N
N

N

HAL

open science

Temporal trends, sources, and relationships between
sediment characteristics and polycyclic aromatic

hydrocarbons (PAHs) and polychlorinated biphenyls

(PCBs) in sediment cores from the major Seine estuary

tributary, France
Thomas Gardes, F. Portet-Koltalo, Maxime Debret, Kevin Humbert, Romain

Levaillant, Michel Simon, Yoann Copard

» To cite this version:

Thomas Gardes, F. Portet-Koltalo, Maxime Debret, Kevin Humbert, Romain Levaillant, et
al..  Temporal trends, sources, and relationships between sediment characteristics and poly-
cyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) in sediment cores
from the major Seine estuary tributary, France.

10.1016/j.apgeochem.2020.104749 . insu-03188432

HAL Id: insu-03188432
https://insu.hal.science/insu-03188432

Submitted on 2 Apr 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Applied Geochemistry, 2020, 122, pp.104749.


https://insu.hal.science/insu-03188432
https://hal.archives-ouvertes.fr

Journal Pre-proof

Temporal trends, sources, and relationships between sediment characteristics and
polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) in
sediment cores from the major Seine estuary tributary, France

Thomas Gardes, Florence Portet-Koltalo, Maxime Debret, Kevin Humbert, Romain
Levaillant, Michel Simon, Yoann Copard

PII: S0883-2927(20)30241-9
DOI: https://doi.org/10.1016/j.apgeochem.2020.104749
Reference: AG 104749

To appearin:  Applied Geochemistry

Received Date: 4 June 2020
Revised Date: 27 August 2020
Accepted Date: 27 August 2020

Please cite this article as: Gardes, T., Portet-Koltalo, F., Debret, M., Humbert, K., Levaillant, R.,
Simon, M., Copard, Y., Temporal trends, sources, and relationships between sediment characteristics
and polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) in sediment
cores from the major Seine estuary tributary, France, Applied Geochemistry, https://doi.org/10.1016/
j-apgeochem.2020.104749.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/j.apgeochem.2020.104749
https://doi.org/10.1016/j.apgeochem.2020.104749
https://doi.org/10.1016/j.apgeochem.2020.104749

T RS
40 60 80
MW distribution (%)

=
100

SPAHs (mi

1P+B

IP/(

k
ST
. .©

éhi).<>

=

0. - ¥
0.630.65 0.67 0.69 0.7.1 0.73
RC/TOC

<

o
0

Grass/Wood
Coal Combustip

i
oh
i

=3

055 06 065
Fl/\Fl +Py)

960
i1960; g

Petrolegm

04 05 060 07 08
FI/ (FI +Py)




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Temporal trends, sources, and relationships between sediment
characteristics and polycyclic aromatic hydrocarbons (PAHS) and
polychlorinated biphenyls (PCBs) in sediment cores from the

major Seine estuary tributary, France

Thomas Gardég’, Florence Portet-Koltafp Maxime Debrét Kevin Humbert?, Romain

Levaillant, Michel Simor, Yoann Copart

Normandie Univ, Rouen, UNIROUEN, UNICAEN, CNRS, M215000 Rouen, France.
2Normandie Univ, Rouen, UMR CNRS 6014 COBRA, 55 Baint Germain, 27000 Evreux, France.

"Corresponding author: thomas.gardes1@univ-rouen.fr

Abstract

Temporal trends in polycyclic aromatic hydrocarb@®8Hs) and polychlorinated biphenyls
(PCBs) were reconstructed from sediment cores aelliefrom two ponds downstream of the
Eure River watershed. PAHs exhibited a positiveatation with fine fractions, but mainly
with the refractory organic carbon measured in dbdiments, which suggests PAH inputs
from materials largely composed of refractory carl{e.g. soot). Since the 1940s, PAH
concentrations have ranged between 2.93-38.20 &-28.20 mg Kg. Based on the
temporal distribution of isomers and diagnosticosgtthe PAHs in the sediments were found
to be predominantly of pyrogenic origin, particljain the 1940s—1960s, when PAH levels
were particularly high. PCBs also showed an affiniith the fine fraction and with refractory
organic carbon, albeit less so than PAHs. Since 11#0s, PCB concentrations ranged

between 0.02-1.57 and 0.09-1.60 mg.k§he recorded PCB temporal trends were mainly
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associated with the production, consumption, andning of these chemicals in France.
According to the temporal distribution of PCB conges, high levels in the 1950s-1970s
were linked to "technical mixture" discharges imtaterways, which were mainly composed
of "low chlorinated congeners”, whereas PCB leadter the 1970s were of atmospheric

origin.
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1. Introduction

Persistent organic pollutants (POPs) are ubiquimugronmental contaminants that began
to be widely produced and consumed after the Seddodd War (Bigus et al., 2014). These
organic compounds are not only very stable ancefoer difficult to degrade or biodegrade,
but are also often very toxic (Bigus et al., 201&Jditionally, these compounds are generally
highly hydrophobic (Wan et al., 2011; Tobiszewskd &Namignik, 2012) and therefore tend
to bind to suspended particulate matter (SPM) prartied by rivers, thereby accumulating in
aquatic systems (Zennegg et al., 2007).

Polycyclic aromatic hydrocarbons (PAHs) are PORs #ne released into the environment
both from natural (e.g. fires, volcanoes) and ahgenic sources (e.g. incomplete
combustion processes, petroleum product leakahe)latter becoming predominant in the
twentieth century (Bigus et al., 2014). PAHs erdquatic environments via atmospheric
deposition, wastewater discharge from industrigé¢ssi or surface runoff from urban or
industrial areas (Heemken et al., 2000). PetrogBAEls (i.e. those derived from petroleum

products or kerogen maturation) are generally eahifirectly into aquatic environments,
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whereas pyrogenic PAHs (i.e. those derived from klagstion processes) can be emitted
directly into aquatic environments (e.g. from useatease of coal tar, creosote, manufactured
gas plant wastes and leaking or improperly dispagaased motor oil) or first emitted into
the atmosphere and subsequently enter aquaticoenvents (Tobiszewski and Narémek,
2012). Atmospheric PAH emissions may be associatithl particles; alternatively, these
compounds may occur in the gaseous phase wherednaitthigh temperatures, after which
they may condense onto particles upon cooling @aawski and Namséaik, 2012). PAHs
are generally adsorbed onto fine particles butlmatransferred from fine to coarser particles
through aggregation over time (Oliveira et al., POIPAHs preferentially accumulate in
sediments after entering streams due to their Ipjaroicity and generally undergo few or no
changes over many years (Hatzinger and .Alexad®®5; Douglas et al., 1996; Page et al.,
1999). Unlike light PAHs (2-3-ring PAHS), which ameore volatile and metabolisable by
microorganisms, heavy PAHs (4—6-ring PAHSs) are whared to be relatively stable within
sediment matrices. This accumulation in the sedincan be modulated by the sediment’s
composition and characteristics (e.g. particle,smganic carbon (&) content) (Means et
al., 1980; Tobiszewski and Naranek, 2012). Notably, PAHs in streams are prefesdiyti
adsorbed onto fine particles (Karickhoff et al.,728 and thus fine particle sedimentation
leads to the concurrent sedimentation of associafdds. PAHs are preferentially adsorbed
onto Gygrich matrices, and therefore thg{content in the sediment matrix controls PAHs
behaviour in sediments (Karickhoff et al., 1979;adh et al., 2004; Shi et al., 2007).
Moreover, a significant correlation between PAHS &, (and soot) levels tends to occur
when PAHSs are derived mainly from atmospheric ialisapakis et al., 2003).
Polychlorinated biphenyls (PCBs) are synthetic coumuls that were used in various
industrial activities due to their high thermallstiy and dielectric properties. Their wide-

spread use, especially after the Second World Was, therefore led to a significant
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accumulation of these compounds in the environnfBiérard et al., 1996; Breivik et al.,
2002). In France, the use of PCBs was banned i@ 888 to their proven toxicity (Decree
87-59, 1987). The transport of PCBs from terrelsg@urces to aquatic environments may
result from direct inputs, following leakage fromsgems containing them (Abarnou et al.,
1987; Duursma et al., 1989), or from atmospheripod&ion following volatilization
(Chevreuil et al., 1989; Quémerais et al.,, 1994ant@r and Chevreuil, 1997). In the
atmosphere, PCBs are predominantly present in ¢fasieous phase, after which they bind to
particles through atmospheric deposition (Graniedt &hevreuil, 1997). Similar to PAHSs,
PCBs are very chemically stable and are only mitymaransformed during the
sedimentation process. Due to their lipophilic nat?CBs accumulate in soils and sediments
by binding to fine particles that are rich in orgamatter (OM) and have a high surface-to-
volume ratio (Karickhoff et al., 1979; Gschwend aid, 1985). Nevertheless, Piérard et al.
(1996) observed that the affinity of PCBs to OM mainfully explain the distribution of
sediment PCB concentrations, and that particle mzéhe major factor explaining their
distribution. Specifically, PCBs generally accumelan fine particles, especially highly
chlorinated PCBs, which have a particular affirfty fine fractions (< 63im), whereas low
chlorinated PCBs have more affinity for coarse tiats (> 63um) (Piérard et al., 1996;
Salvado et al., 2013).

Based on sediment cores collected in accumulatiessge.g. dams, floodplains, ponds), the
temporal trends of PAHs and PCBs can be reconstty@anders et al., 1992; Van Metre et
al., 1997; Budzinski et al., 1997; Bertrand et2015; Cai et al., 2016). Thus, it is possible to
reconstruct the contamination trends of a watershederally in relation to the intensification
of significant anthropogenic activities since theustrial revolution (i.e. over the past ~150
years). Sediment deposits typically provide insgimto multiple contaminant sources and

therefore it is necessary to discriminate sourgearalysing the distribution of PAH isomers
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and PCB congeners over time via measured-concemrdiagnostic ratios (Budzinski et al.,
1997; Yunker et al., 2002; Frahet al., 2010; Cai et al., 2016).

The Seine River watershed is among the most heavipacted watersheds in Europe
(Meybeck, 2002) and therefore the Seine River heenhafflicted with substantial heavy
metal (Le Cloarec et al., 2011) and organic comamt (Lorgeoux et al., 2016) burdens.
Although many studies have examined POP contammain water, SPM, and sediments in
the Seine River (Chevreuil et al., 1990; Chevranidl Granier, 1991; Chevreuil et al., 1998;
Blanchard et al., 2007; Lorgeoux et al., 2016), &udies have focused on its tributaries (e.g.
the Marne River) (Chevreuil and Granier, 1991; @it et al., 2002) or the Seine estuary
(Abarnou et al., 1987; Marchand, 1989; Van Metralgt2008). Regarding the latter, only the
works of Van Metre et al. (2008) have focused atireentary archives downstream of the
estuary; however, contamination sources in thia appear to be intra-estuarine.

The main Seine estuary tributary is the Eure RiMateover, the Eure River watershed was
recently found to carry significant heavy metal dams since the 1940s, which may have
impacted the sediment quality of the Seine est(@ardes et al., 2020a, 2020b). Therefore,
this study aimed to establish a link between sedindeposit characteristics and POPs, as
well as to reconstruct the temporal trends in PARd PCBs accumulation based on sediment
cores collected downstream of the Eure River whegts The distribution of some PAH
isomers and PCB congeners was also studied tonaetercontaminant sources and the

evolution of these sources over time.

2. Materialsand Methods

2.1.Description of core sites
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The Eure River (watershed: 6017 km2; mean annaelk22.13 + 6.69 rhs?) is one of the
largest tributaries of the Seine River (i.e. onlypassed by the Yonne, Marne, and Oise
rivers) and the main contributing river in its emine section (Fig. 1A). Les Damps Pond
(average depth: 50 cm; area: < 1 ha) and Martotl Parea: ~7 ha) are located approximately
10 km and less than 1 km upstream of the Eure Riudet, respectively (Fig. 1B). Unlike
Les Damps Pond, Martot Pond is affected by theeSeatuary during tidal flows through the
Eure River outlet. Moreover, Martot Dam, located 26 downstream of the Martot Pond,
prevented tidal flows (for tidal coefficients lowtran 70) until its removal in October 2017.
Sediment cores were collected using a UWITEC® g¢gyasore and 90 mm diameter PVC
tubes. The water-sediment interface was preserge@dch coring. For Les Damps Pond,
sediment cores DAM15-02 and DAM17-02 were colledgtedanuary 2015 and January 2017,
respectively (Fig. 1C; Table 1). For Martot Poneljimment cores MAR15-01 and MAR16-02
were collected in January 2015 and February 2@&Eperctively (Fig. 1D; Table 1). This study
was conducted on sediment cores from two accumulaines to (i) ensure that the recorded
temporal trends were representative of a globahadigand (ii) determine whether

sedimentation in Martot pond was impacted by infuas) the Seine estuary.

2.2.Grain size and total organic carbon analysis

Grain size distribution was measured by laser atition (LS 13320 Particle Size Analyser
Beckman Coulter™). The measurements were condesty cm by integrating 1 cm on the
MAR15-01 and DAM15-02 cores.

Sediment cores were analysed using Rock-Eval 6 \Rigfolysis ("Turbo"” model RE6
pyrolyzer; ISTO laboratory, University of Orléarsee details in Copard et al. (2006)). Total

organic carbon content (TOC; %) was measured and dqelity was determined by



150 measuring the hydrogen index (HI; i.e. indicatottte# hydrogen richness; mg HC §OC)
151  and oxygen (OI; indicator of the degree of oxidatid the OM; mg @g* TOC) (Lafargue et
152 al., 1998; Carrie et al., 2012). Additionally, thesidual carbon content (RC; %), which
153  corresponds to the refractoryL(obtained during the oxidation phase), was alsasued
154  (Lafargue et al., 1998). The measurements wereuzted on the MAR15-01 and DAM17-02
155  cores at 1- and 2-cm intervals, respectively.

156

157  2.3.Particulate PAHs/PCBs extraction, analysis andiguabntrol and assurance

158

159 Each sediment core segment was freeze-dried, ausingl stored at -25 °C. Afterwards,
160 PAHs and PCBs extractions were performed using anave-assisted extraction (MAE)
161  (MarsX, CEM Corporation). Approximately 2—3 g ofbssamples were taken from each dried
162  portion of the sediment cores and spiked with 15gfilsurrogate standards (perdeuterated
163  fluoranthene and benzjpyrene, and PCB156 at 100 mg')L Each sub-sample was
164  extracted in duplicate with 40 mL of a toluene:acet1:1 (v:v) mixture at 130 °C for 30 min
165 (1,200 W). The extracts were filtered through Om@-|PTFE filters, evaporated, and
166  reconstituted in 1.5 mL toluene. Each extract (A2) was mixed with 10 pL of two internal
167  standards (perdeuterated phenanthrene and peiek@® mg [), after which 1 pL of the
168  resulting mixture was injected (splittess mode, 289 into a gas chromatographer (6850
169  series, Agilent), coupled with a mass spectromé&75C series). The separation was
170  performed using a 60 m 0.25 mm i.d. DB-5MS capillary column (0.25 um fikmckness;
171 J&W Scientific), with helium as the carrier gas4(InL min?). The oven temperature was
172 programmed at 60 °C for 1.2 min, increased to 19@40 °C min') and then to 305 °C (6 °C
173 minY). The MS detector operated at 70 eV. Quantificativas based on selected ion

174  monitoring to improve sensitivity. The extractioretinod was validated using a certified
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reference sediment (CNS391, Sigma-Aldrich). Meatoveries (n=5) were in the 86.3—
125.8% range for the 16 priority PAHs (US EPA, 2045d in the 81.9-113.6% range for the

6 studied PCBs. Table 2 summarizes all PAHs andsP@lied herein.

3. Resaults and discussion

3.1. Sedimentology characteristics of the sediment cores

The sediment deposits in Martot Pond are charaegrby two sedimentary facies, as
previously described by Gardes et al. (2020b). T8eine Unit” facies corresponds to
sediment deposits from the Seine River watershéitl the early 1940s, when Martot Pond
was connected to the Seine channel. The graindsstebution exhibited a low £ (Dso =
13.8 + 7.0um), the TOC content (TQfean= 1.75 + 0.33%) was low, HI (Kkan= 147 + 24
mg HC g' TOC) was constant, Ol (@dan= 260 = 35 mg 02 §TOC) increased to 103.5 cm
followed by a decrease, and the average RC/TOM@wésx 0.01. The “Eure Unit” facies, for
which an age model has been established, correspgonthe Eure River inputs since the
1940s, with a sedimentation rate of 12.73 + 2.2 yiinfGardes et al., 2020b). For this facies,
the grain size distribution was centred aroundsgdd 33.9 + 7.8um and the TOC content
(TOChean= 3.88 £ 1.49%) increased towards the surfacedy high contents (TOC = 8.26 *
0.19%) in the 9-12 cm range. Unlike Ol {@}= 150 + 17 mg 02 §TOC), HI (Hhean=
279 + 23 mg HC § TOC) increased from the transition between the tages. RC/TOC
(RC/TOGnean = 0.70 £ 0.02) decreased from the interface batwde two facies and
continued to decrease towards the surface (Fig. 2).

The sediment deposits in Les Damps Pond are disoed to as the “Eure Unit” facies, and

correspond to the Eure River inputs since the 194ilk a sedimentation rate of 12.2 mi y
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(Gardes et al., 2020b). These sediment depositshamcterised by a grain size distribution
centred around adpof 29.5 + 6.7um, comparable to that measured for the "Eure Uadies

in Martot Pond, with a constant TOC content (T£%= 5.36 £ 0.47%) that is slightly higher
than that of Martot Pond. HI (Kéan= 302 + 23 mg HC § TOC) and Ol (Qhean= 145 + 10
mg O2 g TOC) showed a slight increase towards the surRE#TOC (RC/TOGean= 0.68

+ 0.02) decreased towards the surface, similautmbservations in Martot Pond (Fig. 2).

In Martot and Les Damps ponds, HI and Ol for their&EUnit” facies suggested a mix
aquatic/terrestrial origin (Gardes et al., 2020ig the mean RC/TOC values were similar and
comparable to those measured in the surface setino¢érother European rivers (e.g. the
Danube, Elbe, Ebro, and Meuse rivers; Poot eRall4)). For both ponds, the sedimentation
rates were found to be high (e2g10 mm y'), and therefore it is unlikely that the sediments

are affected by early diagenesis processes (VareMetl., 1997; Callender, 2000).

3.2.Relationships between PAHs, PCBs, and sedimenactaaistics

In Martot Pond, PAH and PCB concentrations weresrdeined on the MAR16-02 core
(Sections 3.3 and 3.4), whereas the grain sizelltisbn and TOC contents (and associated
OM parameters) were determined on the MAR15-01 (®eetion 3.1). In Les Damps Pond,
PAH and PCB concentrations were determined on #ielL¥-02 core (Sections 3.3 and 3.4),
as well as TOC contents, whereas grain size digioib was determined on the DAM15-02
core. Therefore, the measurements were averagedlegades for each core to determine the
correlations between PAH and PCB contents and grasor OM in both ponds.

In both ponds, total PAH concentrationlsSPAHs) and light (2-3-ring) or heavy (4-6-ring)
PAHs exhibited weak positive correlations with tiay fraction (< 2um) (0.28 < R < 0.39

and 0.23 < R < 0.33 for Martot and Les Damps poraspectively) (Fig. 3A). In Les Damps
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Pond, PAHs showed strong positive correlations withfine fraction (< 63um), particularly
with the silt fraction (2—63m) (0.74 < R < 0.8). Finally, PAHs showed negatwoerelations
with the coarse fraction (> §dn) in Les Damps Pond (-0.69 < R < -0.75). Therefév&Hs
tend to bind more strongly to the fine fraction (i€&hoff et al., 1979; Fernandes et al., 1997,
Shi et al., 2007), and more specifically to theé fsdction in Les Damps Pond, as previously
demonstrated elsewhere by Ab Razak et al. (1998) seidiment cores from the Kinnickinnic
River (US) and Burgess et al. (2001) with surfesgiraents collected in the Narragansett Bay
estuary (US), or to the clay fraction in the MarRand, as also reported by Zhang et al.
(2004) with surficial sediments of Deep Bay (China)

PAHs were negatively correlated with (i) the TOCMiartot Pond (-0.63 < R < -0.80), (ii)
HI (-0.48 < R < -0.77 and -0.89 < R < -0.93 for kérand Les Damps ponds, respectively)
and Ol (-0.27 < R < -0.76 and -0.55 < R < -0.6 Martot and Les Damps ponds,
respectively). Howevery PAHs showed strong positive correlations with tHe/ROC ratio
(R =0.86 and R = 0.95 for Martot and Les Dampsdgonrespectively) (Fig. 3A).

The distribution of PAHs in the sediment is thustlgacontrolled by the presence of fine
particles, but more predominantly controlled by finesence of refractory.fg Moreover, in
Martot Pond, the correlation between PAHs and R@TEnded to increase with the molar
mass of the PAHs (from R = 0.53 for 2-ring PAHR& 0.91 for 6-ring PAHS). However,
this trend was not observed in Les Damps Pond, evttex correlation between PAHs and
RC/TOC was very strong regardless of molar ma€l (€.R < 0.95). A correlation between
the PAHs and the proportion of refractory,{Ji.e. RC/TOC) would thus demonstrate that
part of the PAHs was bound to refractory carbonase@mmpounds. Such an affinity has been
previously identified, albeit from the RC (%) (Paztal., 2014) and not from the RC/TOC
ratio. Additionally, PAHs showed a correlation withe RC/TOC ratio regardless of ring

number, but only in Les Damps Pond (Fig. 3B). Hoavethis trend remains to be confirmed,

10



250 especially to determine whether the proportionedfactory G,q is indeed the limiting factor,
251  as suggested by the observed correlations.

252 PCBs showed positive correlations with the finestian (clay + silt) (0.20 < R < 0.56 and
253 0.16 <R < 0.71 for Martot and Les Damps pondgeetvely) and negative correlations with
254  the coarse fraction (-0.20 < R < -0.56 and -0.1® <-0.71 for Martot and Les Damps ponds,
255  respectively) (Fig. 3A). A positive correlation ®CBs with the fine fraction suggests an
256 affinity of PCBs for fine particles, but no cleaends (e.g. as a function of PCB chlorination
257 degree) were evident. Moreover, Piérard et al. §19¥monstrated that low-chlorinated
258 PCBs showed an affinity for the coarse fractionichilwas not observed in our study.

259 PCBs also showed negative correlations with TO®artot Pond (-0.69 < R < -0.79), as
260 well as with HI (-0.35 < R < -0.79 and -0.27 < RGs 92 for Martot and Les Damps ponds,
261  respectively) and Ol (-0.37 < R < -0.72 and -0.1R <« -0.79 for Martot and Les Damps
262  ponds, respectively) (Fig. 3A). However, th®CBs showed positive correlations with the
263 RC/TOC ratio (R = 0.68 and R = 0.79 for Martot dres Damps ponds, respectively). The
264  distribution of PCBs in sediments is thus partlytcolled by fine particles and refractory
265 Cgyg but the affinity between PCBs and refractoryyGs generally less marked than for
266 PAHSs.

267

268  3.3.PAHSs in sediment cores

269

270  3.3.1. General PAH trends in sediment cores

271 Total PAH concentrations were measured for the M&RB2 and DAM17-02 cores (Fig. 4)
272 For the MAR16-02 core Seine Unit (78-90 cm), PAKhaantrations ranged from 7.43 to
273 28.8 mg kg (PAHmean= 19.9 + 1.47 mg K3 and showed a constant increase towards the

274  Eure Unit. For the Eure Unit of the MAR16-02 and B27-02 cores, concentrations ranged

11
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between 2.93-38.20 mg KgPAHmean = 12.70 + 0.51 mg k8§ and 2.27-28.20 mg Kg
(PAHmean= 11.10 + 0.89 mg K3, respectively. For the MAR16-02 core, the upwaehd
measured in the Seine Unit continued after thesttian to the Eure Unit, reaching a peak of
38.20 + 1.70 mg Kg in the late 1940s. For the DAM17-02 core, high amrirations were
measured during the 1940s-1950s and two peaksabkserved at 28.20 £ 2.44 and 26.10 +
0.58 mg kg. PAH concentrations began to decrease from th@sl@6the early 1980s. For
the most recent deposition (post-1980s), conceomsmtwere largely constant, ranging
between 4 and 6 mg RfMAR16-02: 5.87 + 0.26 mg ky DAM17-02: 4.00 + 0.33 mg K}.

The two sediment records showed high concentratiomsg the 1940s-1960s, following
the trends determined for the Seine River (Lorgeetnal., 2016). Notably, although the
maximum levels measured by these authors were thare twice those measured for the
lower reaches of the Eure River, the maximum vabi#ained in the Eure River were within
the same order of magnitude as the concentratiorasuned in sediments collected
downstream of the Marne River watershed (Ollivoralet 2002). Moreover, the observed
maxima were higher than those measured in othercRrevatersheds, such as the Loire River
watershed (Bertrand et al., 2015). NonethelessEtlre River watershed and the Eure River
flow were ~13 and 30 times lower than those ofSkeée River and ~20 and 50 times lower
than those of the Loire River, showing the sevesityYAH contamination in the Eure River
watershed, particularly during the 1940s-1960s. ddeer, the obtained maxima were also
higher than those measured in surface sedimergswvefral large European lakes (Fernandez
et al., 1999), SPM from several large French anwean rivers (Rhone, Tamar, Scheldt and
Rhine rivers; Fernandes et al. (1999)), or in sedits from Canadian lakes located near an oil
sands mining site (Ahad et al., 2015). Concentnatifor the most recent deposits are
comparable to those determined for recent sedichepodsits in the Seine Basin (Lorgeoux et

al., 2016), SPM collected in the Seine River (Gaspé al., 2009), or concentrations
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measured in the Loire River watershed since the 1#80s (Bertrand et al., 2015). In
addition, some PAH concentrations recorded durmeg1940s—1960s exceeded the probable
effect concentrations (PECs; equal to 22.8 m{ ky total PAHs) defined by MacDonald et
al. (2000), as the level above which effects ontlnenbiota are likely to be observed,
demonstrating the potential toxicity of the accuatedl sediments, especially in case of
remobilization.

The reconstruction of PAH temporal trends therefoemonstrated significant PAH
contamination but did not provide information one tlsources responsible for these
contaminations. To achieve this, it was necessarstudy the distribution of isomers over

time (Yunker et al., 2002).

3.3.2. Distribution of PAH molar weights and isomers throughout the cores

The abundances of 2-ring PAHs (mass 128; Na) wd® and those of 3-ring PAHSs
(masses 152, 154, 166, and 178) were between 11-a28%40-18% of the total PAHs for
MAR16-02 and DAM17-02, respectively. Pn and An (m&38) were the main components
of this fraction, representing on average betwekt% and 12.4% of the total PAHSs. 4-ring
PAHs (masses 202 and 228) were mostly representibd alvundances between 34-51%
(MAR16-02) and 36—-46% (DAM17-02). The abundanceghef 5-ring PAHs (masses 252
and 278) were between 24-42% (MAR16-02) and 25—-@DAM17-02). The abundances of
6-ring PAHs (mass 276; IP and Bghi isomers) wersvben 7-15% (MAR16-02) and 11—
25% (DAM17-02).

This important contribution of 4-, 5-, and 6-rind\l®s has been observed in other French
watersheds (e.g. Seine River watershed (Lorgeoual.et2016); Loire River watershed
(Bertrand et al., 2015)) and is frequently obseriredediments downstream or adjacent to

industrialized and/or urbanized areas (Yunker ¢t28l02). Isomers with masses of 202, 228,
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252, and 276 are the major components of gasolimk diesel soot, as well as coal
combustion emissions, of which the 202- and 252snmsmmers are predominant (Wang et al.,
1999; Yunker et al., 2002). Low molecular weightM¥) PAHs (2-3-rings) are more
abundant in petrogenic products and low- to modeienperature combustion processes (e.g.
biomass and coal burning in homes), whereas higlecular weight (HMW) PAHs (5-6-
rings) are products of high-temperature combustibooal or petroleum from large power
plants and factories or vehicular emissions (Dihgle 2014). Thus, sediments of the lower
reaches of the Eure River exhibited an anthropageyrogenic PAH signature (Yunker et al.,
2002), which can partly explain the strong corietatbetween PAHS and refractory,£in

the sediments. Indeed, soot is mainly composeefodiatory Gy (Poot et al., 2014) and the
strong link between PAHs and RC/TOC could confirpradominant atmospheric input of
PAHs (especially heavy PAHS) through soot from costion processes. Nevertheless, this
hypothesis must be further confirmed, as the liekMeen PAHs and refractory, could
occur during transport or deposition of the latterthe watershed soils.

In addition to discriminating between pyrogenic grgtrogenic sources, diagnostic PAH
ratios can be used to distinguish combustion ssur@g. petroleum, coal, or wood
combustion) (Yunker et al., 2002). Therefore, dadfa diagnostic ratios based on the ratios of
light and heavy PAHs were calculated (Fig. 5). Fhand Py isomers were the first and third
most abundant isomers for MAR16-02 (Fl: 14.5%; P¥:1%) and DAM17-02 (Fl: 16.6%;
Py: 13.6%), respectively. All FI/(FI+Py) ratios eeded 0.5 (FI/(FI+Pykan= 0.54 = 0.01 for
MAR16-02 and Fl/(FI+Py)ean= 0.55 = 0.01 for DAM17-02), which is suggestivieaostrong
preponderance of coal and/or wood combustion asnidie sources of PAH contamination
(Budzinski et al., 1997; Yunker et al., 2002), mshe Seine River watershed (Lorgeoux et al.,
2016). Moreover, the BaA and Ch isomers were antbegmost abundant for MAR16-02

(BaA: 8.8%; Ch: 8.4%) and DAM17-02 (BaA: 6.4%; Gh5%). The calculated BaA/228
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(BaA/ (BaA + Ch) vs Fl/(FI+Py)) ratios were allegtter than 0.45 (BaA/228.,,= 0.51 + 0.02
for MAR16-02; BaA/228can = 0.50 £ 0.05 for DAM17-02), which also suggestattthe
PAHs stored in the ponds of the lower reaches efEtre River had pyrogenic rather than
petrogenic source signatures (Fig. 5A) (Yunker ket 2002). However, no logic was
established in terms of temporality because theofeatalculated ratios was limited to a
restricted domain with little variability.

The average ratios obtained from the isomers o&r@@6é (IP/(IP+Bghi) vs Fl/(FI+Py)) were
greater than 0.5 (IP/(IP+Bghdan = 0.53 + 0.02 for MAR16-02; IP/(IP+Bghian= 0.53 +
0.04 for DAM17-02) but some values were below OFg.(5B). Fig. 5B shows that a
temporal trend could be identified: the IP/(IP+Bgfatio was below 0.5 the mid-1980s for
MAR16-02 and DAM17-02, due to an increase in thetigbution of isomers with a mass of
276. This indicates that sources linked to petmlezombustion intensified from the late
1980s onwards; however, the BaA/228 ratio (Fig. 9&s not descriptive of this temporal
evolution. BaA (MW = 228) and BaP (MW = 278) hawseh shown to be more sensitive to
photodegradation than most other PAHSs (except Argnwemitted to the atmosphere (Yunker
et al., 2002). Therefore, given that isomers witlisaes of 276 and 202 are more stable than
those with masses of 278 and 228, their use inndstg: ratios allows for a better
differentiation between combustion sources withsignificant artefacts related to their
subsequent transformations.

The An/178 (An/(An+Pn) vs Fl/(FI+Py)) ratios obtathfor the two sediment records were
greater than 0.1 (Fig. 5C). A ratio of 0.1 indicatevery small proportion of An relative to
Pn. This is likely associated with substantial Arofodegradation (i.e. given that An is much
less stable than Pn) from the combustion sourcéstdinal deposition via atmospheric
transport. On the other hand, the greater the rdistdrom the combustion source to the

deposition zone, the more the ratio tends towards(@unker et al., 2002). However, in
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contrast to previously studied ratios, the An/1&8or averages are significantly different
within the two sediment records (An/1#8,= 0.41 £ 0.09 for MAR16-02; An/1%8.n= 0.25

+ 0.04 for DAM17-02) and their temporal trends wetso distinct. In the case of the
DAM17-02 core, the ratio generally tended toward€Odrom the 1940s to the present day,
i.e. towards a source corresponding mainly to catibn. This was also true for the MAR16-
02 core after the 1990s. However, the An/178 radrothe MAR16-02 core exhibited high
values (> 0.4) over the mid-1960s-1990s due taarease in An concentrations throughout
this period. Within the Seine River watershed, anclment in An in sediments was also
recorded from 1971 onwards, without its origin lgedetermined (Lorgeoux et al., 2016). It
would appear that for the sediments of the Martod? this increase started a few years
earlier and stopped around the 1990s. Nonethdlesse inputs may share the same origin,
which could be attributed to oil discharges in ajuaic system that did not undergo
combustion. As the transport of PAHs was not cdroat through the atmosphere, An was
not affected by photodegradation and its conceatrathus remained close to that of Pn
(Tobiszewski and Namdaik, 2012). As mentioned previously, Martot Pondswiely
impacted by the contributions of the Seine estdairyng tidal flows, which is not the case for
Les Damps Pond, located upstream. However, Madot®s close to the industrial areas of
Rouen, which were marked by strong petrochemidatigcand significant river transport of
oil between the 1960s and 1990s. It appears thet téfe 1990s, oil leaks during transport
greatly decreased, leaving combustion processesthas only sources of sediment

contamination.

3.4.PCBs in sediments cores

3.4.1. General PCB trendsin sediment cores

16



400 Total PCB concentrations were recorded for the MB®R2 and DAM17-02 cores (Fig. 6).
401 PCBs were not detected in the Seine Unit (78-90 aimylAR16-02 core. In contrast, the
402  Eure Unit of MAR16-02 and DAM17-02 exhibited contations ranging between 0.02-1.57
403 mg kg (PCBnean= 0.72 + 0.05 mg k§ and 0.09-1.60 mg Kg(PCBnean= 0.50 + 0.06 mg
404 kgl). For MAR16-02, PCBs levels increased at the ttmmsbetween the two sedimentary
405  facies and reached a peak of 1.57 + 0.06 myikghe late 1950s, whereas a 1.60 + 0.12 mg
206 kg’ peak was recorded in DAM17-02 in the late 1960gjeheral downward trend in PCB
407 levels was then visible up to the surface of thdiment deposits. For MAR16-02, two
408  concentration peaks were observed despite the damitnend, the first around 1976 (PCB =
409 0.68 + 0.13 mg Kg) and the second in 1992—-1996 with an extremell bizncentration that
410 reached 16.8 mg Kg For the most recent sediment deposits (from tB@0& onward),
411  concentrations are relatively close or equal t@ @ D.01 mg kg and 0.18 + 0.05 mg Kgfor

412 MAR16-02 and DAM17-02, respectively.

413 The general temporal trend of PCB contents waslaino previously reported trends in
414  France (Seine River watershed: Lorgeoux et al.62B8hone River watershed: Desmet et al.,
415 2012), Europe (UK: Sanders et al., 1992; GermamyciBneier et al., 1997; Italy: Combi et
416 al., 2020), and the US (Christensen and Lo, 19&6 Metre et al., 1997), and were similar to
417 temporal trends in global PCB production and corgiion (Breivik et al., 2002). The
418  maxima obtained during the 1950s—-1970s (~1.6 mgfagthe two ponds) were higher than
419  those historically recorded in several French vehteds, such as the Loire (1.2 mgtkg
420 Dendievel et al., 2019), Garonne (0.145 mg,kDendievel et al., 2019) and Rhéne rivers
421  watersheds (0.28 mg KgDesmet et al., 2012; 0.42 mgkdVourier et al., 2014); European
422  watersheds such as the Brno Reservoir, Czech Ref0t08 mg kg, Frand et al., 2010);
423 the Esthwaite Water, England (0.05 mg'k§anders et al., 1992); or the Chattahoochee River

424  watershed, US (0.38 mg kgVan Metre et al., 1997). It should be noted tlwal PCB
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concentrations were calculated from 7 congenetlkdrcited studies and up to 22 for Sanders
et al. (1992), compared with the 6 congeners stutlierein. Nevertheless, the maximum
concentrations recorded in the Eure River watergleethain lower than those recorded in
recent flood deposits in the Rhone River (Dendietedl., 2019), the Seine River (2.31 mg
kg®, Lorgeoux et al., 2016), or the Seine estuarynéeg5 mg kg ; Dendievel et al., 2019),
the Lippe River, Germany (2.63 mgkdHeim et al., 2004), or Milwaukee Harbour, US 3.
mg kg®, Christensen and Lo, 1986).

The detection of PCBs prior to 1955 (i.e. the y@arwhich PCB production and
consumption in France began to increase; Lorgeowk ,e2016) may be consistent with the
fact that PCB production in France began approxigain the 1930s (de Voogt and
Brinkman, 1989). However, the maximum consumptecorded in France in 1975 does not
correspond to the maximum concentrations in sedisnetorded a few years earlier. The
year 1975 also corresponds to the first bans onuiee of PCBs in open systems (e.g.
plasticizers, carbonless copy paper, lubricantks,iraminating and impregnating agents,
paints, adhesives, waxes, cement and plaster alittasting and dedusting agents, sealing
liquids, fire retardants, immersion oils, and pades (de Voogt and Brinkman, 1989; Bigus
et al., 2014)), which may explain why it was aftieis date that the levels started to show a
substantial decrease, especially in Martot Pondlithwhally, PCB concentrations began to
stabilise to low levels in the early 1990s (witte tAxception of the 1992-1996 period in
Martot Pond), which can be linked to the cessatibRCB production in France in 1984 (de
Voogt and Brinkman, 1989) coupled with the ban @BRise in France in 1987, including in
closed-system applications (e.g. cooling liquidsramsformers, dielectric liquids in large and
small capacitors, heat-conducting fluids in heathaxgers and fire- or heat-resistant
corrosion-free hydraulic fluids in mining equipmeand vacuum pumps (de Voogt and

Brinkman, 1989; Kannan et al.,, 1992; Bigus et &014)). In addition, some PCB
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concentrations recorded during the 1950s—-1960sedrckthe probable effect concentrations
(PECs; equal to 0.676 mg kdor total PCBs) defined by MacDonald et al. (2Q0&8 the
level above which effects on benthic biota are ljikeo be observed, demonstrating the
potential toxicity of the accumulated sedimentpeesally in case of remobilization.

Thus, the temporal reconstruction of PCB levels aestrated a significant PCB
contamination within the Eure River watershed, dnly an analysis of the distribution of the

congeners can allow for the determination of thet@minant sources.

3.4.2. Distribution of PCB congeners

Congener distributions were recorded for the MAR26and DAM17-02 cores (Fig. 6). For
the Eure Unit of MAR16-02 core, PCB180 was, on ager predominantly represented
(23.1%), followed by PCB138 (22.1%), PCB153 (20.2P¢B101 (15.0%), PCB52 (11.3%),
and PCB28 (8.2%). Therefore, 6-chlorine PCBs (P@B13PCB153) were predominantly
represented (42.3%). For DAM17-02, PCB138 represktah average 42.8% of th#°CBs,
which combined with PCB153 (8.1%) amounted to é@%0representation of 6-Chlorine
PCBs, whereas PCB101 represented on average 2@oNéwed by PCB180 (18.8%),
PCB52 (5.9%), and PCB28 (3.7%). PCB28, the globkdbst represented congener, was
detected beginning in the early 1950s, and itsrdmrton has generally followed the trends
shown by PCB concentrations. However, during thekpd PCB levels in the late 1950s for
MAR16-02 and the 1960s for DAM17-02, PCB28 wasriast represented congener (25.4%
and 26.5% respectively). From the late 1970s onsyd?@€B28 represented less than 10% of
> PCBs for MAR16-02, whereas it was almost no lordgected in DAM17-02. PCB52, the
second least represented congener, was detectadteobeginning of the sediment records
and, similar to PCB28, followed the overall globdCB trends. However, PCB52 was the

second most represented congener during the 1@®ssqoncentration (21.7%) for MAR16-
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02 and the third (21.9%) during the 1960s peakO&M17-02. The contribution of this
isomer decreased overall afterwards (< 10%). PCEil PCB153 followed similar trends
for MAR16-02, with a strong representation at theefSeine unit transition (>30%) and then
decreased as the PCB concentration increased.whoahe peak PCB concentration, the
contribution of PCB101 decreased, although its rdomion was approximately 20%,
whereas the contribution of PCB153 also stabiliaechpproximately 20%. PCB138 also
showed strong contributions from the Eure/Sein¢ twansition of the MAR16-02 core, which
also decreased as the PCB concentration increAftedwards, the contribution of PCB138
increased overall towards the surface as the P@Bertrations decreased. The distribution of
PCB101 was also important at the beginning of th&MD7-02 core (>40%). For the
MAR16-02 core, this congener decreased as PCB ntmatiens increased. In contrast to
MAR16-02, the contribution of PCB153 was low for MA7-02 and showed an increasing
trend until the early 1980s (~17%). The contribatmf PCB138 showed a broadly similar
behaviour to that of PCB153 and reached nearly #%he end of the 1980s. Finally,
PCB180 was only detected from the mid-1950s for MAR®?2 but its contribution increased
over time and was very significant from the lat®a® onwards. Conversely, PCB180 showed
a strong contribution at the beginning of the DAMIZ record, which decreased with
increasing PCB concentration.

Releases of PCBs to the environment can result inponts to watercourses through leakage
from facilities or discharges from landfills, as livas leaching from industrial or urban
surfaces, but also from atmospheric depositiomnvhich case PCBs are mostly transported in
particulate form (Zhou et al., 2001; Yang et a012). More generally, industrial activities
and urbanization are the primary causes of sedirR&B pollution (Bigus et al., 2014).
France was one of the first countries to produc8d?@nd is estimated to have contributed

approximately 10% of the global production from @98 1984 (i.e. 134,654 t of the 1.5 Mt
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produced globally) (de Voogt and Brinkman, 1989ei8k et al., 2002). PCBs in France
were produced under the names "Phenoclor’ and l#hga Moreover, it can be assumed
that the "PCB technical mixture" used in Francempio 1987 was predominantly produced in
France, regardless of its form and use.

Comparing PCB isomers (and thus comparing PCBsrdicepto their chlorination degree)
can be useful to identify the sources responsiimd’fCB releases to the environment and to
assess changes in their use within a given watrgfrand et al., 2010; Cai et al., 2016).
Ratios of PCB28/PCB153 and PCB(28+53)/PCB(138+1BB¥tongeners were found to be
below 1 for most of the MAR16-02 (mean = 0.43 an860 respectively) and DAM17-02
(mean = 0.61 and 0.17, respectively) cores (Fig.confirming a dominance of "high
chlorinated congeners” that are generally preserihé composition of hydraulic fluids or
thermostable lubricants, whereas "lower chlorinatecttures” are used for less viscous
applications (Francet al., 2010). However, these ratios were grethan 1 during the high-
concentration instances recorded in the late 1946Gstot Pond) and 1960s (Les Damps
Pond), confirming the dominance of "low chlorinatsahgeners” during these periods (Fig.
7). This could be explained by a contribution frateast two distinct sources during certain
periods of high PCB use. If the production and o$eformulations containing highly
chlorinated PCBs were staggered over the periodrspg from the 1930s to the late 1980s,
the temporary dominance of low chlorinated congeriei-Cl and tetra-Cl) may indicate the
use and subsequent release of specific technidalr®itures, such as DP-3 or DP-4 (i.e. two
types of Phenoclor mixtures). These technical medware equivalent to the Aroclor 1016 and
1242 mixtures (Kannan et al., 1992; Breivik et 2002), which are mainly composed PCBs
containing 2-5 chlorines (Frame, 1997; Breivik &t 2002). These observations are
consistent with the reports of Franet al. (2010) (Brno Reservoir, Czech Republic)erey

the temporary dominance of lower chlorinated coegerorresponded to (accidental) input
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from a former transformer and capacitor manufastugplant that used a low chlorinated
technical PCB mixture called Delor 103 (equivalenfroclor 1242, which is produced in the

US). As previously reported by Cai et al. (2016J &fang et al. (2012), the predominance of
heavy congeners could correspond to atmospheridsnpver long distances. However, this
occurred in countries that were not direct prodsicérPCBs at the time of deposition. Other
authors indicate that the presence of lighter P@Banore suggestive of substantial
atmospheric contribution, given that these congersee more susceptible to long-range
transport as they are less prone to photodegradtitan highly chlorinated PCBs. Therefore,
the predominance of heavier PCBs seems to sugdasjex contribution of emissions from

local sources (Alegria et al., 2016). Halfadji €t(2019) noted that sites contaminated with
highly chlorinated PCBs were near petrochemicalstdal zones, which is also the case for
Martot Pond.

It should be noted that during the pollution pea&orded in Martot Pond during the 1992—
1996 period, the previously calculated ratios rerdibelow 1, demonstrating the occurrence
of a pollution source that was distinct from thegponsible for the heavy contamination a few
decades earlier. Given that the studied area wasnpacted by major leaks associated with
the degradation of electrical installations, thidden increase in contamination level could be
attributed to a very localised wild discharge. NibyalLes Damps Pond (located upstream) did
not show this intense pollution peak and the pgfutiate occurred very shortly after the ban
on the use of PCBs in France. Unfortunately, samestrial discharges continued even after
1987, as was the case in the Rhone River waterstigete high PCB concentrations were

recorded several years after cessation of thei{Desmet et al., 2012).

4. Conclusions
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This study demonstrated that PAHSs, particularlyvigeRAHs, had a high affinity for
refractory G5, whereas PCBs showed a lower affinity. The EuneeRwatershed has been
subject to significant POP contaminations sincel®0s, corresponding to the same order of
magnitude as that recorded in other French or Eaopvatersheds. The abundance of
different PAH isomers and their diagnostic ratiesndnstrated that the high concentrations of
PAHs recorded during the 1940s-1960s were of pwyiogerigin (i.e. derived from
combustion processes), whereas certain signatecesded in more recent deposits (up to the
1990s) exhibited an evolution towards a petrogenmin. Furthermore, PCB temporal trends,
particularly their high concentrations during th@50s-1970s, are generally linked to the
production, consumption, and bans on the use ofsPi@B-rance. The distribution of PCB
congeners and certain congener ratios demonstitaaedhe high releases during the 1950s—
1970s were likely linked to the release of "techhimixtures PCBs" composed of "low
chlorinated congeners" into the river, whereaslost recent inputs were mainly attributed to
atmospheric inputs of "high chlorinated congenersith the exception of a local high

undefined contamination recorded in Martot Pond.
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Table 1. Sediment cores collected in Les Damps and Madotp (WGS 84).

Pond Core ID IGSN Longitude (X) Latitude (Y)  Core Length (cm)
LES DAM15-02 IEM2C0016  1°10'9.05"E  49°18'16.13"N 80
DAMPS DAM17-02 IEM2COOOE 1°10'13.26"E  49°18'15.66" N 90
MAR15-01 IEM2C0001  1°03'1.68"E  49°17'49.68" N 138
MARTOT
MAR16-02 IEM2C0008  1°032.60"E  49°17'49.30" N 129
Table 2. List of the analysed POPs.
PAHs PCBs
Compounds Molar X-Rings | Compounds Molar X-Chlorines
weight weight
(gmol™) (gmol ™)

Naphthalene (Na) 128 2-Rings PCB 28 258 3-Chlorine
Acenaphthylene (Ayl) 152 3-Rings PCB 52 292 4-Chler
Acenaphthene (Aen) 154 PCB 101 326 5-Chlorine

Fluorene (F) 166 PCB 138 361 6-Chlorine
PCB 153 361 6-Chlorine

Phenanthrene (Pn) 178

Anthracene (An) PCB 180 395 7-Chlorine

Fluoranthene (FI) 202 4-Rings

Pyrene (Py)
Benzf]anthracene (BaA) 228
Chrysene (Ch)
Benzop]fluoranthene (BbF) 252 5-Rings
BenzoK]fluoranthene (BkF)
Benzop]pyrene (BaP)

Dibenzja,hjanthracene (DhA) 278
Indeno[1,2,3ed]pyrene (IP) 276 6-Rings

Benzophi]perylene (Bghi)




Table 3. Comparison of maximum PCB concentrations in sedimergs of several watersheds.

Location 1Concentration (mg kg Time interval  References
)
France
Eure River (lower section) 1.57/1.60 1950s—-1970s his study
Seine River (lower section) 2.31 1960 Lorgeouxie2816
Seine estuary 5 1970s Dendievel et al., 2019
Loire River (lower section) 1.2 1973-1989
14 2003-2008
Garonne River (upper section) 0.145 1998
Rhoéne River (lower section) 2.4 (flood deposits) 9391996
0.42 1990-1995 Mourier et al., 2014
0.28 1991 Desmet et al., 2012
Europe
Brno Reservoir (Czech Republic) 0.08 1970s-1980s andaret al., 2010
Lippe River (Germany) 2.63 1980-1985 Heim et d1Q2
Esthwaite Water (England) 0.05 1963 Sanders et 292
United States
Lake Harding (Chattahoochee River) 0.38 1950-1966 an Metre et al., 1997
Milwaukee Harbour 13.4 1970-1975 Christensen and, Lo

1986
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Figure 1. A. Seine River watershed; B. Study Area; C. Sediment core locations in Martot Pond and D. Sediment core

locationsin Les Damps Pond.
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Figure 2. Grain size distribution, Dg,, TOC, HI, Ol, and RC/TOC for the MAR15-01 core (Martot Pond) and for the

DAM15-02 and DAM17-02 cores (Les Damps Pond).
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Figure 3. A. Correlation matrix of PAHSPCBs and sediment characteristics for Martot and Les Damps ponds (Spearman
correlation, p < 0.05 for all circles presented); B. YPAHSs, 2-3-Rings, 4-Rings, 5-Rings, and 6-Rings (mg kg™) versus
RC/TOC for Les Damps Pond (from the correlation matrix).
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Figure 4. PAH concentrations (mg kg) and molar weight (MW) distribution (%) in Martot Pond (MAR16-02 core) and
Damps Pond (DAM17-02 core).
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Figure 5. PAH diagnostic ratios A. BaA/228 vs Fl/(FI+Py); B. IP/(IP+Bghi) vs Fl/(FI+Py) and C. An/178 vs Fl/(FI+Py) for

the MAR16-02 (open circle) and DAM 17-02 (black diamond) cores.
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Figure 6. PCB concentrations and homolog distribution in Martot Pond (MAR16-02 core) and Les Damps Pond (DAM17-02

core).
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Figure 7. PCBsratios in Martot Pond (MAR16-02 core) and Les Damps Pond (DAM17-02 core).



Temporal trends of PAHs and PCBs were reconstructed from sediment cores
PAHs and PCBs showed a positive correlation with fine fractions

PAHs showed a positive correlation with the refractory organic carbon

PAHs were found to be predominantly of pyrogenic origin

High levels of PCBs were linked to technical mixture dischargesinto the river
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