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Abstract

Assessing the fate of endocrine disrupting compsyiDC) in the environment is currently a key is$oe
determining their impacts on aquatic ecosystems. 44monylphenol (4-NP) is a well known EDC and tessu
from the biodegradation of surfactant nonylphertbbrylates (NPNEO). Fate mechanisms of NPnEO aik we
documented but their rate constants have been ymdgtérmined through laboratory experiments.

This study aims at evaluating thesitu fate of 4-NP, nonylphenol monoethoxylate (EP) and nonylphenolic
acetic acid (NFEC). Two sampling campaigns were carried out orSthi@e River in July and September 2011,
along a 28 km-transect downstream Paris City. Téle fneasurements are used for the calibration sdila
model of NPnEO fate, included into a hydro-ecolagimodel of the Seine River (ProSe). The timinghaf
sampling is based on the Seine River velocity dteoto follow a volume of water. Based on our resirn-situ
attenuation rate constants of 4-NP,;8@© and NREC for both campaigns are evaluated. These ratstanats
vary greatly. Although the attenuation rate constan July are especially high (higher than™),dthose
obtained in September are lower and consistent tigghliterature. This is probably due to the bicdeanical
conditions in the Seine River. Indeed, the July garg campaign took place at the end of an algabinl
leading to an unusual bacterial biomass while tept&nber campaign was carried out during common
biogeochemical status. Finally, the uncertainties roeasurements and on the calibration parameters ar
estimated through a sensitivity analysis.

This study provides relevant information regarditiee fate of biodegradable pollutants in an aquatic
environment by coupling field measurements andbgdnchemical model. Such data may be very helpftite
future to better understand the fate of nonylphierempounds or any other pollutants at the basates

Keywords:

Nonylphenol and nonylphenol ethoxylates, attenuatiate constant, endocrine disrupting compounds

modelling, surface water



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

1. Introduction

Over the last 20 years, the scientific communityd pa special attention to endocrine disrupting coumas
(EDC) due to their toxicity on aquatic wildlife (Pevic et al.,2004). Among these compounds, the nonylphenol
ethoxylates (NPnEO), and especially the 4-nonylphéa-NP), are of prime interest since concentratiof
several hundred nanogrammes per liter were meaguadenvironmental and urban waters (Gigeal., 1984;
Ahel et al.,1994). 4-NP is more estrogenic and more toxic tRBNEO (Soteet al., 1991). Jugamt al. (2009)
and Fenett al. (2003) have reported the role played by the 4-hEhé estrogenic activity occurring in both
surface water and sediment compartments. Due toisity, the 4-NP have been included in the disthe 33
priority pollutants in the European water framew®ikective 2000/60/EC (European Commission, 200re
recently the European Directive 2008/105/EC esthbli the environmental quality standard for 4-NP at
300 ng/L in surface water (European Commission8200he 4-NP mainly originates from the biodegramtat

of NPnEO (readily biodegradable compounds) whiah @wsed as non-ionic surfactants in many indusara
domestic applications. The worldwide productionN®#nEO reached 500,000 tons in 2000 and is decgpasin
because of regulations (Yirg al., 2002). The biodegradation pathways of NPNnEO areently well known
(John and White, 1998; Jonkessal., 2001; Gigeret al.,2009). Basically, the NPnEO can be biodegraded int
4-NP through an oxidative pathway leading to nohgllic acids (e.g. nonylphenol acetic acid:;B®) as
biodegradation intermediates, or through a non-atiyd pathway leading to short chain nonylphenol
ethoxylates (e.g. nonylphenol mono ethoxylates;B@ as intermediates (Giget al.,2009). Finally, the 4-NP
can be mineralized under well oxygenated conditi@wbrielet al.,2005). The biodegradation rate constants of
NPnEO have been mostly determined through bioredabmratory experiments (Staplesal., 2001; Jurado et
al., 2009; Karaharet al., 2010). However, such experiments fail to represbat complexity of freshwater
ecosystems, including the spatial and temporakbgémeity and the numerous biological, physical @meimical
parameters which may interfere with the dynamicthefNPnEO degradation. Juragkoal.,(2009) used NPnEO
mixture as the sole source of carbon for microoisraa and found biodegradation rate constants ofB@Pn
about 0.2 H, while Stapleset al., (2001) used synthetic river water to perform aridie-away experiment
(closer tain-situ conditions) and found biodegradation rate consteariging from 0.04 tto 0.10 & for NREO

and from 0.08 to 0.09tfor 4-NP. The difficulty to assess the NPnEO caomicgions and their biodegradation

relies in the fact that there is a lack of comnarpure reference standards which can be used feliable
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analysis, and that various commercial mixtures tewigh different chain lengths according to theiseu
(Ayorindeet al.,1999).
To date, only one study focuses on the determinaifon-situ attenuation rate constants of NPnEO and 4-NP
based on a hydrodynamic and biogeochemical modelkéiset al., 2005). However, these attenuation rate
constants have to be confirmed since:

i) In-situ biodegradation was determined in estuarine saliater. Authors suggest that biodegradation

may significantly change in freshwater;
i) The knowledge of biodegradation pathways has bgmtatad; NFEC is now recognized as a
biodegradation precursor of 4-NP (Montgomery-Bratial.,2008; Gigeret al.,2009).

Thus, it is crucial to assess thmesitu biodegradation of short chain nonylphenol and 4iiNBurface water in
order to evaluate their environmental fate andrtimpact on aquatic wildlife surrounding heavilybanized
area such as the Seine River downstream of Pasascé.
A global project on modelling NPnEO was launche®@®9. The first part aims at evaluating the atiion
rate constants; the second aims at modelling tieeofanonylphenolic compounds at the annual scateder to
validate the parameters calibrated in the first pad forecast future profiles of the Seine Rividis study deals
with the first part of the NPNnEO modelling projeefile the second part is handled in a companigrepwvith
the simulation of annual time series of NPnEO aidP4concentrations for a reference year (2010hénSeine
River. At last, a forecast of nonylphenolic compdwoncentrations in the Seine River is attemptedtfe 21
century according to global changes scenariod{&leet al.,2013a).
Therefore the goal of this first part is to deterenthein-situ attenuation rate constants of 4-NP, ;N and
NP,EO in the Seine River. To achieve this goal, twm@iéing campaigns are carried out and the datased to
calibrate a hydro-ecological model implementedtfer Seine River. A special attention has been faithe
small scale spatial and temporal variabilities leé toncentrations which are firstily-situ assessed and then
used in the model calibration procedure. Finalhg tensitivity analysis of the model to the biodegtion
parameters is performed based on an approach aoter fat a time” (OFAT).
The calibrated parameters are then validated inctiapanion paper according to 11 monthly sampling
campaigns carried out in 2010 at 3 sites on theeSRiver and the Oise River as well as the effludnhe

largest WWTP of the Parisian Metropolitan Area (seet al. 2013a).
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2. Materials and methods

2.1. Study site

This study focuses on the Seine River, downstrefmanis City (annual average flow in Paris = 30%sm
120 ni/s in summer). The investigated transect of tha&®&iver is 28 km long from Maisons-Laffite to Tirie

sur-Seine (Fig.1).

A wwTtp
@ Surface water

-~ — Conflans-s -Honorine

: Qise /

SeinS - I
S22 @b
% Seine Aval A
[Triel-sur-Seine |@ / WWTP ;
;
\s Maisons- Laffite |@
® y

Fig. 1 Investigated transect of the Sei;{é River (28 kng)adownstream of Paris ang s}impling sites
Four sampling sites are considered along this ¢@ngMaisons-Laffite, Conflans-Blonorine, Poissy and
Triel-sur-Seine) and two for the effluents of Selweal Waste Water Treatment Plant (WWTP) and theeOi
River (Fig.1).
This transect is selected based on two major @it€irst, there are only two significant tributsiin the Seine
River between Maisons-Laffite and Triel-sur-Seine, the effluents of Seine Aval WWTP and the Gigeer
(Fig.1). The Seine Aval WWTP is the biggest treattmplant of the Parisian Metropolitan Area and tsea
approximately 1,666,000 per day (70 % of Parisian wastewater) with anayereffluent flow of 19 ffs. The
Oise River is one of the largest tributaries of Sine River with an average discharge flow of §61(80 ni/s
in summer). These two inflows account for 30 % %4 of the Seine River flow at Triel-sur-Seine dgriow-
flow conditions. The small number of lateral inflevalong this transect simplifies the determinatidrthe
boundary conditions for the modelling proceduree Becond criterion is the distance between Maiarfifite
and Triel-Sur-Seine. According to the average S&her velocity € 0.15 m/s) during low-flow conditions
(< 150 ni/s), the transit time along this transect is apjmnaely 60 h. This duration is similar to the htaes

of 4-NP and NPnEO found in the literature: betw2end 7 days (Staples et al., 2001; Jonkers 2G05).
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2.2. Sampling campaigns

Two sampling campaigns were carried out in July &eptember 2011. These campaigns are designedquoec
data for the calibration of the ProSe model andabsessment of attenuation rate constants of noerytpic
compounds in the Seine River. The timing of the darg is estimated according to the Seine Rivewflo
velocity in order to collect samples in the sametewasolume from Maisons-Laffitte to Triel-sur-Seine
(Lagrangian approach). The Seine River velocitgimulated using the hydrodynamic module of the BroS
model (see section 2.3), with measured upstreammdaoy conditions (national discharge gauging statio
located in Paris City). The description of the shngpcampaigns (kilometre points, hours of samplargl
flows) are provided in Table 1. The sampling cargpai were exclusively carried out under dry weather
conditions in order to ensure that the Seine Ave8/WP and the Oise River are the sole lateral infl¢mes wet
weather sources). Due to an unexpected rain etrenduly campaign was stopped at Poissy (45 h).

Table 1 Sampling campaign description for July 2011 and&aper 2011.

July 2011 (Tw = 21°C) September 2011 (Tw = 19°C)
. : Kilometre Flow Flow
Sampling points point Hours of sampling  (m?/s) Hours of sampling  (m’/s)
(km)

Maisons-Laffitte 715.4 10/07 8:42 72 29/09 8:00 97
Seine Aval (WWTP) 720.1 10/07 19:24 16 29/0915:30 18
Conflans-5Honorine 728.2 11/07 16:30 88 30/09 7:00 115

Oise River 728.7 11/07 17:06 32 30/09 073 28
Poissy 734.9 12/07 5:35 120 30/09 19:00 431

Triel-sur-Seine 743.6 * - 01/10 18:50 143

Total sampling time 45 h 59 h

*: The July sampling campaign was stopped at Pals®yto a rain event. Tw = water temperature

Samples are collected from bridges in the middi¢hefriver with 2 L glass bottles. The analyticabtpcol is
described in details by Cladiéeeal.,(2013b). Briefly, the water samples are filtertbtigh a 0.45 pm porosity
glass fiber filter (GF/F, Whatmann). Only the dissadl phase is kept and analyzed as the suspendgédgm
account approximately for 5% of total concentmagicof NREO, NBEC and 4-NP within the Seine River
(Cladiereet al., 2010). After a spiking with a surrogate mixturectfdphenol-d17, NEEO-d2), 250 mL of
dissolved phase is extracted by solid phase eidracn OASIS HLB cartridges (200 mg/6 mL; Waté&ls
Finally, the extracts are analyzed by means oflaia-performance liquid chromatography coupled tarmdem
mass spectrometer (UPLC-MS-MS; Waf8rsising an internal standard mixture (linear comisu 4-nNP,
nNP,EO and nNEEC). Based on this analytical protocol, the conegiuns of 4-NP, NFEC and NREO are
quantified for surface water and WWTP effluentsvéai that no pure standard is commercially availdbie

NP;EO to NRsEO, only semi-quantitative analyses are performmdtliese compounds. A semi-quantitative
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analysis does not provide the real value of comgoooncentration but a concentration equivalent ezalu
proportional to the real concentration (the fadsonot known because of the lack of pure stand&oli).eacm
(from 3 to 15), dividing the NREO peak area by the peak area of the relativenatetandard nNJEO give the
concentration equivalent of the NIPO. These concentration equivalent values enaligadsons from one site
to another but not between compounds (e.g. therfaxft proportionality of NEEO is different from that of

NPEO).

2.3. Modelling tool: the ProSe model

The hydrodynamic and biogeochemical model ProSe fisstty developed to simulate the impacts of human
activities on nitrogenous and phosphorous pollgtionthe Seine River and its tributaries (Esral., 1998;
Flipo et al.,2007; Everet al.,2007). All mathematical equations used by the Eno®del to simulate the river
flowing, pollutant advection and other biogeocheahigarameters are provided by Ewvetnal. (1998). For this
study the biogeochemical module is updated to fake account the biodegradation pathways of NPnEO
following Gigeret al.,(2009) scheme (Fig. 2).

oxidation

NPnEO

NP,EO

Ks

Final biodegradation ;
volatilisation ; adsorption

Fig. 2 Fate schema of nonylphenolic compounds in a wejlgerated surface water. The attenuation rate
constant K, K{’, K, and K; are determined by the ProSe model. The biodedoadaf NPnEO and
NPnNEC is introduced in the ProSe model as precumpoits of NREO and NRPEC along the Seine River.

In the Figure 2, the attenuation rate constantsk{ and K, only represent the biodegradation of ;HP or

NP,EC into their products (NJEC or 4-NP). On the contrary;KKepresent the global attenuation of 4-NP due to

biodegradation, volatilisation and adsorption goaoticles.
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Assuming first-order kinetics (Jonkezsal.,2003; Juradet al.,2009), the attenuation rate constantsk’, K,

and K; are calibrated using a trial-error procedure tbnoige the matching of the modelled longitudinabfes

of 4-NP, NREO and NREC with the measured ones. Jonketsal. (2005) suggest, during the sensitivity
analysis of their model, that the sorption ontaipks have a very limited influence on the fatenofylphenolic
compounds in estuarine water. Indeed, set sorgtdod or multiply their optimum value by 5 lead tomall
variations of NPEO and NREC dissolved concentrations. In addition, Cladietrel. (2010) showed that the
particulate concentrations of nonylphenolic commisuaccount for less than 5% of the total conceotrat
Therefore, the sorption onto particles of JHP and NRPEC has been considered as negligible. Similarly to
Jonkerset al. (2005), the water-air exchange of the nonylphenobmpounds (except for 4-NP) has been
considered as insignificant due to very low Henggsistants (e.g. NEO and NREO = 0.0003 Pa.rimole).

Consequently, three equations are implementeckibittgeochemical module of the ProSe model:

d[NE_tEO] = - K, [NP,EO] - K, [NP,EQ] + precursorinputs Equation 1
d[N_E[EC] =+ K, [NP,EO] - K, [NP,EC] + precursorinputs Equation 2
W: + K, [NP,EO] + K, [NP,EC] - K, [ 4~ NP] Equation 3

Due to the lack of suitable information for N degradation and in order to reduce the numbearEmeters
to calibrate, we assume that the oxidation anditbéegradation of NJEO are equal (K= K;'). Moreover, data
on long chain nonylphenol ethoxylates are scarcktheir attenuation rate constants are not detehnifhe
semi-quantitative analyses reveal that the efflaéi8eine Aval WWTP is from 2 (NEO) to 11 (NBEO) times
more concentrated than the upstream of the Sewer.Rh addition, by comparing the concentrationiealents
found at Poissy to the expected ones (combiningafflans-5Honorine and the Oise River), discrepancies of
-39 % (NREO) to -64 % (NEBEO) are noticed. These discrepancies give evidehtiee disappearance of these
compounds in the Seine River due to biodegradagionesses. In order to take into account the biadiegion

of long chain ethoxylates within the Seine Rivgrretursor inputs” terms are considered in the ProSdel
scheme as linear sources, also being calibratadgdtive calibration process (Equations 1 and 2keBaon the
disappearance of long chain nonylphenol ethoxyltng the Seine River (revealed by semi-quantiativ
analyses), the precursor inputs are assumed te®akralong the simulated transect. The highesus@c
inputs are estimated close to the Seine Aval digghand decrease until Triel-sur-Seine followindura

logarithm shape representative of first-order kiogetThese precursor inputs take into account ppearing of



11

12

13

14

15

16

NP,EC or NREO along the studied transect due to the biodetioadaf long chain compounds and they are
expressed in nanogram per litter of water and pgr(dg/L/d).

The scheme in Fig. 3 shows the layout and inpudmaters of the model. In the ProSe model, it iessary to
define the boundary conditions such as the upstneaen flow (national discharge gauging stationdahe
upstream compound concentrations [C] (field measards). The attenuation rate constants and precurso
inputs are calibrated according to the concenimatat Conflans-SHonorine, Poissy and Triel-sur-Seine.

Boundary conditions

Upstream WWTP Oise River
Flow; [C] Flow; [C]

T Conflans-st-Honorine [ Poissy }
[C] [C] [C]

Fig. 3 Scheme of the ProSe model and the required irgmatnpeters. ([C] =concentrations of 4 NP,;E® and
NP,EC in ng/L)

2.4. Sampling strategy for determining small scale spatial and temporal
variabilities

Small scale variabilities are crucial since theyeha direct impact on the calibration process &edassessment
of the attenuation rate constants (Beven, 2010% 3Jpatial and temporal variabilities of 4-NP, ;EE and
NP,EO concentrations are assessed at Conffadssorine (during September campaign) as depiatefig. 4

and are assumed to be representative of variaBilitelong the whole Seine River transect.
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L k Middle 1 Righ k
eft ban Middie 2 ight ban

Middle 3

Fig. 4 Sampling strategy to determine the small scal@bdities of concentrations. The sampling points a
indicated by stars. Middle 1, 2 and 3 were sampliédl an interval of 10 minutes.

For the assessment of the spatial variability, dengp are performed simultaneously at the left hankthe

middle and the right bank of the Seine River, while additional samples in the middle are collectétth a 10-

min interval to assess the temporal variabilityeTblative standard deviations (%RSD) are useds$ess the

spatial (Left bank, Middle and Right bank) and temsb (Middle 1, 2 and 3) variabilities. The anadyt

repeatability is assessed by means of multipleaetitns and UPLC-MS-MS analyses and the results are

provided by Cladiéret al.,(2013b) (4-NP: 7 % , NIEC: 4 % and NFEEO: 14 %).

3. Results

3.1. Small scale variabilities

Table 2 exhibits the concentrations of 4-NP;B® and NPEO within the Seine River as well as small scale
spatial and temporal variabilities.

Table 2 Concentrations (ng/L) of left bank, middle and tigank of the Seine River and small scale varitbdi

Dissolved concentrations (ng/L) Small scale variabilities (%)

Spatial variability Temporal variability
Left Middle Right Middle  Middle  Middle Spatial  Temporal  Total
bank (average bank 1 2 3 P P
4-NP 55 57 63 58 57 57 7 7 14
NP,EC 129 123 118 125 128 115 5 6 11
NP,EO 10 9 11 11 7 10 14 23 37

“The concentrations for Middle used for the spatalability are the averages of Middle 1, 2 and Bhe spatial and temporal variabilities
are determined by the relative standard deviatibsamples (%RDS). The total variabilities are chted by the sum of spatial and
temporal variabilites (we assume that analyticaleutainties are included in spatial and temporghbdities).

The concentrations of 4-NP and B found in the Seine River (LO0 ng/L) are far higher than their limits of
quantification (4-NP: 24.5 ng/L; NEC: 1.7 ng/L) except for NEO (NREO: 9.8 ng/L). The repeatability is
taken into account in the assessment of spatiatemgoral variabilities by selecting the highedueabetween
the relative standard deviation of samples andatiadytical repeatability. The small scale varidigii (sum of

spatial and temporal) of 4-NP, NEC and NRPEO concentrations in the Seine River reach respaygtil4 %,



11 % and 37 %. These results provide quantificagioors due to the sampling protocol, which arealigunot
reported in most of articles dealing with pollugit receiving surface water.

The sampling strategy is thus applicable to 4-NB BR,EC measurements, but is less accurate fo/ERP
Therefore, the variabilities on Seine River prafikre plotted as error bars for the measured ctnatiems. In

addition, the variabilities on boundary conditi@re considered on the modelled profiles.

3.2. Attenuation rate constants

The concentrations of 4-NP, NEC and NREO found in the Seine and Oise Rivers and the eftki of Seine
Aval WWTP as well as the biogeochemical parameferger temperature, dissolved organic carbon (DOC),

dissolved oxygen and pH) are exhibited in TableAB. concentrations found during July and September
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sampling campaigns are consistent with the liteeatuind previous results found in the Seine RivenKérset

al., 2009; Looset al.,2010; Cladiérest al.,2013b). The concentrations found during July & 8eine River are

higher than those found during September, mainky @wuthe significant higher concentrations of Seival

WWTP and the Oise River (Table 3). Whatever thepdeng campaign, no exceedance of the European Quali

Standard (300 ng/L) is observed along the 28 kmstet of the Seine River even downstream of Sewed A

WWTP.

Table 3 Biogeochemical parameters and nonylphenolic comgoconcentrations measured in July and

September sampling campaigns

July September
. Seine Aval Conflans- Oise _ Seine Conflans- Oise ' Triel-
Parameters  Upstream WWTP st- ' river Poissy | Upstream Aval st- . river Poisy sur-
Honorine WWTP  Honorine Seine
Flow (n?/s) 72 17 89 32 121 97 18 115 28 143 143
Tw (°C) 20.8 20.9 22.2 21.4 21.0 19.3 ND 19.1 17.5 20.8 ND
o (uS/cm) 600 1195 693 690 699 612 720 635 739 666 ND
pH 8.0 ND’ 7.5 7.8 7.6 7.6 ND 7.6 8.0 7.6 ND
O, (mg/L) 4.9 ND 4.0 5.0 ND ND ND 9.3 11.3 7.7 ND
DOC (mg/L) 2.95 11.60 4.08 2.74 3.83 2.84 8.97 3.74 3.32 3.37 3.63
4-NP (ng/L) 102 320 201 138 143 53 136 57 35 45 70
NP,EC (ng/L) 52 751 159 66 137 49 616 123 76 114 102
NP,EO (ng/L) 19 80 35 17 30 19 43 9 20 11 14

“o: conductivity, Q: dissolved oxygen, DOC: dissolved organic carbdD: not determined.

Before calibrating the attenuation rate constamtthé Seine River, a first simulation is perfornmehsidering

nonylphenolic compounds as a conservative tracedudty and September campaigns. Results (datahowotrg

underscore that the modelled trends do not fit dbeerved ones indicating that only physical proegss

(transport and lateral inflows) do not explain thte of 4-NP, NFEC and NREO along the Seine River.

10



1  Attenuation rate constants and precursor inputs duereafter, calibrated (Fig 5). In parallel, sihmsdale

2  variability intervals are used to assess uncertstround the optimal values of attenuation ratestants.
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4 . . . . .
5  Fig. 5 Modelled (optimised rate constants) and actudiilpsoof 4-NP, NREC and NRPEO concentrations in the
6 Seine River. The points exhibited are Maisons-t@f{i715.4 km), Conflans-st-Honorine (728.2 km),
7 Poissy (734.9 km) and Triel-sur-Seine (743.6 ke error bars represented on the actual profile
8 indicate the total variabilities linked to in-sisampling while they represent the uncertaintiescatd to
9 boundary conditions on modelled profile
10
11  Table 4 shows the minimum, optimal and maximumnation rate constants as well as precursor infouts
12 July and September sampling campaigns.
13

11



1

A wnN

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Table 4 Attenuation rate constants{dand precursor inputs (ng/L/d)

Attenuation rate constants(d Precursor inputs

(ng/L/d)
Ki=K/ Ks Ks NP,EC NP,EO

min - opt - max min-opt-max min-opt-max min-max min-max
July 2011 0.05-0.10-0.15 3.14-3.30-3.47 82.350-2.75 3.44-7.84 0.06-04
September 2011 0.29-0.30-0.33 0.08-0.104 0.0.09-0.15-0.19 0.01-0.3 0.04-0.4

Jonkerset al., 2005 (estuary) 0.060 - 0.089 0.019 - 0.020 0.02443
Jonkerset al., 2005 (estimation 0.18-0.21 0.048 - 0.159 0.072-0.21 )
river)
Stapleset al.,2001 (laboratory) 0.065 0.099 0.076 - 0.092 - -

Min and max values were assessed according tontaé scale variabilities. Optimised values (optakle the best fit between simulated
and observed profiles.

For July, Table 4 discloses high values for(814 to 3.47 d) and k; (2.38 to 2.75 d). These rate constants are
far higher than those reported by Jonketsal., (2005) in the Rhine estuary and Stapésal., (2001) in
laboratory batch reactor (Table 4). In parallek firecursor inputs were estimated between 7.84dglhd
3.44 ng/L/d for NPEC and between 0.4 ng/L/d and 0.06 ng/L/d for;flNP. In the case of NEC, the total
precursor flux along the Seine River transect (88d) accounts for 10 % of the upstream load (3d) gnd
only for 2.4 % of the Seine Aval input (1,480 gighich means that they are not main sources ofElIPand
NP,EO into the Seine River. However, the precursopsii® are crucial in the fate of NEC and NREO since
neglect them during the calibration process do¢sihmwy a good fit between modelled and observedilps.
Calibration parameters for the September campaignmaich lower (Table 4). Mean values of &d K; are
respectively 17 and 33 times lower than those edéich for the July campaign. In parallel, the maximu
precursor inputs for NIEC drops by a factor 26. The decreases Hfg and NREC precursor inputs suggest
that the aerobic biodegradation was significanfiyhlérin July compared to September. Moreover, the rate
constants estimated in September are consistemtivétliterature (Jonkeet al.,2005; Staplest al.,2001).

The July and September sampling campaigns enalgialitrate of attenuation rate constants but nealaate
them. Validation of the parameter sets is doneéhatannual scale based on 11 monthly sampling cgmpai
performed at the Maisons-Laffitte, Seine Aval WWé&ffuent, the Oise River and Meulan (downstreane[¥ri
sur-Seine). The validation is provided in the compa paper: “Modelling the fate of nonylphenolicngpounds

in the Seine River - part 2: assessing the impadlabal change on daily concentrations” (Cladiéteal.

2013a).
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4. Discussion

4.1. Influence of biogeochemical conditions of the Seine River

In order to understand the significant differenbesveen July and September, the biogeochemicalitommsl of
the Seine River are examined (e.g. temperaturecpldrophyll a, dissolved £ Seine River flow). Manzanet
al., (1999) highlight the impact of temperature on leigchdation rates of nonylphenolic compounds andrtep
that the higher the temperature, the higher thddgoadation rate. Water temperature is similaruily §21°C)
and September (20°C) and cannot explain such differs of the attenuation rate constants. Furthernmbi,
conductivity, meteorological and hydrological caialis of the Seine River were quite similar duringth
campaigns.

Chlorophyll a concentrations are continuously mareitl in the middle of the considered transect atidbé
high values (up to 20 ug/L representative of aralaldoom in the Seine River) one week before thiy Ju
sampling campaign (data not shown). On the contiduying September, low concentrations of chlordipay
(= 5 ng/L) are noticed.

The link between an algal bloom and the growth etelotrophic bacteria has been reported by Kisamtl a
Noges, (1998) in lake Vortsjarv (Estonia) and bygHiyn et al., (1997) for laboratory experiments. Both studies
reported a significant increase of the bacteriavjnaduring the decline of an algal bloom. The hagtiivity of
heterotrophic bacteria is also visible on dissolé@dsince the concentrations measured in July aree dos
4 mg/L and saturation about 75 % while in Septentherconcentration are far higher at 9 mg/L andrs#ibn

at 100 % (Table 3). Based on this conclusion, telide of the algal bloom during the July campdiavours
the increase of heterotrophic bacterial biomass,camsequently enhances the biodegradation of mrgaatters
such as nonylphenolic compounds since Coreinil., (2006) reported that various environmental baateri
species can biodegrade them. Thus, in July thelifalfimes of 4-NP and NfEC vary between 5 and 7 hours,
while in September they are longer and reach 7.detys half-life time of NFEO remains constant in July and
September and is close to 2 days.

Finally, the differences between July and Septenshempaigns suggest that the bacterial biomasseoS#ine
River influences the oxidative biodegradation ofl#® (K,, K3, NP,EC precursors inputs), especially after an
algal bloom. The first-order kinetic approach ugedhis study seems reliable to describe a puncitatk of
biodegradation in the Seine River (constant baaltdsiomass) but does not take into account theabiities

generated by the fluctuation of bacterial biomassorder to clarify the impacts of heterotrophiccteaia on
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nonylphenolic compounds biodegradation, furthedists should focus on coupling the modelling of NBnE
biodegradation and bacterial biomass using biogaoatal models such as ProSe.

In contrast, the non oxidative biodegradation ohEP is not impacted by the heterotrophic bactdi@amnass of
the Seine River since the attenuation rate corstahtNREO do not significantly evolve and the NEO
precursor inputs remain constant between both cgmpaHowever, this result must be considered clyef
according to the lower confidence on {E® concentration profiles (small scale variability 37 % and

concentrations close to the quantification limit).

4.2. Sensitivity analysis

In order to assess the significance of each prooeshe biodegradation pathway, a sensitivity asialyis
performed using an approach “one factor at a tif@FAT) (Félix and Xanthoulis, 2005). Input paramstef
the model are modified by -10 % and +10 % arousdjitimised value one after the other. The efféatazh

modification is analyzed on the outputs by the rseafra sensitivity index (SI, Equation 4).

O O

Test

O

Sl = % Equation 4

Opt

Test

mear

Opt

Where

Sl is the sensitivity index;

lopt is the optimised value of input;

ItestiS the tested value of input (+10 % or -10 %);

I meaniS the mean ofghand kes;

Orestand @ are the outputs respectively related-g &nd by,

Omeanis the mean of Qgand Q.

The sensitivity index weights the impacts of inpatrameters such as attenuation rate constantseourgor
inputs on model outputs (concentrations of 4-NP;BPand NREO at Conflans!sHonorine, Poissy and Triel-
sur-Seine). A positive SI means that input and aistivary in a similar way while a negative SI me#met
inputs and outputs vary inversely. In addition, lingher the absolute value of Sl, the higher theaat of input
parameter on the considered output. The sensitindgxes of nonylphenolic compound concentrationghe

Seine River towards attenuation rate constantg,(Ski', Sk» and Sks) and precursor inputs (&heo Slhpied
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1  are shown in Fig. 6. During this study, an increaisa decrease of the considered inputs give simélsults of

2  sensitivity and hence results are compiled in Fig.6

July 2011 September 2011
4-NP 4-NP
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3

4 Fig. 6 Sensitivity indexes of simulated concentrationd-®{P, NREO and NREC at Conflans-st-Honorine,

5 Poissy and Triel-sur-Seine towards attenuationcatstants and precursor inputs

6

7 Whatever the sampling campaigngsdiy, Sk, and Sk; are negative meaning that an increase of atteuati

8 rate constants leads to a decrease of modellecntatons. As underscored in the Fig.6, the seitgitndexes

9  of biodegradation processes in July and Septenmeena similar confirming that campaigns occur iffedent
10  conditions.

11  In July, high values of &} (varying from -0.8 - to -1.2) and &l (ranging from -0.8 to -1.0) are noticed for

12 NP,EC and 4-NP concentrations. On the contrary, the @lom -0.18 to -0.26) for NfJEO concentrations is
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smaller but still significant. In September, the,Shnd Sk; are smaller (around -0.25 for NFC and 4-NP
concentrations). This observation confirms thatabebic biodegradation process is important ig Gdile its
significance is lower in September. These resubbsroborate the hypothesis of an enhanced aerobic
biodegradation at the end of an algal bloom. A lsimconclusion is highlighted for @liec between July
(SInpiec~ 1) and September (@hec~ 0.2).

Despite a significant role of Xto determine NFEEC concentrations, it has a very limited impact NP
concentrations (biodegradation product), as comdfitrby the Sd, for 4-NP concentrations (0.09 in July and
September). A similar result is noticed forcdiy for NPLEC or 4-NP concentrationss (0.007). As a
conclusion, according to these sensitivity indexegariation of attenuation rate constanisaidd K has a weak
influence on 4-NP concentrations along the simdldatansect and points out the need to extend take sif

modelling (spatial and temporal) to better underdtine impact of biodegradation processes.

5. Conclusions

This study assesses timesitu attenuation rate constants of 4-NP,;E@ and NPEO within surface water in a
heavily urbanized area such as Paris. Based oruplieg between sampling campaigns and hydraulic and
biogeochemical simulations, this study provides firgt real case study of the environmental fatedeXP,
NP,EC and NREO in freshwater. This study is of prime interasts it proves the possibility to simulate the
fate of readily biodegradable pollutants such d@$P4and its precursors within surface water. Basedhe
toxicity of these compounds, the assessment of #miironmental fate is a key issue to understdrair t
persistence and their possible impacts on aquatifiife. Results highlight a strong temporal vailét of rate
constants between July and September campaignde ki rate constants evaluated for July are higjtem

1 d* and NREC precursor inputs higher than 344 ng/L/d, the minstants and precursor inputs assessed for
September are smaller 0.1 d* and precursors inputs 2 ng/L/d) but consistent with the literature. The
variability of rate constants seems to be linkethtoheterotrophic bacterial biomass and highligis the first-
order kinetic approach used in this study is rddigb describe punctual conditions of the SeineeRiwith a
constant bacterial biomass) but not to describectmaplexity of biogeochemical processes at largaerporal
scale. Consequently, the coupling between attemuatite constants and bacterial biomass should dre m
intensively investigated to definitely validate thapact of biogeochemical conditions of surface ewatn

biodegradation of nonylphenolic compounds.
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The sensitivity analysis of the ProSe model poiusthat the aerobic biodegradation processesnapertant
inputs for the ProSe model and reinforces the Hg®is of the large influence of the biogeochentcalditions
of the Seine River. However, this sensitivity aséyalso highlights that biodegradation processesat a key
input for 4-NP fate along the 28 km transect, aathts out the need to lengthen the transect inrdaleonfirm
or contradict this last conclusion at the basinesca

In order to validate the modelling parameter valties attenuation rate constants assessed durthgshmpling
campaigns will be applied to simulate daily of cemcations of 4-NP, NJFEC and NREO for 2010 and
compared to monthly sampling campaigns. To this &fidsampling campaigns were carried out from Faafyru
to December 2010 at Maisons-Laffite, Seine Aval W\Effluent, the Oise River, and Meulan (downstredm
Triel-sur-Seine).

At last, the impact of global changes (global wangnipopulation growth, optimisation of WWTP) on lglai
concentrations will be studied for the middle ahd tate 21 century. This is presented in a companion paper
entitled: “Modelling the fate of nonylphenolic cooynds in the Seine River - part 2: assessing tipadmof

global change on daily concentrations” (Cladiéral.,2013a).
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