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Abstract This research has been conducted over the last 10 years to characterise
the spatio-temporal variability of aquatic organic matter (OM) composition in the
Seine River watershed upstream and downstream of Paris Megacity and its effect
on micro-pollutants. For this purpose, a large number of samples were collected
under different hydrological conditions, and, over 1 year, three representative
sites were monitored monthly. Furthermore, the evolution of the OM composition
along an urbanisation gradient, from upstream to downstream of the Paris agglomeration, was characterised, highlighting the very strong impact of urban discharges,
especially during low-water periods. Substantial differences in the chemical composition are emphasised relative to the urban or natural origin of the organic matter.
Dissolved organic matter (DOM) interactions with metallic and organic micropollutants were studied, allowing us to (1) identify the key role of DOM on their
speciation and bioavailability in aquatic systems and (2) demonstrate that these
interactions depend on DOM composition and origin. The essential role of urban
DOM on the speciation of trace metals in the Seine River downstream of the
Paris agglomeration is also shown.
Keywords Adsorption, Complexation, Dissolved organic matter, EEM
ﬂuorescence spectroscopy, eLTER, Monitoring campaigns, PAHs, Particulate
organic matter, PIREN-Seine, Snapshot campaigns, Trace metals, Water, Zone
Atelier Seine

1 Introduction
In freshwater environments, organic matter (OM), including particulate (POM)
and dissolved (DOM) forms, is a highly complex and dynamic mixture of organic
compounds derived from both natural sources and anthropogenic inputs [1–3]. The
allochthonous (terrestrial plant detritus and soils) or autochthonous (in situ aquatic
production) origin of natural organic matter (NOM) determines its composition and
properties driving microbial processing, carbon cycling and its reactivity in aquatic
ecosystems [4, 5]. NOM is mainly formed by biogeochemical processes such as
photosynthesis, excretion or secretion by organisms, biomass decay or diagenesis
[1]. The concentration and composition of both DOM, including colloidal OM, and
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POM depend on the surrounding watershed and on the hydrological connectivity
between the main channel, backwaters and groundwater, which control the transfer
of terrestrial and aquatic-derived OM in freshwater ecosystems [4]. Despite the
conventional agreement that terrestrial organic carbon is recalcitrant and transported
conservatively along streams and rivers with little contribution to aquatic metabolism, recent studies indicate that it is much less refractory and has a greater
bioavailability than previously thought [4, 6, 7].
OM plays an essential role in shaping aquatic ecosystems [8] because of the
number of processes in which it becomes involved. Whatever its sources, it has
a pivotal role in the autotrophy/heterotrophy balance in river systems, as described
in detail in Garnier et al. [9]. OM is also well known to inﬂuence the speciation,
solubility, toxicity and transport of organic and inorganic pollutants [10, 11]. Furthermore, DOM is also involved in aqueous photochemical reactions, nutrient cycling and
availability [12, 13]. The mechanisms involved in all these processes are strongly
dependent not only on the overall concentration of OM but also on its chemical nature,
physicochemical properties and composition in the aquatic environment. Moreover,
human activities alter ﬂuvial NOM properties with OM inputs from agricultural and
forest practices as well as urban, domestic and industrial sewage [1, 2]. OM is also
a major concern in wastewater and drinking water treatments [14–16], affecting the
efﬁciency of water treatment processes, the colour, odour and taste in water and
resulting in the formation of disinfection by-products [15–17].
Despite their key role in environmental processes, OM composition and reactivity
are still poorly understood. The characterisation of OM and its inﬂuence on the
speciation of pollutants have been investigated, since 2010, in the Seine River
system, as described in this chapter, and contribute to new insights into the role of
OM in freshwater ecosystem functioning, its spatial and seasonal variability and its
interaction with contaminants. This chapter focuses most particularly on the distinction between different OM sources, including urban point sources, interactions with
watershed soils and in-stream processes.
The discharge of wastewater (treated or not) is a signiﬁcant source of organic
matter for the Seine River. A major trend in the trajectory of the Seine River system
over the past 50 years has been the gradual improvement of wastewater treatment
and the reduction in the loading of point sources of contamination to the river.
The long-term trends in water quality and especially the changes in organic pollution
from urban point sources are fully described in the Chapter 8. Globally, the quality
of wastewater treatment has been very strongly and gradually improved since the
1970s [18]. Between 1970 and 1980, the ﬂow of biochemical oxygen demand
(BOD5) discharged into the river decreased from 70,000 tonnes year1 to 45,000
tonnes year1. This ﬂow remains constant until 1995 and then decreases sharply to
reach 20,000 tonnes year1 in 2005 and 10,000 tonnes year1 in 2015. The decrease
occurred later for Kjeldahl nitrogen, i.e. from 30,000 tonnes year1 between 1987
and 2007 to less than 10,000 tonnes year1 since 2007, following the commissioning
of the nitriﬁcation unit at the Seine-Aval wastewater treatment plant (WWTP) [18].
Despite the very signiﬁcant improvement in wastewater treatment and thus in water
quality in the Seine River over the past 50 years, questions still remain on the role
of OM in the transport of nutrients and contaminants from land to sea and on the
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impact of OM characteristics on the ecological status and ecosystem services of the
river. Since the analytical methods for characterising OM and its interaction with
contaminants were not available in the 1970s, when wastewater contamination was
much higher, it is thus not possible to identify any trend regarding how the inﬂuence
of the type of OM on water quality and river system functions has evolved in
comparison to the situation in the 1970s. The studies described in this chapter
nevertheless present the current state of the system and will allow to study in the
future potential changes in OM characteristics and reactivity.

2 Sources and Variability of Organic Matter in the Seine
River Watershed
2.1

Context and Objectives

OM in aquatic systems plays an important role in water quality and biogeochemical
processes [1]. The biogeochemical functioning of the Seine River basin has been
largely studied over the last few decades within the PIREN-Seine multidisciplinary
scientiﬁc programme [19]. The water quality and ecological functioning of the Seine
River watershed have been mainly investigated through material budget approaches
applied to biogenic elements [20, 21] as well as to chemical and microbiological
contaminants [22, 23]. Previous investigations concerning carbon in the Seine River
basin mainly focused on organic carbon ﬂuxes [24], biogeochemical mass balances
(C, N, P, Si) [20], methane emissions [25] or production and respiration [21]. However, not only dissolved organic carbon (DOC) quantity but also its quality reﬂect the
dynamic interaction between OM sources and biogeochemical processes [26] and
are likely to have ecological repercussions [27, 28].
To achieve a better understanding of OM environmental role in aquatic ecosystems, it is essential to improve the knowledge on its physicochemical properties and
composition in the aquatic environment. The main goals of the studies conducted
since 2010 on the biogeochemistry of the Seine River within the PIREN-Seine
programme were to characterise the sources and properties of OM and their spatiotemporal variability in the Seine River watershed.

2.2

Methods for Characterising Organic Matter in River
Water

To assess the variability of OM characteristics from both quantitative and qualitative
points of view, surface water samples were collected in 23 and 39 sites at low water
(November 2011 and September 2012) and 40 sites at ﬂood levels (Fevrier 2013),
from the Seine River, the Oise River, the Marne River and its main tributary the
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Grand Morin River upstream of the Paris urban area and in the Seine River
downstream of Paris urban area and downstream of the largest discharge point of
wastewater occurring through the efﬂuents of the Seine-Aval WWTP at Achères
(Fig. 1).
Monthly monitoring was carried out over a 1-year period upstream and downstream of the Paris agglomeration in order to highlight the impact of the urban
discharges on the DOM of the Seine River in terms of both quality and quantity [29].
There were nine sampling campaigns from October 2010 to September 2011, and
three sites were sampled:
– Ussy-sur-Marne (labelled “Upstream I”; open blue circle on Marne River in
Fig. 1) and Fontaine-le-Port (labelled “Upstream II”; open blue circle on Seine
River upstream Paris in Fig. 1) are located upstream of the conurbation on the
Marne and Seine Rivers, respectively. Due to the low population density in
their catchment, these two sites were chosen as reference sites given that they
were exposed to a low impact from urban discharges.
– Andresy (labelled “Downstream”; open blue circle on Seine River downstream
Paris in Fig. 1) is located downstream of Paris approximately 9 km from the
Seine-Aval WWTP outlet, ensuring a good level of mixing in Seine River water.
This site was selected as being under high urban pressure.

Fig. 1 Location of the different sampling sites in the Seine River and its main tributaries: the Oise
River, the Marne River and the Grand Morin River. Filled circles, snapshot campaigns; open blue
circles, monthly campaigns upstream and downstream from the Paris conurbation
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In addition, more sampling campaigns were carried out in low-water periods
(eight campaigns between 2011 and 2014) and ﬂood in February 2013 to determine
longitudinal proﬁles of particulate organic matter (POC), DOC and biodegradable
DOC (BDOC) concentrations.
The mean discharge observed at the Paris gauging station (Austerlitz) was around
100 m3 s1 for both low-water campaigns. The contribution of the large reservoirs
in the upstream basin regulating the hydrology of the Seine River was about 50%
in August/September 2012 compared to only 20% in November 2011. The highwater campaign occurred in February 2013 with ﬂows amounting to 700 m3 s1 for
the Seine River at Alfortville – the conﬂuence of the Seine and Marne Rivers – with
a contribution of 350 m3 s1 by the Marne River at Gournay, and 280 m3 s1 at Creil
for the Oise River, a downstream tributary of the Seine.
DOM, including colloidal organic matter, and POM were separated immediately
after sampling by ﬁltration on precombusted (450 C) glass ﬁbre ﬁlter (Whatman
GF/F 0.70 μm). As shown in Fig. 2, both DOM and POM fractions could then
be characterised in terms of biodegradability, hydrophobicity and other chemical
properties owing to a wide range of analytical methods.

Fig. 2 Different analytical techniques used for the separation or the characterisation of particulate
(POM) and dissolved (DOM) organic matter
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The organic carbon content was determined by POC and DOC hightemperature combustion measurements, and BDOC was assessed through incubation experiments [30].
Nuclear magnetic resonance (NMR) spectroscopy has been largely used to
investigate NOM structure [31]. To identify the main functional groups of OM
in the Seine River catchment, the solid-state 13C NMR spectra were recorded for
POM isolated on glass ﬁbre ﬁlters after ﬁltration of 3–10 L of surface waters
collected from selected sampling sites during the low water (2012) and ﬂooding
(2013) campaigns.
For selected sampling sites, about 10 L of surface waters collected in low water
(2012) and ﬂooding (2013) periods were fractionated on non-ionic macroporous
DAX-8 and XAD-4 resins so as to separate DOM into different fractions according
to polarity criteria. The hydrophobic (HPO), transphilic (TPI) and hydrophilic (HPI)
fractions were thus isolated according to a protocol described elsewhere [29].
The application of optical properties as a proxy for DOM composition and
reactivity in aquatic environments has been extensively applied [28]. To
gain information on its origin, dynamics and degree of transformation, UV/visible
absorbance and excitation emission matrix (EEM) ﬂuorescence spectroscopy
combined with parallel factor analysis (PARAFAC) were used to characterise
DOM in the Seine River watershed [32]. UV/visible absorbance spectroscopy
was used to determine DOM properties at natural pH. The spectral slope ratio
SR (SR ¼ S275–295 nm/S350–400 nm) was used to estimate the variation of the molecular
weight of DOM; the molecular weight decreases when SR increases [33]. The
speciﬁc UV absorbance at 254 nm (SUVA254) is strongly correlated with the
hydrophobic organic acid fraction of DOM and is a useful proxy for DOM aromatic
content and molecular weight [34]. Information on the origin and the transformation
degree of DOM can be obtained through the calculation of the humiﬁcation index
(HIX) [35] and the biological index (BIX) [36].

2.3

Sources and Spatio-Temporal Variability of OM
in the Seine River Basin

For the three snapshot campaigns, DOC concentrations were not signiﬁcantly
different among the Seine, Marne and Oise subbasins, whether it was in low or
high waters (about 3 mgC L1), with, however, slightly higher values observed
for the Oise subbasin. For the Seine River, DOC concentrations were higher
downstream of Paris, and this increase of DOC amounts between the upstream and
downstream of the Paris conurbation was more pronounced at low water. The
biodegradable fraction (BDOC), however, differed by a factor >4 (28% vs. 6% in
low water vs. high water, respectively). The Oise River was clearly distinguished
by its higher POC content in suspended solids during the high ﬂow in February
2013, much higher than the values of the other subbasins.
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The HPO, TPI and HPI fractions were isolated, according to DOM polarity, from
14 surface water samples collected in the low-water period in 2012 and 17 during
ﬂooding in 2013. At low-water period, the proportion of DOC in the different
fractions showed little variation between sampling sites with the HPO, TPI and
HPI fractions averaging 31%, 27% and 42% of DOC, respectively. The HPI
proportion was slightly higher in the subbasins of the Marne River and the Seine
River, however. These results point out the higher presence of fresh autochthonous
DOM at this low-water period. During ﬂooding, the distribution of DOC was also
homogenous between the three fractions, with 43%, 29% and 28% for the HPO, TPI
and HPI fractions, respectively. A strong increase of the hydrophobic fraction
(+40%) and a decrease of the hydrophilic fraction highlighted greater terrestrial
inputs for this hydrological condition.
The structural characterisation of POM was investigated by 13C NMR analysis of
a few selected samples, representative of the whole Seine River watershed. The
analysis of the 13C NMR spectra demonstrated great spatial variability of POM
characteristics. Samples from the Oise River and the upstream Seine River collected
in 2012, during a low-water period, were characterised by fresh OM, mainly polysaccharides, with also a high terrestrial contribution revealed by the presence of
lignin. Spectra of samples collected in the upstream Oise River and in the Seine
River downstream of Paris at the same period showed a decrease of aliphatic carbon
and carbohydrate signals with a relative increase of the aromatic carbon signal,
highlighting the presence of more humiﬁed organic material. Except for one location
in the upstream Oise River, differences were observed between spectra recorded for
all sampling sites in low-water and ﬂood conditions. During ﬂooding, POM for
samples in the Oise River and the upstream Seine River exhibited more aromatic
characteristics, while fresh material was observed in the upstream Oise River, in
contrast to results for the low-water stage. For the two samples in the Oise River and
the upstream Seine River, the lower freshness character of OM observed with a
higher DOC content could suggest an input of OM from groundwater. Conversely,
soil surface leaching could explain the presence of more recent OM and higher DOC
levels for the upstream Oise River sample. A high spatial and temporal variability of
POM characteristics depending on hydrological connectivity and conditions was
thus highlighted by 13C NMR analysis.
The optical properties of DOM were determined, after ﬁltration, for all surface
water samples collected during the three snapshot campaigns.
The highest values of SR were observed for samples collected from the Marne
River in low-water periods (2011 and 2012), reﬂecting the presence of lower
molecular weight OM in this area, whereas we noted, for all the sampling sites
in 2013 (ﬂooding), the lowest SR values, corresponding to higher-molecular-weight
OM. Three of the four samples collected from the Grand Morin River in 2011
were also characterised by organic components of high molecular weight (HMW;
low SR values) as in the 2013 ﬂood. As for the samples of the Seine River in 2012,
they were characterised by low-molecular-weight (LMW) DOM and especially
upstream of Paris [32].
It is considered that natural waters with high SUVA254 values (4 L mg1C m1)
have relatively high contents of hydrophobic, aromatic and high-molecular-
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weight DOM, whereas waters with SUVA254 values 2–3 L mg1C m1 contain a
mixture of hydrophobic and hydrophilic DOM from various sources with a range of
molecular weights. The highest SUVA254 value was determined for one sample from
the Oise River in 2011 (5.3 L mg1C m1), reﬂecting a relatively high content of
complex heterogeneous macromolecular organic compounds rich in aromatics,
while DOM in all other samples exhibited lower SUVA254 values (1.0–3.8 L mg1C m1), implying a wide range of DOM characteristics and molecular
weights [32].
All surface waters were then analysed using EEM ﬂuorescence spectroscopy
as previously described [36, 37]. Spatial and temporal variations of DOM quality
were highlighted according to hydrological conditions [32]. The higher concentrations of ﬂuorescent materials were found for waters collected in 2011 (low water)
in comparison to those sampled in 2012 (low water) and in 2013 (ﬂooding). The
HIX [35] and BIX [36] indices were calculated to gain information on DOM origin
and transformation. The highest HIX values, corresponding to aromatic and mature
organic material, were observed in the Oise basin with maxima in the forest
zones (20). A relatively high biological activity (BIX > 0.6) characterised all
the samples, the highest values (BIX > 0.75) being observed for the Seine River in
2011 and 2012 and in the Marne River basin in 2012. The ﬂood period (2013) was
characterised by high HIX values (mainly  10), while the lowest values were
observed during the low-water stage (2012), mainly associated with high BIX
values, indicating a strong biological activity for these samples [32].
A seven-component model was determined by PARAFAC analysis, explaining
99.8% of the total data set (102 surface water samples) variability [32]. The EEM
spectra contour plots of the seven components are given Fig. 3 (top). The seven
components determined showed similarities, with peaks identiﬁed in previous
studies and related in the literature [32]. Components 4, 5, 6 and 7 were related
to biological activity, while components 1, 2 and 3 to aromatic and mature terrestrial
material (C1 and C2 being mainly linked to aromaticity).
The distributions of these components within the different subbasins and
according to the sampling periods are given in Fig. 3 (bottom). Three types of OM
were distinguished, the Seine River sub-catchment being mainly characterised by
the strongest biological activity, the Oise River subbasin by more terrestrial signatures (even more pronounced for samples taken from forest areas) and a part of
the Marne River basin by a third speciﬁc type of OM, with a higher contribution
of component 7 in particular.
The highest biological signature determined in the Seine River was for samples
collected downstream from Paris, pointing out the impact of urban discharges on
DOM properties [32]. Moreover, mature DOM of terrestrial origin characterised the
samples collected during the ﬂood, while samples collected in the Seine River
and the Marne River subbasins during low-water periods (2011 and 2012) were
composed of constituents derived from biological activity. However, at low water,
a terrestrial signature still described the Oise River sub-catchment. Furthermore,
during the ﬂood period, a similar distribution of the seven components was observed
for all the samples, whatever the river subbasin, demonstrating a predominant source
of terrigenous DOM in the entire watershed.
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Fig. 3 (Top) EEM contour plots of the seven components identiﬁed by PARAFAC C1, C2 and C3,
from terrestrial origin, humiﬁcation process; C4–C7, from biological activity, autochthonous
biological/microbial origin. (Bottom) Distribution of the components horizontally, river basin,
and vertically, sampling period (2011 and 2012 low water, 2013 high water). Fluorescence
intensities in Raman units

Both qualitative and quantitative variations of DOM were thus related to hydrological conditions (ﬂood, low water) and speciﬁc geographical locations. The
results obtained with the various DOM characterisation tools used in this study are

Aquatic Organic Matter in the Seine Basin: Sources, Spatio-Temporal. . .

Terrestrial-derived
DOM

Oise (HW)
Marne (HW)
Seine dowstream Paris (HW)
Seine upstream Paris (HW)
Oise (LW)
Marne (LW)
Seine upstream Paris (LW)
Seine downstream Paris (LW)

Recently microbially produced DOM

Fig. 4 Origin of DOM in the various watersheds at high water (HW) and low water
(LW) according to the different DOM characterisation tools used in this study

consistent and highlight that, overall, during high water, DOM presents a greater
contribution of DOM from terrigenous origin, especially for Oise River. In
low-water periods, the proportion of DOM from terrestrial origin is signiﬁcantly
lower with a higher relative contribution of recently microbially produced dissolved
organic matter, which seems to indicate a recent production of autochthonous
DOM and/or a contribution from efﬂuent DOM (EfDOM) especially in the Seine
River downstream Paris (Fig. 4). At low water, greater differences in the properties
of DOM were observed between the three river subbasins.

2.4

Impact of the Paris Conurbation Discharges on DOM
Quantity and Quality in the Seine River

Monthly monitoring was carried out over a 1-year period upstream (Upstream I and
II sites) and downstream (“Downstream” site) of the Paris agglomeration in order to
highlight the impact of the urban discharges on the DOM of the Seine River in terms
of both quality and quantity. The water quality parameters measured are presented
elsewhere [38]. Throughout the campaign, DOC concentrations at the Upstream I
and II sites are very close and follow the same trend: they range from 1.5 to
3.3 mgC L1, and in both cases, the maximum DOC value is reached during the
high-water period in November and January and is correlated with the ﬂow increase.
This suggests that this OM originates in part from runoff on the soil and/or erosion
from the degrading litter, which is abundant at this period on the banks.
At the downstream site, DOC concentrations were higher than those observed
upstream of the agglomeration and varied between 2.5 and 4.5 mgC L1. This is
most likely due to urban discharges from the urban area. It can be highlighted
that the DOC concentration differences between downstream and upstream sites
are related to river ﬂow and therefore to the dilution of Paris metropolitan area
WWTP discharges (23 m3 s1 for SIAAP stations). During the high-ﬂow period
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(950 m3 s1), the DOC increase at the downstream site compared to the upstream
sites was less than 0.5 mgC L1, while it reached 1.5 mgC L1 during periods of low
water (100–200 m3 s1). These values are fully consistent with DOC concentrations
in the range of 10–15 mgC L1 in treated efﬂuent from the Seine-Aval WWTP.
Regarding the DOC distribution between HPI, TPI and HPO fractions at
upstream and downstream sites, a high temporal variability can be observed. Indeed,
the hydrophobic fraction (HPO) exceeded 60% in November when soil runoff and
leaching started again and then decreased during winter ﬂoods (45% of the DOC).
The lowest values, less than 30%, were observed during low-water periods due to
autochthonous production as well as the lower terrigenous input. The spatial variability between the upstream and downstream sites is quite clear: the HPI fraction
accounts for about 50% of DOC in low water (between March and September 2011)
at the downstream site and only around 40% at upstream sites. This increase of the
HPI fraction at the downstream site is probably due to efﬂuent dissolved organic
matter (EfDOM) from WWTPs.
From these data, instantaneous DOC ﬂuxes and DOC ﬂux distribution according
to the HPO, TPI and HPI fractions were determined. For each sampling campaign,
the DOC ﬂux increased across the Paris conurbation, but the higher increase was
noted during low-water periods (from March to September): the DOC ﬂux increase
was on average 100%, 140% for the HPI fraction and 75% for both HPO and TPI
fractions. This means that in the receiving environment downstream of the agglomeration, during low-water periods, 50% of the DOC came from EfDOM, and this
proportion reached nearly 60% for HPI DOC.
This increase in DOC ﬂux through the Paris conurbation area was greater during
low-water periods due to the lower dilution of EfDOM. This ﬂux increase was
particularly high for the HPI fraction, which is fully consistent with the distribution
of DOC observed in EfDOM [29]. These results therefore demonstrate that, even
with the very signiﬁcant improvement in wastewater treatment over the past
50 years, EfDOM of the Paris conurbation remains a very important DOM source
for the Seine River. It has a very strong impact on DOM present downstream, both
in terms of quantity and quality, causing a signiﬁcant increase in hydrophilicity
downstream of the agglomeration.

3 Inﬂuence of Organic Matter on the Fate
of Micro-pollutants and the Role Played by Urban
Organic Matter
3.1

Context

In receiving waters, DOM is a key component of both trace metal speciation [10] and
bioavailability [11, 39]. Many studies have highlighted the trace metal-binding
ability of DOM in surface waters [10, 11, 40], yet the majority of published works
generally concern either the DOM collected from surface waters not affected by

Aquatic Organic Matter in the Seine Basin: Sources, Spatio-Temporal. . .

urbanisation or humic substances (HS), as isolated from natural waters. HS represent
the hydrophobic acid fraction of DOM [41] and typically constitute 40–60% of DOC
in most natural surface waters [42–44]. However, in rivers under strong urban
pressure such as the Seine River in the Paris conurbation, the proportion of the
HPO fraction of DOM decreases as a result of various urban discharges, and the HPI
fraction can increase to 50% of DOC, as was shown in the previous section.
At the beginning of this study, very little information focusing speciﬁcally on
trace metal binding by HPI DOM in freshwater was available in the literature, most
likely due to the difﬁculty of its isolation and puriﬁcation. The aim of this study was
to determine trace metal-binding parameters of EfDOM from WWTPs, most particularly its HPI fraction, in order to improve the knowledge of metal speciation and
bioavailability within aquatic systems under strong urban pressure.
The study of metal complexation by EfDOM and by DOM from receiving water
under high urban pressure was conducted in two phases. In the ﬁrst phase, DOM was
fractionated according to its polarity into HPO, TPI and HPI fractions [45, 46].
In this ﬁrst phase, lead, mercury and zinc [47–49] complexation by the different
DOM fractions was studied. Unfortunately, this very time-consuming method can
only be applied to a small number of samples, which makes it difﬁcult to characterise
DOM spatio-temporal variability in receiving waters.
For this reason, in the second phase, we decided to no longer fractionate DOM so
that the complexing properties of the urban DOM could be investigated for a larger
number of samples and then the DOM spatio-temporal variability taken into account.
Only copper complexation was studied [29, 38] in this second phase, focusing on the
role of EfDOM from WWTPs in copper speciation and bioavailability in receiving
waters across the Paris conurbation.
Furthermore, DOM can play an important role in the sorption/desorption of
pollutants on suspended solids in aquatic environments. Indeed, there may be
(1) competition between DOM and pollutants for adsorption on the particle surface
[50], (2) DOM can also clog the particles pores and thus limit pollutant adsorption
[51–53], (3) by adsorbing on particles, DOM can modulate their pollutant binding
ability [54] and (4) DOM can also bind pollutants and therefore maintain them in
solution or, on the other hand, make it easier for them to adsorb as they are associated
with DOM [55, 56]. These interactions may depend on the quality of the DOM.
EfDOM and DOM of terrigenous origin could therefore have a different effect on
the pollutant sorption onto particles. In this study [57], the effect of EfDOM or fulvic
acid onto adsorption of PAHs and trace metals was studied.

3.2
3.2.1

Material and Methods
Sampling Points

To collect EfDOM, seven campaigns were conducted at the Seine-Aval WWTP
(see Fig. 1), which collected, in 2012, over 70% of dry weather ﬂows from the Paris
conurbation (six million inhabitants). These efﬂuents accounted for more than 80%
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of the efﬂuent dissolved organic carbon discharged into the Seine River from the
entire conurbation, thus offering highly representative samples. Treatment consisted
of primary settling for suspended solid removal, aerobic activated sludge for carbon
removal and bioﬁlters for nitrogen removal (nitriﬁcation and denitriﬁcation).
To characterise the spatial evolution of DOM trace metal complexation
parameters in receiving waters throughout the Paris conurbation, three sampling
sites (labelled Downstream and Upstream I and II) were selected (see Sect. 2.2 and
Fig. 1). Five sampling campaigns were carried out at these three sites during both
the high-ﬂow period (November 2010 to January 2011) and low-ﬂow period (March
2011, June 2011 and September 2011).
A standard fulvic acid (Suwannee River Fulvic Acid, SRFA 2S101F), purchased
from the International Humic Substances Society, was used as a “natural organic
matter” reference for follow-up investigations relative to DOM inﬂuence on copper
bioavailability and pollutant adsorption onto particles.

3.2.2

Experimental Procedures

Experimental procedures concerning (1) sample treatment; (2) characterisation of
copper-, lead-, zinc- and mercury-binding abilities; and (3) characterisation of DOM
inﬂuence on copper bioavailability as well as the methodology used for trace metal
speciation modelling are given in several publications [29, 38, 47–49].
Concerning the inﬂuence of the DOM type on pollutant adsorption, experimental
procedures are described elsewhere [57]. Brieﬂy, EfDOM or SRFA (10 mgC L–1)
and particles (0–5,000 mg L1 of montmorillonite, goethite or quartz) were mixed
for 72 h. Seven metals (Cd, Co, Cu, Ni, Pb, V and Zn) as well as As were then added,
and the whole was left in equilibrium for 72 h. Trace metal concentrations were
around 1 μmol L1 except for cadmium (0.1 μmol L1). Tubes were centrifuged at a
relative centrifugal ﬁeld of 4,000  g for 60 min. Supernatant solutions were ﬁltered
through a 0.45-μm polypropylene ﬁlter, and the total dissolved metal concentration
was determined by ICP-AES in order to deduce the proportion of adsorbed metals.
Another aliquot was ﬁltered through a chelating disc (Chelex 100®) to distinguish
between labile complexes (mainly mineral) and inert complexes (mainly organic)
[58]. The control was processed without DOM.
Adsorption of six PAHs – pyrene (Pyr), benzo[a]anthracene (B[a]A), chrysene
(Chry), benzo[b]ﬂuoranthene (B[b]F), benzo[k]ﬂuoranthene (B[k]F) and benzo[a]
pyrene (B[a]P) – were studied with the same procedure.

3.3
3.3.1

Characterisation of DOM Trace Metal-Binding Ability
Binding Site Modal Distribution

For the sake of simplicity, in the bimodal distribution of binding site stability
constants, the modal distribution with a lower stability constant was labelled “L1”,
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and the modal distribution with the higher stability constant was labelled “L2”. L1
sites could correspond to carboxylic-type groups and L2 sites to phenolic-type
groups, although the reality is much more complex [59].
For copper and lead complexation by DOM from receiving waters, the trace metal
complexation was modelled with a bimodal distribution, in accordance with the
literature [60]. Whereas for their complexation by EfDOM, a trimodal binding site
distribution proved to be more suitable [29, 47]. In the case of copper, there is a very
high-afﬁnity site type (L3), in addition to the typical low- (L1) and high-afﬁnity sites
(L2). For lead, this is a third modal distribution corresponding to sites with an
intermediate stability constant between stability constants of low- and high-afﬁnity
sites. This third family of binding sites could be associated with proteinic structures,
amines and amide groups present in the hydrophilic fraction of EfDOM [61].
Some of these binding sites might also be associated with amino polycarboxylates,
phosphonates and hydroxycarboxylates [62].
In contrast, for zinc, a bimodal distribution was suitable for all DOM fractions
including EfDOM, whereas for mercury only one site type was obtained for all
DOM fractions. This single site is usually associated with reduced N (amide, amine)
and especially S (thiol) groups of proteinic structures and, to a lesser extent, with
carboxylic groups.

3.3.2

Me-DOM Stability Constants and Binding Site Density

In the case of copper complexation at pH 8, for the ﬁve campaigns in receiving
waters and seven campaigns for EfDOM, the conditional stability constants
ranged from 107.3 M1 to 107.9 M1 for low-afﬁnity sites (L1) and from
1010.2 M1 to 1011.2 M1 for high-afﬁnity sites (L2), and no signiﬁcant difference
was found across the various sampling points; moreover, no temporal variations
in stability constant were observed.
The L1 copper-binding site density values were similar between upstream sites in
receiving waters (1 mol of binding sites per kg of organic carbon) and higher than
for EfDOM (0.5 mol kg1). The L2 binding site density values were lower than for
L1 binding sites with equivalent values for receiving waters and EfDOM, ranging
from 0.1 to 0.3 mol kg1. EfDOM presented by far the lowest (L1/L2) ratio, with an
average value, equal to 2.7, much smaller than those obtained for receiving water
DOM, whose average ratio varied between 7.3 and 7.9. In the case of lead, the L1/L2
ratio value was 7.3 for receiving waters and reached only 0.7 for the EfDOM
fractions. Even more than in the case of copper, a higher presence of high-afﬁnity
binding sites was noted in EfDOM fractions compared to receiving water DOM.
The total lead-binding site density was much higher for the HPI EfDOM fraction
compared to other EfDOM and downstream fractions.
In the case of very high-afﬁnity (L3) copper-binding sites that were highlighted
only for EfDOM, conditional stability constants ranged from 1012.2 M1 to
1013.6 M1. The L3 site density (mean, 5.7  102 mol kg1) was less than L2
and L1 densities; it amounted to between 25% and 33% of the L2 density. The L3
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binding site concentration was slightly less than 106 mol L1 in Seine-Aval WWTP
efﬂuent. Even if it was lower than those of L1 and L2 sites, it was environmentally
relevant given that trace metal concentrations in receiving waters were considerably
lower, ranging from 1010 to 107 mol L1.
For zinc, there was not a very-high-afﬁnity site but, regardless of the sampling
site (receiving waters or EfDOM), the HPI fraction could systematically be
characterised by higher stability constants (K1 and K2) and a lower L1/L2 ratio
compared to the other fractions [49].
Regarding mercury, stability constants for EfDOM fractions (1025.2 M1) were
signiﬁcantly higher than for the SRFA standard (1022.8 M1) but roughly equal to
those observed for the Upstream I site DOM fractions (1024.6 M1) [48]. In both
cases, no signiﬁcant differences were observed depending on the different fractions.
Furthermore, it has been shown that stability constants are positively correlated with
total organic N and S. N- and S-enriched organic materials, such as EfDOM, had
stronger Hg-complexing ligands [48].
Overall, these results highlight the strong binding capacity of EfDOM. The high
binding ability of EfDOM and especially its HPI fraction could be explained by their
nitrogen and sulphur group contents [47–49]. It could be noted that EfDOM revealed
a high trace metal-binding ability despite its low aromaticity, as indicated by its low
SUVA [29].

3.4

Contribution of EfDOM from Seine-Aval WWTP
to the Copper-Binding Site Flux in the Seine River
Downstream of Paris

During the low-water period, the copper-binding site molar concentrations in the
Seine River evolved signiﬁcantly from upstream to downstream of Paris, with an
increase of 173% for L1 sites and 157% for L2 sites [29]. This increase was probably
due to EfDOM discharges in the receiving waters. L1 and L2 site concentrations
in EfDOM were, respectively, three times and ten times higher than in upstream
waters [29]. Based on the experiments carried out in the Piren-Seine programme,
the contribution of EfDOM from the Seine-Aval WWTP to the binding site ﬂuxes
in receiving water downstream of the Paris conurbation was assessed [29].
The ratio of binding sites originating from EfDOM to total binding sites measured
downstream of Paris was calculated as described in [29]. This instantaneous ﬂux
ratio was calculated for all sampling dates (Fig. 5).
During high-ﬂow periods, the contribution of EfDOM from the WWTP SeineAval to the total binding site concentration at the downstream site was around 5%
and 23%, respectively, for low-afﬁnity (L1) and high-afﬁnity (L2 + L3) sites. Due to
the lower EfDOM dilution, during the low-ﬂow period, these averaged values were
two to ﬁve times higher, i.e. reaching 19% and 58%, respectively. Downstream of
Paris, during the low-water period, the largest proportion of high-afﬁnity binding
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Fig. 3 in Ref. [29]

% Flux of L2 + L3
Seine flow m³/sec
1200
1000
800
600
400
200
0

flow (m³/sec)

% flux

EfDOM

100
80
60
40
20
0

sites stems from EfDOM; the other smaller portion originates from upstream of
Paris. Downstream of Paris, the percentages of high-afﬁnity binding sites (L2 + L3)
originating from EfDOM are much greater than those of low-afﬁnity binding sites
(L1), which underscores the strong impact, especially during low-ﬂow periods, of
urban discharges on the high-afﬁnity binding site concentration downstream of
Paris.

3.5

Modelling of Trace Metal Speciation in the Seine River
Upstream and Downstream of the Paris Conurbation

To assess the environmental implications relative to the strong metal-binding ability
of EfDOM, metal speciation was computed in the Seine River upstream and
downstream of the Seine-Aval WWTP discharge point. Binding parameters experimentally determined in works carried out within the Piren-Seine programme
[29, 47–49] were used to conduct the computation. The competition of metal with
other trace metals or major elements for DOM complexation was not taken into
account. The pH was either set at 8, which is the known pH value for the Seine River,
or 6.8, which accounts for the DOM-induced pH value in Hg-DOM stability
constant assessment tests. The complete methodology for modelling is presented
elsewhere [29, 47–49].
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In the case of Hg, the distribution of dissolved Hg among the three different DOM
fractions was calculated in receiving waters at the Upstream I site, in EfDOM and
in receiving waters considering different dilution factors (α) of EfDOM in the
Seine River (Table 1).
The Hg-DOM from Upstream I consisted of 94% Hg-HPO, 5% Hg-TPI and 0.7%
Hg-HPI. For EfDOM, these percentages were 25% Hg-HPO, 22% Hg-TPI and 53%
Hg-HPI. After dilution of EfDOM in Upstream I water, the [Hg-DOM]EfDOM:
[Hg-DOM]Upstream I ratio values decreased from 19 down to 2.3 and 0.8, respectively, for a dilution of 4, 25 and 80, respectively. As regards the [Hg-HPI]EfDOM:
[Hg-HPO] Upstream I, ratios were 10, 1.4 and 0.4. The contribution of urban ligands to
[Hg-DOM] of mixed EfDOM and Upstream I waters decreased from 95%, 70%
down to 43%, respectively.
For other trace metals, we obtained the same type of results. For copper, inorganic
copper and free copper were both more abundant upstream of Paris, where free
copper exceeded the downstream value by a factor of 2–4 [29]. This result was
probably due to the higher complexing afﬁnity of DOM downstream of Paris,
as previously highlighted.
In the case of zinc, downstream of Paris, at the low-water period and therefore
low EfDOM dilution, roughly 49–94% of total zinc was bound to the EfDOM
HPI fraction, mainly through L2 sites at 10 and 1 μg L1 total dissolved zinc
concentration, respectively. EfDOM and especially the HPI fraction therefore
controlled zinc speciation in the Seine downstream of Paris to a large extent. It
can be highlighted that the presence of EfDOM downstream of Paris decreases
the percentage of free zinc by a factor ranging from 1.8 at [Zn]total ¼ 10 μg L1 to
12 at [Zn]total ¼ 1 μg L1.

Table 1 Modelled dissolved Hg partition between Upstream I site DOM and EfDOM considering
different dilution factors of EfDOM in the Seine River

Type of
DOM
Upstream I
site DOM

EfDOM

DOM fraction and
total contribution
HPO
TPI
HPI
Total
HPO
TPI
HPI
Total

Dissolved Hg distribution among DOM fractions and
DOM types under various water dilution conditions
α ¼ 25
α ¼ 80
α ¼ 1 (prior
α ¼ 4 (low (mean
(high
to dilution)
waters)
dilution)
waters)
94  7
51
28  2
54  4
51
0.3  0.2
1.0  0.7
31
0.7  0.5
<0.1
0.2  0.1
0.4  0.2
100
52
30  3
57  6
25  3
24  2
18  1
11  1
22  2
20  1
15  1
91
53  4
51  3
38  3
23  2
100
95  7
70  6
43  5

Data were obtained using laboratory conditions with experimentally determined stability constants
and binding site density values
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Concerning lead, the results highlighted that between 82% and 90% of Pb is
bound to the EfDOM HPI fraction, overcoming by a wide margin the complexation
to the river HPO fraction (humic substances) [47].
Despite the uncertainties, it has been demonstrated in this work that dissolved
organic matter contained in WWTP-treated efﬂuents and particularly its hydrophilic
fraction, due to their very high complexing properties, can control a large proportion
of the dissolved trace metal speciation downstream of the Paris conurbation, particularly in low-water periods because of low EfDOM dilution.

3.6

Evaluation of the Role of DOM on Copper Bioavailability
Toxicity to Daphnia magna

The median effective concentration (EC50) values are the toxic concentration for
50% of a population of Daphnia magna. They are expressed in total dissolved
copper concentration (EC50tot) for each DOM studied and for the inorganic matrix
(Fig. 6). Compared with tests conducted in the inorganic matrix, the EC50tot values
were systematically higher in the presence of DOM. By binding copper, DOM
actually reduced its bioavailability and therefore caused an EC50 increase to
higher concentrations. This outcome was very consistent with the literature, which
describes the role of organic matter in reducing the toxicity of metals [63–67].
Statistically signiﬁcant differences (by a factor of 2) in EC50tot, depending on
the type of DOM, were observed. DOM originating upstream of Paris displayed
signiﬁcant differences with the lower EC50tot value for Upstream II when compared
to Upstream I. The Upstream I value was comparable to those obtained for the
Suwannee River Fulvic Acid (SRFA) and for downstream site. A slightly higher
EC50tot was found for EfDOM, which conﬁrms the inﬂuence of EfDOM in reducing
copper toxicity [29, 39]. As opposed to what has been observed in natural waters
[65], no positive correlation could be derived either between EC50tot and SUVA of
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Fig. 6 EC50 expressed in dissolved total copper concentrations, for each DOM studied, SRFA and
the inorganic matrix. Figure reproduced from Fig. 4 in Ref. [29]
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DOM, which acts as a good proxy for DOM aromaticity, or between EC50tot and the
DOM aromaticity percentage [29, 49]. The highest EC50tot values, however, were
observed for EfDOM with very low aromaticity and a low UV absorbance. Compared to DOM from Upstream I and II, EfDOM and Downstream DOM presented
higher densities of high-afﬁnity binding sites (L2) and even very high-afﬁnity
binding sites (L3) for EfDOM, which may be responsible for the greater protective
role played by these DOM samples.
Logically, given the strong afﬁnity of EfDOM for copper, these results prove
that EfDOM has a considerable inﬂuence on copper toxicity on Daphnia magna
with a slightly greater protecting effect than both SRFA and DOM from upstream
of Paris.

3.7

Effect of EfDOM on Trace Metal Sorption by Mineral
Particles in Aquatic Systems Subjected to Strong Urban
Pressure

The results obtained showed that in many cases trace metal adsorption onto montmorillonite (MMT) and goethite was strongly modiﬁed by DOM compared to the
control without DOM [57]. In the case of adsorption onto MMT, there was no
inﬂuence of the DOM type on copper adsorption, with a 65% decrease with both
EfDOM and SRFA. The adsorption decrease for Zn was 17% with SRFA and
reached 60% with EfDOM. Given the very large increase of inert complexes in
the dissolved fraction (+200%) with EfDOM compared to SRFA, it would appear
that the substantial Zn adsorption decrease with EfDOM is due to maintaining Zn in
solution by complexation with EfDOM. As for Zn, Cd was weakly adsorbed on
MMT in the presence of EfDOM due to its retention in solution as inert complexes
with EfDOM.
In the case of adsorption onto goethite, the Cd adsorption with SFRA was higher
compared to the control (+162%), while it was lower in the presence of EfDOM
(20%). Zn showed a similar behaviour, while for As, adsorption was lower with
DOM, especially with EfDOM (65%). For Cu and Ni, adsorption with SRFA was
similar to that of the control, while it decreased by 54% and 77%, respectively, with
EfDOM. For Cd, Ni and Zn, the sorption decrease is probably due to maintaining
in solution by complexation with EfDOM.

3.8

Effect of EfDOM on PAH Adsorption by Mineral
Particles in Aquatic Systems Subjected to Strong Urban
Pressure

Adsorption of six PAHs, pyrene (Pyr), benzo[a]anthracene (B[a]A), chrysene
(Chry), benzo[b]ﬂuoranthene (B[b]F), benzo[k]ﬂuoranthene (B[k]F) and benzo[a]
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Fig. 7 Adsorption of PAH (250 ng L1) classiﬁed from lowest to highest molecular weight onto
quartz (500 mg L1) in ultrapure water and with EfDOM (10 mgC L1) or SRFA (10 mgC L1).
Figure reproduced from Fig. 75 in Ref. [57]

pyrene (B[a]P) onto MMT, goethite and quartz were studied in ultrapure water and
with SRFA or EfDOM [57].
In ultrapure water, the adsorption of PAH onto MMT is higher than for other
particles in the order MMT > goethite > quartz. With DOM, the adsorption varied
according to the nature of DOM, the mineral phase and the properties of the PAHs
(Fig. 7).
Concerning MMT, PAH adsorption was lower with DOM, especially in the
presence of SRFA (25% to 70%) compared to EfDOM (10 to 50%).
For goethite, the presence of SRFA mainly reduced the adsorption of light PAHs
(Pyr and B[a]A) by about 60%, while the absorption decrease is only about 20% for
heavier PAHs (Chry, B[b]F, B[k]F, B[a]P). With EfDOM, the adsorption decrease
is about 40–70% regardless of PAH molecular weight.
For quartz, unlike goethite and MMT, adsorption increased as DOM increased.
The very low PAH adsorption in ultrapure water was increased by about 50% for B
[b]F and pyrene to a factor of 5 for Chry and B[k]F. The differences in PAH
adsorption on quartz depending on the type of DOM were not statistically signiﬁcant, and therefore the sorption increase did not seem to depend here on the DOM
quality.

4 Conclusions and Perspectives
The spatio-temporal variability of aquatic OM composition in the Seine River
watershed upstream and downstream of Paris Megacity and its effect on micropollutant speciation and fate have been widely studied, especially since 2010, within
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the PIREN-Seine programme. Both qualitative and quantitative variations of DOM
have been related to hydrological conditions and speciﬁc geographical locations.
Furthermore, it has been demonstrated that EfDOM of the Paris conurbation, despite
the very signiﬁcant improvement in wastewater treatment over the past 50 years,
had a very strong impact on DOM present downstream, both in terms of quantity
and quality, causing a signiﬁcant increase in hydrophilicity downstream of the
agglomeration.
With regard to speciation and bioavailability of dissolved metals, these studies
have demonstrated the strong trace metal-binding ability of EfDOM in spite of its
low aromaticity. The remarkably high binding ability of EfDOM and especially of
its HPI fraction could be explained by its proteinic nature as well as high nitrogen
and sulphur group contents. Through modelling, it has been demonstrated that
EfDOM, due to their very high complexing properties, can control, to a large degree,
the dissolved trace metal speciation downstream of the Paris conurbation, particularly in low-water periods because of low EfDOM dilution. These results also
highlight that the trace metal speciation computation in surface water subjected
to important urban discharges should include not only the humic and/or fulvic part
of DOM but also other more hydrophilic fractions as depicted by EfDOM. Logically,
given the strong afﬁnity of EfDOM for trace metals, these studies have pointed out
that EfDOM had a high inﬂuence on copper toxicity to Daphnia magna, with a
slightly greater protective effect than one fulvic acid standard and DOM from
the upstream Paris conurbation. Much research is still needed, however, in order
to fully understand how the shape and molecular structures constitutive of EfDOM
molecules favour the interactions between binding moieties and metallic pollutants.
With regard to pollutant-suspended particle interactions, our results highlight
that in many cases trace metal and PAH adsorption onto particles was strongly
modiﬁed in presence of DOM. Furthermore, the DOM inﬂuence on pollutant
adsorption depends on the DOM type. Hence, in addition to playing a central role
in dissolved metal speciation, EfDOM could also inﬂuence the pollutant transport in
aquatic systems as well as their transfers among aquatic compartments.
The combination of all these results indicates that it is essential to take into
account the great spatio-temporal variability of DOM properties to investigate
water quality and river system functioning. It also highlights that hydrophilic organic
matter from major WWTPs could play an important role in the biogeochemical cycle
of pollutants within aquatic systems under strong urban pressure.
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