mg/kg), 1 = this study, 2 = Dendeviel et al, 2020b (Upper Rhône, with an 1167 

aqua regia digestion), 3 = Dhivert et al, 2015b, 4 = Grosbois et al 2020, 5 = Meybeck et al, 2004, 6 = 1168 

Grousset et al, 1999. 1169 

Basin Ag As Bi Cd Cr Cu Hg Mo Ni Pb Sb Sn W Zn 

Bienne1 0.3 7.8 0,2 0.2 11.5 12.6 0.04 0.5 9.4 14.9 0.4 1.4 77 42.3 

Rhône2    
0.06-
0.24 

14-56 0-26   0-68 4-22    4-95 

Loire3,4 0.2 
19.4-
46.8 

0.6-1.1 0.3-1.1 88-110 14-27 
0.02-
0.09 

0.3-1.1 28.4 33-69 0.3-2.4 7-17 5.1-7.4 90-139 

Seine5    0.2 40 14 0.02   20    60 

Garonne6    0.5 23 25   12 18    78 



 

 

 1170 

Tab. 3. Trace element enrichment factors (EF) in riverbank sediments at the six studied stations (see 1171 

text for calculation). The color gradient represents contamination levels: negligible (EF < 2), low (EF 1172 

between 2 and 5), moderate (EF between 5 and 10 and high (EF > 10). 1173 

 1174 

Depth (cm) Ag As Bi Cd Cr Cu Hg Mo Ni Pb Sb Sn W Zn

0-20 3.1 2.0 2.9 1.9 1.0 23.1 9.5 1.3 1.8 19.4 3.6 32.6 1.0 6.2

30-50 3.3 2.1 2.5 1.9 1.0 23.7 11.1 1.4 2.0 19.1 3.5 29.9 1.0 7.3

60-80 4.7 2.1 2.9 2.0 1.0 24.2 11.2 1.6 2.4 21.5 4.8 34.5 1.0 6.1

90-110 4.6 2.2 3.6 1.9 1.0 25.8 12.7 1.4 2.7 25.0 4.5 33.1 1.0 6.1

120-140 7.2 0.9 2.6 2.3 1.0 20.4 3.6 1.4 2.0 10.9 2.7 15.5 0.7 4.8

0-20 1.9 1.0 1.9 1.7 1.1 8.1 5.0 1.3 2.3 4.1 1.5 8.5 1.0 3.1

30-50 1.8 1.0 6.7 2.3 1.2 8.1 3.7 1.3 2.5 5.0 1.6 11.3 1.1 3.6

80-100 1.4 0.9 1.8 1.5 1.0 6.0 3.2 1.3 1.8 3.3 1.4 7.0 1.0 2.4

110-130 1.5 0.7 2.0 1.4 0.9 5.6 2.2 1.1 2.1 2.5 1.0 5.1 0.7 2.2

140-150 2.0 0.9 7.5 1.8 1.2 7.6 3.7 1.1 2.5 4.2 1.2 9.9 0.9 3.1

0-90 1.4 0.9 6.6 2.0 1.1 2.8 3.1 1.0 1.7 3.0 1.2 4.0 0.7 2.6

110-140 1.3 1.0 11.3 2.0 1.0 3.5 3.9 1.6 1.5 5.7 3.2 4.5 1.0 2.6

185-260 1.4 0.6 3.4 1.5 0.8 3.6 3.3 0.7 1.2 4.3 3.5 5.2 0.6 2.3

260-300 0.9 0.5 1.7 2.3 0.7 1.9 2.3 0.5 0.8 2.6 1.9 2.1 0.7 1.3

300-350 1.2 0.8 3.6 1.4 0.8 3.2 3.6 0.7 1.0 3.8 2.4 4.1 1.0 2.3

350-380 1.5 0.6 2.9 1.6 0.8 2.9 2.8 0.8 1.1 3.2 2.2 3.6 0.6 1.8

0-20 1.1 0.9 2.1 1.5 1.2 2.5 1.5 1.2 1.4 2.4 1.0 6.1 0.7 1.9

30-50 2.9 1.1 4.9 1.9 1.4 4.0 4.4 1.7 2.0 4.3 1.5 6.3 0.9 2.9

60-80 3.1 0.9 7.1 1.9 1.4 4.4 15.7 1.0 1.8 4.1 1.7 6.7 0.6 3.4

80-100 3.3 1.2 22.4 2.1 1.6 5.4 4.6 0.9 1.7 9.5 3.4 12.5 1.1 3.9

100-115 3.1 2.0 5.1 2.8 1.5 5.2 2.4 1.8 2.3 11.9 2.4 10.7 1.3 3.9

0-10 0.7 0.8 1.7 1.3 1.0 1.8 1.1 1.2 1.1 2.0 0.8 4.7 0.6 1.6

10-20 2.1 0.9 2.1 1.5 1.1 2.3 5.7 1.2 1.4 2.2 1.1 5.0 0.6 1.9

30-40 1.5 0.8 1.8 1.4 1.1 2.1 1.6 1.2 1.3 2.0 0.8 5.9 0.5 1.7

50-60 1.2 1.3 1.9 1.9 1.2 2.6 4.9 1.4 1.4 2.7 1.5 5.1 1.0 2.0

70-80 1.4 1.2 1.8 1.9 1.2 2.3 1.9 1.4 1.4 2.7 1.1 3.9 1.0 2.1

0-4 0.7 1.2 1.7 1.5 1.2 2.0 1.4 1.2 1.4 2.2 5.3 1.6

4-8 0.8 1.0 1.7 1.5 1.1 2.1 1.6 1.2 1.2 2.2 3.8 1.3 1.6

8-12 1.5 2.3 1.7 1.4 1.9 2.6 1.6 1.1 1.2 2.1 0.6 2.5 1.2 1.5

12-16 0.9 1.1 1.9 1.5 1.1 2.5 2.2 1.2 1.4 2.6 1.1 6.2 0.5 1.8

16-20 1.0 1.0 1.8 1.5 1.1 2.3 1.4 1.2 1.3 2.5 3.9 1.3 1.6

20-24 1.1 1.1 1.9 1.5 1.1 2.4 1.8 1.2 1.4 2.5 4.1 1.2 1.8

24-28 1.0 1.1 1.9 1.5 1.2 2.3 1.9 1.4 1.3 2.6 0.4 3.8 1.3 1.6

28-32 0.8 1.0 1.9 1.4 1.0 2.2 1.4 1.1 1.2 2.6 0.4 4.7 1.3 1.4

32-36 1.1 1.1 3.3 1.4 1.1 2.4 1.7 1.2 1.4 2.7 0.7 6.7 1.3 1.5

36-40 0.8 1.3 2.3 1.2 1.2 2.6 1.5 0.9 1.3 2.7 0.6 3.5 1.3 1.6

40-44 0.7 0.8 2.0 1.3 0.9 2.1 1.5 1.4 1.2 2.3 0.9 3.3 0.9 1.5

44-48 0.8 0.9 2.4 1.3 1.0 2.4 1.5 0.9 1.4 2.6 1.5 3.3 0.7 1.6

48-52 0.9 0.9 2.8 1.7 1.1 2.5 1.6 1.1 1.5 2.9 0.6 4.3 1.3 1.8

52-56 0.7 0.9 2.8 1.6 1.1 2.5 2.1 1.0 1.7 2.6 1.0 4.6 0.8 1.9

56-60 0.9 1.0 3.2 1.8 1.3 2.9 1.8 1.1 1.7 2.9 0.4 4.0 1.5 2.2

60-64 0.8 0.9 3.0 1.7 1.2 2.4 1.8 1.0 1.5 2.8 3.6 1.2 2.0

64-68 1.0 0.9 3.0 1.6 1.2 2.3 1.6 0.9 1.5 2.8 0.3 2.9 1.3 1.9

68-72 0.7 0.8 2.5 2.4 1.1 1.6 1.7 0.9 1.4 2.4 0.3 6.4 1.3 1.5

72-76 0.8 0.7 2.5 1.3 1.2 1.5 1.8 0.9 1.6 2.3 4.5 1.3 1.5

76-80 0.7 0.7 2.3 1.3 1.1 1.4 1.2 1.0 1.7 2.2 3.0 1.3 1.4

80-84 0.9 0.8 2.7 1.3 1.1 1.6 1.4 0.9 1.5 2.4 1.8 1.9 0.6 1.4
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