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Abstract

The determination of fluxes and isotope compositions of Fe transported from continents to the ocean is essential for under-
standing global surface Fe cycle and its effect on oceanic biological productivity. Contrasting to non-polluted rivers, Fe iso-
tope composition in rivers strongly affected by human activities is poorly constrained. In this contribution, we present the first
Fe isotope data in suspended particulate matter (SPM) and dissolved load of the human-impacted Seine River (France). Iron
concentrations and isotope compositions, together with major and trace element concentrations, were measured for two sam-
ple sets: (1) a geographic transect along the river from headwater to estuary, and (2) a temporal series of samples collected in
Paris from 2004 to 2007. In the Seine River, Fe is mostly carried by SPM (average 99% of the total Fe) rather than dissolved
load. The high Fe enrichment factor (1.40, relative to natural fluvial pre-historical and headwater sediments) and strong cor-
relation between SPM Fe and Zn concentrations (> = 0.70, n = 30) demonstrate a strong anthropogenic Fe input. The Fe
isotope compositions in SPM show a very small range (8°°Fe from —0.05%, to 0.09%,) in spite of the large variations of
Fe concentrations (from 1.78 to 4.17 wt.%) and are comparable to anthropogenic samples, suggesting that anthropogenic
sources have similar Fe isotope composition to that of the natural background. In contrast, larger variations of Fe isotope
compositions observed in the dissolved load (from —0.609, to 0.06%,,) than that of SPM may provide a more promising means
for tracing anthropogenic contributions to natural river systems. The §°°Fe and §°°Zn values of the dissolved loads are pos-
itively correlated (12 = 0.62, n = 8), indicating a mixing between anthropogenic and natural end-members, enriched in light
and heavy Fe isotopes respectively. Correlation between dissolved 5°°Fe and DOC/Fe ratio (i.e. dissolved organic carbon/dis-
solved Fe concentrations) suggests that dissolved Fe of natural origin is mainly associated with organic colloids. The Fe com-
pounds with low DOC/Fe ratio and 8°°Fe values may correspond to anthropogenically-derived Fe-oxyhydroxide or sulfide
colloids. Our study clearly demonstrates that polluted rivers transport an anthropogenic surplus flux of Fe that can be traced
by coupling Fe and Zn isotopes. This surplus flux will fertilize the ocean and increase the primary productivity of phytoplank-
ton, and thus may ultimately impact the global carbon cycle.
© 2013 Elsevier Ltd. All rights reserved.
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(Morel and Price, 2003). Changes in the supply of Fe to the
ocean may lead to climate change by affecting biological
productivity and alter rates of carbon sequestration
(Martin, 1990; Anbar and Knoll, 2002; Blain et al., 2007).
It is thus crucial to precisely determine the variations of
Fe fluxes to the ocean in modern environment and assess
its effect on primary productivity. The fluxes of Fe delivered
to the ocean can potentially be traced using Fe isotopes and
derive mainly from hydrothermal systems, atmospheric
dust, and continental weathering products transferred by
rivers (Beard et al., 2003; Fantle and DePaolo, 2004). The
flux of diagenetic Fe released from marine sediments is
probably also significant (Severmann et al., 2010). Indeed,
Fe(Il) produced from Fe(Ill) reduction during burial
processes in marine sediments diffuses back to the water
column either as dissolved Fe(Il) or organic colloids. This
benthic Fe flux is usually enriched in light isotopes
relative to the mean Fe isotopic composition of sediments
(Severmann et al., 2006; Staubwasser et al., 2006; Homoky
et al., 2009), but locally, enrichment in heavy Fe isotopes of
porewaters can be produced, for instance by precipitation
of Fe sulfides that incorporate preferentially light isotopes
(Butler et al., 2005; Roy et al., 2012).

The Fe isotope budget of particulate and dissolved
loads transported by rivers to the ocean is still in its in-
fancy and is poorly constrained (Fantle and DePaolo,
2004; Bergquist and Boyle, 2006; Ingri et al., 2006;
Escoube et al., 2009; Song et al., 2011). In their pioneer work,
Fantle and DePaolo (2004) analyzed several rivers from
Western United States and Canada, spanning a range of
Fe concentration and weathering regimes. They observed
that riverine particles generally had &°°Fe values near
0.07%,, similar to igneous rocks and the continental crust
(Poitrasson, 2006). In contrast, dilute streams had negative
5°°Fe values down to ~—1%,, suggesting that dissolved
riverine Fe was characterized by light isotopes. Iron iso-
tope studies of the Amazon River reported overall large
8%°Fe variation (Bergquist and Boyle, 2006; dos Santos
Pinheiro et al., 2013). Identical 5°°Fe values of about
—0.2 +0.1%, was found by Bergquist and Boyle (2006)
for both dissolved and suspended loads of two main chan-
nel samples, while relatively high §°°Fe values were found
for the dissolved load (+0.30%,) of an organic-rich tribu-
tary compared to the associated suspended load
(—0.90%,). Overall, the bulk 8°°Fe value (—0.30%,) of this
organic-rich river was similar to other tributaries
(Bergquist and Boyle, 2006). However, dos Santos
Pinheiro et al. (2013) reported 8°°Fe values of about
0.07%, for suspended particles in the Amazon River and
its major tributaries, with lower value (—0.209,,) only for
the Negro river SPM. Iron isotope composition in the
suspended fraction of a boreal river suggested that Fe
was carried by two main phases as Fe-oxyhydroxides
and Fe bound to organic carbon, being respectively
enriched in heavy and light isotopes (Ingri et al., 2006).
This interpretation was recently challenged by a detailed
study of boreal and temperate organic-rich waters, treated
by cascade filtration and ultrafiltration, showing that
Fe-poor, C-rich colloids were enriched in heavy Fe isotopes
relative to Fe-rich, C-poor colloids (Ilina et al., 2013).

Studies on soil formation and continental weathering
are also essential for determining the range of 8°°Fe values
of the Fe products released and transferred to the ocean
through rivers (Brantley et al., 2001, 2004; Emmanuel
et al., 2005; Thompson et al., 2007; Guelke et al., 2010;
Yesavage et al., 2012). By coupling experiments and natural
observations on soil, previous studies showed that the frac-
tion of exchangeable Fe was generally enriched in light iso-
topes relative to Fe-oxyhydroxides or silicate-rich
substrates (Brantley et al., 2001, 2004; Guelke et al.,
2010). This light isotope signature of the exchangeable Fe
in soils was likely the result of complex interplays among
ferric iron reduction by micro-organisms (Beard and John-
son, 1999; Crosby et al., 2005; Johnson and Beard, 2005),
adsorption of isotopically heavy ferrous iron on soil miner-
als (Icopini et al., 2004; Dideriksen et al., 2008), and forma-
tion of Fe-rich organic ligands (Brantley et al., 2004; Ingri
et al., 2006).

To date, all previous studies of Fe isotope systematics
focused only on non-polluted rivers, while none of them at-
tempted to characterize the impact of human activities. In
the present contribution, Fe isotope compositions were
determined in both suspended particulate matters (SPM,
n=31) and dissolved load (n=9) of samples from the
Seine River (France) in order to assess the potential of Fe
isotope for tracing anthropic contamination. Two series
of samples were analyzed: (1) a geographic transect along
the Seine River from headwater to estuary, in order to as-
sess variations above the natural background and thus
identify contamination by human activity and (2) a
monthly sampling in Paris between 2004 and 2007, moni-
toring temporal variations associated with low-and high
water stages. Additionally, several samples from potential
anthropogenic sources and headland bedrocks were also
analyzed. This study builds on our previous works on Zn
isotopes for both dissolved and suspended loads, which
showed a large impact of human activities on Zn geochem-
ical cycling (Chen et al., 2008, 2009a). Since the particulate
phase is the overwhelming carrier of riverine Fe transported
into the ocean, we focus mainly on Fe isotopic composition
of the Seine SPM. In this paper, Fe isotope composition of
SPM is coupled with major and trace element concentra-
tions, organic carbon content, and Zn isotope composition
to better determine the natural vs. anthropogenic contribu-
tions of Fe to the Seine River. Results show that particulate
Fe derived from anthropogenic sources is isotopically
undistinguishable from natural contributions, while the dis-
solved Fe displays relatively large variation of 8°°Fe values,
demonstrating stronger potential of Fe isotopes in the dis-
solved load for tracing Fe sources and chemical reactions
in river systems.

2. SAMPLES

The Seine River (France) is one of the most human-im-
pacted rivers in Europe, with high concentrations of metals
(Zn, Cu, Pb, Ni, Cd, etc.) in both dissolved and suspended
loads compared to large rivers worldwide (Gaillardet et al.,
2005; Meybeck et al., 2007; Thévenot et al., 2007; Chen
et al., 2008, 2009a). The Seine basin (Fig. 1) displays two
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Fig. 1. Map of the Seine basin and sampling locations. Sampling description is detailed in the main text (Section 2).

important characteristics: a relatively simple carbonate-
dominated lithology and an increasing anthropogenic
impact from the headland towards the estuary. The whole
basin drains a surface area of 79,000 km? and is mostly
covered by carbonate-clay rocks (Jurassic limestones,
Cretaceous marls and chalks, and Tertiary argillaceous
limestones and marls), except for the southern part
(Morvan area, 2000 km?) where Hercynian gneissic,
granitic and rhyolitic rocks are found (Roy et al., 1999;
Chen et al., 2009a). The Seine River basin is intensely
cultivated. Industrial activities are concentrated mostly in
Paris conurbation and downstream from Paris. Only the
headwater streams of the Yonne, the Seine and the Aube
rivers drain relatively pristine forested areas. About 16 mil-
lion people live in the Seine River basin (average 215 people
per km?), with a strong gradient of population density:
from 10 persons per km? in the headwater regions to
about 5000 persons per km? in Paris area (Chetelat and
Gaillardet, 2005; Meybeck et al., 2007).

The long-term mean water discharge of the Seine River
is about 260 m>/s at Paris and average suspended sediment
concentration is estimated to be 44 mg/L, which is low in
comparison to the world average of ~100 mg/L (Roy
et al., 1999; Gaillardet et al., 2005). In summer, the concen-
tration of suspended sediments decreases, but can reach
>150 mg/L during floods. The main source of SPM in the

Seine River is from the sedimentary terrains (loess and flu-
vial deposits) of Jurassic and Tertiary age that cover the
Seine basin (Roy et al., 1999; Chen et al., 2009a). The geo-
chemistry of SPM shows high degrees of chemical depletion
for the most soluble elements (i.e. Na, K and Mg) and sug-
gests that they are derived from materials that have experi-
enced one or more cycles of weathering and deposition
(Roy et al., 1999; Chen et al., 2009a). The major element
chemical composition of the Seine SPM is thus typical of
platform shaly-carbonates, while trace metals such as Zn,
Cu, Pb have relatively high concentrations compared to
the natural background, due to anthropogenic inputs
(Roy et al., 1999; Thévenot et al., 2007; Chen et al., 2008,
2009a; Priadi et al., 2012).

Two series of samples were collected in the Seine basin
between May 2004 and March 2007 for Fe isotope mea-
surement (Fig. 1). The time series was sampled monthly
or bimonthly near the IPGP Campus in Paris at different
hydrological stages (water discharge ranging from 100 to
1100 m?/s). The second set of samples was collected along
a geographical transect of the Seine River basin from the
headwaters to the estuary, during the flood of February
22nd, 2006, and includes samples from tributaries (Aube,
Yonne, Loing, Marne, Oise, and Eure Rivers). In an at-
tempt to identify natural and anthropogenic sources of Fe
input to the Seine River, complementary samples were also
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analyzed, including a limestone of Cretaceous Chalk forma-
tion (from Provins) and a granite (from Morvan region)
supposed to be representative of the Seine basin headland,
and urban anthropogenic samples consisting of a roof run-
off (RF5), a roadway runoff (RD1), an untreated sewage
water (SW1) and two plant-treated wastewaters (PTWW1
and 2) collected in Paris Conurbation (Fig. 1).

3. METHODS

All vials (en Teflon for Zn separation and en PP for
water sampling) were conditioned with ultra-pure distilled
HNO; and rinsed with MilliQ H,O just before their use.
River samples were collected with an acid-cleaned 2 L PP
sampler, 1.5 m below the water surface (Chen et al., 2008,
2009a.b). Fifteen liters of water were collected in a clean
plastic container in order to obtain the required mass
(>50 mg) of SPM for chemical and Fe and Zn (Chen
et al., 2009a) isotopic analyses. Samples were immediately
filtered with 0.2 pm membrane filters (polysulfone ether,
diameter 142 mm). Three 60 ml bottles were filled with
filtrated sample, one 60 ml bottle was kept non-acidified
for anions determination by HPLC, while the others were
acidified to pH 2 with ultra-pure HNO3, for major (HPLC
and ICP-AES) and trace (ICP-MS) element analysis. The
particulate phases were isolated by collecting SPM both
deposited on filters and settled at the bottom of the
container. We ensured that the recovery of SPM were close
to 100% by comparing the collected particulate mass to the
quantity obtained from independently filtering waters
(250 ml to 1 L) with a smaller filtration unit (47 mm filter
diameter).

A set of SPM samples were analyzed for major and trace
element concentrations at the Service d’Analyse des Roches
et des Minéraux (SARM) in Nancy, France, while others
were measured at IPGP. SPM samples were dried at
60 °C and crushed in an agate mortar. Approximately
30 mg of powdered SPM were dissolved in a mixture of
concentrated ultra-pure HNO3; and HF (0.5ml 16 M
HNO; and 0.5 ml distilled 27 M HF) for ~12 h at 120 °C.
After evaporation at 90 °C, the residue was digested twice,
with first 1 ml 16 M HNOj5 and then 0.6 ml 0.9 M H;BO;
mixed with 0.15ml 16 M HNOs;. The final residue was dis-
solved in 2 ml distilled 6 M HCI for chemical purification
and an aliquot dissolved in 2% HNOj; for major and trace
element concentration measurement by ICP-OES (Induc-
tively Coupled Plasma—-Optical Emission Spectrometry,
Thermo Fischer ICap 6500) and ICP-MS (Inductively Cou-
pled Plasma Mass Spectrometry, Agilent 7700X), respec-
tively. Analytical quality of trace element measurement
was controlled by internal standard addition (In and Re)
and regular international geo-standard (i.e. SLRS4) mea-
surements. The precision for concentrations of most trace
elements was generally better than 5%. After carbonate re-
moval by HCI digestion, the concentration of particulate
organic carbon (POC) was measured by EA (Carlo-Erba
NA-1500NC), when sufficient SPM was available (Chen
et al., 2009a). First-order mineralogy of the Seine River
SPM was investigated using X-ray Diffraction (XRD,
UltraX 18HF Rigaku) and Scanning Electron Microprobe

(SEM, XIGMA, GEMINI). Iron concentrations of filtrated
water samples were measured either by ICP-OES or MC-
ICP-MS (Multiple Collector ICP-MS, Neptune) after evap-
oration and purification (for Fe isotope analysis, see below)
with a precision better than 8%. Dissolved organic carbon
(DOC) was measured on TOC-Vcsy (Shimadzu) for dis-
solved load.

Iron in SPM samples was extracted by anion-exchange
chromatography according to a new chemical procedure
(Chen et al., 2009a) based on the method of Marechal
et al. (1999) and is only summarized in the following part.
Digested SPM samples (in 1 ml 6 M HCI) were loaded onto
the column filled with 1.6 ml AG MP-1 resin. After rinsing
the matrix with 10 ml 6 M HCI and eluting Cu with 20 ml
6 M HCI, Fe was collected in 10 ml 2 M HCI. The addition
of 10 ml 0.5 M HNOs allowed for the collection of Zn. The
final Fe fraction was evaporated and re-dissolved in 0.3 M
HNOj; for MC-ICP-MS measurement. The whole separa-
tion procedure led to Fe yields close to 100% for most sam-
ples, checked by comparison with Fe concentrations
measured previously by ICP-MS. The total Fe procedural
blank (SPM digestion and ion-exchange separation) was
about 30 ng. This blank contribution had no significant
influence on Fe isotopic measurements as the typical sample
size was ~10 ug of Fe. In order to test the accuracy of this
method, 4 SPM samples were also processed using anion-
exchange chromatography (AG1-X8 resin), following the
protocol developed by Dauphas et al. (2004). Both methods
gave identical results (Table 1). The Fe isotopic composi-
tion of dissolved loads was measured in 9 samples (six tran-
sect samples and three samples in Paris) after evaporation
and Fe purification similar to SPM.

Iron isotope analyses were performed on a Neptune
(Thermo Scientific) MC-ICP-MS at the Laboratoire de
Géochimie et Cosmochimie, IPGP. Iron isotopes were mea-
sured simultaneously at masses 54, 56, 57 and 58. The con-
tributions of Cr and Ni on masses 54 and 58 were
monitored and corrected for using ion intensities measured
at masses 53 and 60, respectively. Iron isotopes were fully
resolved from argide interferences (mainly “°Ar'¥NT,
OALI0T, OALI0OHT and “Ar'f0T interfering at m/z 54,
56, 57 and 58) using the high-resolution mode (Weyer
and Schwieters, 2003; Dauphas and Rouxel, 2006). Sample
solutions were nebulized and introduced into the plasma
using the ESI Apex-HF desolvating apparatus. Iron iso-
topes were measured in 0.3 M HNO; at a concentration
of ~0.6 ppm Fe that gave a signal intensity on the mass
56 between 10 and 15 volts. Instrumental mass discrimina-
tion was corrected for using the conventional sample-
standard bracketing (SSB) approach (Belshaw et al., 2000;
Beard et al., 2003; Rouxel et al., 2003; Albaréde and Beard,
2004). The SSB method was shown to give results as accu-
rate and precise as Cu-doping method for correction of
instrumental mass bias during Fe isotope measurement
(Schoenberg and von Blanckenburg, 2005; Dauphas et al.,
2009). The *°Fe/**Fe and *’Fe/>*Fe ratios were expressed
in the usual § notation in per mil (%) as:

856Fe = L(56F6/54Fe)samplc/(56F6/54Fe)standard - IJ % 1000
(1)
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Table 1

Iron isotope composition (8°°Fe) of 4 SPM samples measured after chromatography purification using AG MP-1 resin (this study) and AG1-

X8 resin (method described in Dauphas et al., 2004).

SPM sample S12 S14 RF1 PTWW2
AG MP-1 —0.054+0.06 —0.07 £ 0.07 0.17 +0.07 0.16 +0.04
AG 1-X8 —0.06 +0.04 —0.01 £ 0.06 0.14 £ 0.05 0.13 +£0.05

The analytical uncertainty on 8°°Fe values represents external error expressed as 2 standard deviations (2SD); see the text for samples

description.

5"Fe = | (""Fe/*Fe) g/ ("Fe/*Fe) 1] x 1000

©

where the standard is IRMM-014, a pure synthetic Fe metal
from the Institute for Reference Materials and Measure-
ments (Taylor et al., 1992). The accuracy and analytical
precision were evaluated from the long-term analysis of
three geo-standards (IF-G, a 3.8 Ga old Banded Iron For-
mation (BIF) from Isua, Greenland; BCR-2, a basalt from
Columbia River, Portland, Oregon; AC-E, a granite from
Ailsa Craig Island, SW Scotland). Mean §°°Fe values of
IF-G (102 analyses of 23 solutions), BCR-2 (59 analyses
of 10 solutions) and AC-E (29 analyses of 5 solutions) were
respectively 0.64 +0.059,, 0.08 + 0.06%,, and
0.34 4+ 0.059%, (2 Standard Deviation, 2SD), in good agree-
ment with available data for these geo-standards (e.g.
0.64 +0.05%,, 0.09 + 0.05%, and 0.32 + 0.05%,, Dauphas
and Rouxel, 2006; Busigny and Dauphas, 2007; Dauphas
et al., 2009; Craddock and Dauphas, 2011). Accordingly,
the precision is better than 0.06%, for 5°°Fe and 0.12%,
for 8°’Fe (2 SD) for most samples. Since §°°Fe and §°'Fe
data plot on a single mass-dependent fractionation line
(r? = 0.95), only 8°°Fe values are discussed in this study.

standard ~

4. RESULTS
4.1. General characteristics of the Seine River SPM

The water discharge varies from 26 to 807 m*/s for the
transect samples of the Seine River collected during the
flood of February 22nd, 2006 and shows a clear increase
with the distance from the Seine headwater to estuary
(Table 2, and Chen et al., 2009a). The SPM content increases
also downstream, from 17 mg/L for S29 to 122 mg/L for
S37 at Meulan, with an exception for the near estuary
sample S38 that has a SPM content of 57 mg/L (Fig. 2a),
probably due to the coagulation effect caused by high salin-
ity (Escoube et al., 2009). The samples collected in Paris
over 3 years have water discharge ranging from 100 to
1013 m>/s, with an average value of 380 m>/s. In the follow-
ing, waters collected in Paris with a discharge lower than
this threshold is thus named low water samples, and vice
versa. The concentration of SPM displays also a large var-
iation, between 2 and 151 mg/L (average value of 37 mg/L),
correlated to the water discharge (n = 40, ?=0.61, see
Supplementary Fig. S1). Low water samples in Paris have
relatively low SPM contents (from 2 to 33 mg/L) compared
to high water samples.

The mineralogy of suspended sediments in the Seine
River is characterized by high content of carbonates

(20-30%), occurring generally as relative large (i.e.
>10 pm) crystals (Chen, 2008). Other mineral phases are
essentially clay minerals (i.e. kaolinite, 25-40%) and quartz
(20-40%). Organic matter and feldspars represent minor
phases (<10%) and are usually present as fine particles
(<10 um). The proportion of sulfide mineral is low (<5%,
Chen, 2008; Chen et al., 2009a). In general, the contents
of carbonates and kaolinites increase with the water dis-
charge. Samples of low water stage (mainly collected in
summer) and downstream samples contain a relatively large
amount of organic matter.

The concentration of POC varies from 27 to 75 mg/g for
the basin-transect samples and shows an increase with the
distance from the Seine spring, except for the two headwa-
ter samples S29 and S31 (Table 2). In Paris, POC content
varies from 36 to 71mg/g (with an average of
55 + 12 mg/g) and shows a clear decrease with increasing
water discharge (y = —0.03x+69.86, r*=0.74, n=11,
see Chen et al., 2009a). The high POC concentration in
low water samples probably results from the presence of
micro-algae such as diatoms (Chen et al., 2008). In general,
anthropogenic samples also have high POC contents, up to
195 mg/g (Table 3; see also Chen et al., 2009a).

The granulometric mode is another interesting parame-
ter allowing to describe the grain size distribution and the
mineralogical nature of suspended sediments, while depend-
ing strongly upon the hydrodynamics of the river (Chen
et al., 2009a; Bouchez et al., 2011). The distribution mode
Dy, (size below which 90% of the grains were found in a gi-
ven sample) varies between 61 and 93 pm for basin-transect
samples and displays a clear increase downstream (Fig. 2a).
The temporal samples collected in Paris showed similar Dg,
variation (from 60 to 94 pm) and decreases with the water
discharge (Chen, 2008). Suspended sediments with finer
grain particles usually had lower carbonate contents and
thus lower Ca/Al ratio. This provides an index of the rela-
tive abundance of clay minerals (fine grains) compared to
carbonates (coarse grains) (Chen et al., 2009a).

4.2. Geochemical variations of the basin-transect samples

The concentrations of Na, Mg, Al, and K in SPM in-
crease with the distance to the Seine spring for basin-
transect samples, while Ca concentration decreases
downstream to the estuary (Table 2). Iron concentration
in SPM varies from 1.8 to 4.2 wt.% (respectively for sam-
ples S29 and S38) and displays an increase downstream
along the basin-transect (Fig. 2b). Trace metals such as
Cu, Zn, Pb and Ni that are readily impacted by human
activities (Thévenot et al., 2007), show also similar
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Table 2
Iron isotope compositions, element concentrations and organic matter contents in SPM and dissolved load of the Seine River.
Discharge> SPM" POC’ Dy 556F65PM Naspm Mgspm Al*SPM Kspm CakSPM Fespm Zn*SPM DOC BSGFeDissolved Fepissolved
(m/s) mg/L mg/g pm 9%, wt.% wt.%  wt% wt% wt% wt% ppm ppm %, pmol/L
Samples of temporal series in Paris
S1 23-12:04 413 53.6 94 0044008 0.20 048 513 130 156 301 235 45 0.25
S2 21-01-05 336 6.3 0.03+0.08 0.16 052 550 124 136 315 244 39
S3 25-01-05 535 69.2 0.16 047 544 132 122 3.09 193 4.6 0.06
S4  27-01-05 436 814 57.1 80 0.03 + 0.06 0.17 0.48 6.00 144 103 3.28 171 5.1
S5 29-01-05 404 454 0.17 0.51 6.47 1.57 9.2 349 205 5.1
S6  31-01-05 311 4.7 0.14 049 598 140 105 330 197 5.5
S7  14-02-05 486 30.9 0.19 0.47 5.10 1.26 128 292 222 4.2
S8 17-02-05 543 83 73 0.18 0.60 635 157 102 362 156 54 0.11
S9  20-02-05 542 734 422 718 0.04 +0.06 0.18 0.52 5.02 1.30  13.1 3.05 135 54  —021+0.02 0.13
S10 22-02-05 483 60 0.18 048 455 122 144 277 130 5.6 0.03
S11  24-02-05 461 433 0.21 0.49 4.29 1.18 152 2.62 154 4.4
S12 08-04-05 251 8.9 _0.05+0.02 0.18 048 413 103 125 252 235 8.0
S13 29-04-05 316 8.1 0.16 052 498 119 121 296 229 47
S14  19-05-05 222 10.6 —0.02+0.06 0.16 0.51 4.57 1.09 12.7 2.80 248 3.8 0.11
S15 25-05-05 180 5.5 0.01 +0.02 0.16 0.55 4.92 .13 129 295 251 32
S16 23-06-05 100 1.8 0.04 +£0.08 0.17 0.59 4.86 1.10 123 3.05 378 3.7
S17 11-07-05 179 21 444 109
S18 25-07-05 119 14 58.3 0.03+0.10 0.19 0.65 5.19 121 138 328 452 9.4
S19 26-08-05 143 13.8 594 0.02 +0.06 0.17 069 481 1.0 138  3.09 403 34 0.02
S20 17-09-05 183 10.8 57.5 0.06 + 0.08 0.18 0.64 4.55 1.06 13.0 297 358 59 0.04
S21 03-10-05 167 39 0.03+0.12 0.16 0.59 4.45 1.01 122 2.86 356 6.3 0.11
S22 09-11-05 118 3.75 5.6 0.06
S23  29-11-05 122 32 0.03+0.14 0.16 0.55 4.30 096 11.8 292 415 32
S24 22-12-05 125 44 714 0.07 +0.12 0.16 0.57 5.54 1.18 9.9 356 330 2.5 —0.60+0.04 0.14
S25 24-01-06 226 6.6 70.6 0.05 4+ 0.06 0.18 0.49 4.66 098 10.5 2.80 291 29  _—0.524+0.04 0.08
S26 17-02-06 368 244 430 3.1
S27 20-02-06 601 151 484 66 0.09 4+ 0.08 0.12 0.51 6.15 1.25 102 3.41 243 43 0.09
S41 01-03-06 321 32.8 245 3.7
S42  10-03-06 785 110 82 0.06 = 0.08 0.15 0.50 5.53 1.19 128 3.09 223 39 0.03
S43  14-03-06 1,013 108 35.7 0.07 +0.06 0.13 0.45 5.36 1.11 3.10 195 5.0
S44  20-03-06 730 36 0.06 +£0.08 0.11 0.46 4.70 1.07 14.0 2.78 181 3.7 0.13
S45 31-03-06 775 46.4 0.09 + 0.08 0.14 0.49 4.98 1.16 12.7 295 217 4.8
S46 11-04-06 503 18 213 39 0.01
S47 15-05-06 379 11 0.05+0.12 0.25 0.63 4.23 1.03 131 2.80 300 3.6
S48 21-06-06 104 3.7 6.4 0.08
S63  13-10-06 294 338 291 5.6 0.09
S64 07-03-07 800 828 413 60 0.04 +£0.06 0.17 0.55 6.12 142 119 3.60 244 0.02
S65 10-05-04 372 30.2 638 86 0.03 +0.06 0.17 0.46 3.84 092 11.8 226 290 43 0.09
Geographical transect of the sampling cruise of 22 Feb. 2006
S28 S@Source(0”) 22
S29 S@Bruncey(29) 25.5 17.2  56.1 0.09 4 0.03 0.09 0.27 2.80 0.67 1.78 94 23 0.02
S30 S@Bar(98) 67.2 31.7 75 0.03 + 0.03 0.06 0.34 2.89 0.69 22.0 1.98 123 24
S31  Aube(188) 49 86 26.7 0.07 +0.03 0.11 0.54 5.73 1.19 15.0 3.29 116 7.2 0.00 4 0.04 0.09
S32 S@Chatre(178) 31.7 62.8 353 o6l 0.08 +0.02 0.17 0.51 6.01 1.18 14.1 3.35 168 54 _—0.10+0.07 0.07
S33 S@Noyen(286) 96 102 29.5 61 0.05 4+ 0.05 0.12 0.55 6.42 1.2 14.01 3.66 152 7.1 —0.19+0.06 0.09
S34 Yonne 257 109 71 0.16 0.56 6.87 1.6 8.51 3.85 236 53
S35 S@Fontaine(351) 400 106 449 0.05 4+ 0.03 0.17 0.55 6.83 14 9.60 3.78 227 5.8 0.00 + 0.04 0.08
S36 Oise 203 259 68 0.26 0.68 5.02 1.3 8.77 3.68 207 8.0
S37 S@Meulun(514) 701 122 419 170 0.00 4 0.03 0.22 0.70 5.98 14 9.21 3.87 263 7.1 —043+0.04 0.11
$38 S@laBouille(689) 807 568 499 79 _0.01+0.04 0.38 072 611 13 417 323 58 0254008 0.09
S39 Eure 27.1 47.6 93 330 4.5
S40 Marne 157 116 61 0.17 0.68 5.19 1.2 13.62  3.27 162 4.2

SPM, suspended particulate matter; Dissolved, dissolved load of the Seine River; POC, particulate organic carbon; DOC, dissolved organic
carbon; Dy, the granulometric distribution mode, below which 90% of the grains were found in a given sample; Fe isotope analytical

uncertainties correspond to external errors expressed as 2 standard deviation (2SD).

# The distance to the Seine spring.
" Data from Chen et al. (2009a).

downstream increase, thus correlating with Fe concentra-
tion in SPM (Table 2). Iron isotope composition in SPM

of basin-transect samples slightly decreases downstream
from headwater to estuary, with 8°°Fe values ranging from
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Fig. 2. Geographical variations of (a) SPM content and grain size
distribution (D), (b) Fe concentration and isotopic composition
in SPM, and (c) Fe concentration and 8°°Fe in dissolved load for
basin-transect samples collected during the flood of February 22nd,
2006. Error bars are 2 standard deviations for 8°*Fe measurements.

0.09%, to 0.00%, and averaging 0.05%, (Fig. 2b; Table 2).
This small range of variation for 8°°Fe is consistent with
the values reported for terrestrial clays and detrital silicate

minerals (Beard et al., 2003; Poitrasson and Freydier, 2005;
Dauphas and Rouxel, 2006).

In contrast, the dissolved load of the basin-transect sam-
ples displays larger 8°°Fe variation (from —0.44%, to
0.06%,, Fig. 2c and Table 2), with the lowest values found
near the estuary.

4.3. Temporal variations of samples in Paris

Particulate Fe (from 2.2 to 3.6 wt.%) and other major
elements such as Na, Mg, Al, K and Ca in SPM of temporal
series in Paris have similar concentration ranges as those of
the basin-transect samples (Table 2). All samples, including
the temporal series and basin-transect, show positive linear
correlations between Fe/Ca molar ratio (here Ca normali-
zation was used to eliminate carbonate dilution effect)
and Na/Ca, Mg/Ca, K/Ca or Al/Ca ratios (Fig. 3). How-
ever, the plot of Fe/Al molar ratio vs. Ca concentration
for temporal SPM samples shows an interesting trend: de-
spite the carbonate dilution effect (parallel dispersion with
the X-axis), the high water samples display a correlation be-
tween Fe/Al and Ca concentration (Fig. 4). This relation-
ship can be probably explained by natural mixing of clay
minerals with high Al content and heavy Fe-bearing miner-
als. The presence of heavy Fe-contained particles can be
also confirmed by correlations between Fe (or Fe/Al ratio)
and elements that are generally contained in heavy minerals
such as Th, Cr and rare earth elements (Chen et al., 2009a).
By contrast, SPM samples from low water stage in Paris do
not follow this relationship and instead define a different
trend (Fig. 4). These low water samples are thus character-
ized, at a given carbonate content, by much higher Fe
enrichment compared to the high water stage sediments.
Unlike major elements that do not display any correlation
with the water discharge, concentrations of trace elements
such as Cu, Zn, Pb and Ni decrease with increasing water
discharge (Chen et al., 2009a). The 5°°Fe values of the Seine
River SPM in Paris vary from —0.07%, to 0.09%, for the 3-
year sampling period. Thus, the total 8°°Fe variation ob-
served in the temporal series is almost twice that of the geo-
graphical variation on the Seine basin-transect. Like Fe
concentration, 8>°Fe values do not display any correlation
with water discharge. For the whole set of samples collected

Table 3

Iron concentrations and isotope compositions in headland rocks and SPM of anthropogenic samples.

Sample Location SPM POC 53Fe Fe
mg/L mg/g %o wt.%

Headland bedrocks

Chalk Provins 29 0.24 £ 0.08 0.9

Granite Morvan 30 0.17 +0.06 1.2

Potential anthropogenic samples

RF5 Roof streaming 113 0.16 £ 0.04 1.8

RDI1 Road streaming 235 —0.00 + 0.06 1.7

SW1 Noisy-le-Grand 336 —0.01 4+ 0.08 0.1

PTWWI Noisy-le-Grand 49 263 0.00 £ 0.08 0.4

PTWW2 Acheres 28 195 0.154+0.04 10.6

SPM, suspended particulate matter; POC, particulate organic carbon; analytical uncertainties on 8°°Fe values are external errors expressed as
2 standard deviation (2SD).
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Fig. 3. Relationships between the molar ratios of Fe/Ca and Na/Ca (a), K/Ca (b), Mg/Ca (c) and Al/Ca (d) for geographical transect SPM
samples (squares) of the Seine basin, and temporal samples collected during flood (dark-grey points) and low water period (orange points) in
Paris. The headland chalk (hexagon) is also showed in the figures for comparison. These correlations demonstrate that Fe is mainly carried by
clay minerals since Al, K, Mg and Na are their main constituents. Dashed lines represent the error ellipse on the fit of data points at 95%
confidence level. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

both in Paris and the Seine basin, 5°°Fe values of the sus-
pended sediments display a poor correlation with Al/Fe
molar ratio (Fig. 5a) and 8°°Zn values (Fig. 5b) reported
in Chen et al. (2009a).

Compared with the SPM, the dissolved load shows rela-
tively lower 8°°Fe, with values of —0.21%,, —0.52%, and
—0.609%, for the high water sample S9, and the low water
samples S24 and S25, respectively (Table 2).

4.4. Bedrocks and anthropogenic samples

The headland chalk and granite have Fe concentrations
of 0.87 and 1.14 wt.%, respectively (Table 3). Compared
with the Seine SPM, their 8°°Fe values are relatively high,
being +0.249,, and +0.179, for chalk and granite, respec-
tively. SPM of potential anthropogenic samples have Fe
contents varying from 0.09 to 10.57 wt.%, with an average
value of 2.91 wt.%, higher than that of the bedrocks (aver-
age ~1.01 wt.%, Table 3). These samples have 5°°Fe values
from —0.019, to +0.149/,, similar to the range of the Seine
SPM (from —0.05%, to +0.09%,, Table 3).

5. DISCUSSION

5.1. Distribution of iron between particulate and dissolved
loads

In the Seine River, Fe is contained in both dissolved and
particulate loads. The fractions of particulate and dissolved
Fe (Fepu % and Feyi %) relative to total Fe were calculated
for each sample as follow:

Feparl% =1- Fediss%

= [SPM] x Cgpy/([SPM] x Cgpy + Cii,) 3)
CFe

where [SPM], Ciiy, and C&. represent the SPM content
(mg/L), Fe concentrations in SPM (pg/mg) and dissolved
loads (pg/L), respectively. The fraction of dissolved Fe cal-
culated using Eq. (3) is between 0.04% and 5.22% of the to-
tal Fe, and averages 0.89% (n =27, Table 2). Suspended
particulate matter (SPM) contains between 94.78% and
99.96% of the total Fe, with an average of 99.11%
(n = 24). The small variations of the distribution of Fe be-
tween these two phases are related to water discharge, and
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Fig. 4. Relationship between Fe/Al molar ratio and Ca concen-
tration in SPM. In addition to the carbonate dilution effect, the
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@ Flood samples in Paris ) Low water samples in Paris [[] Basin transect samples

a o.is
0.10
2 005
.
&
% 0.00
Lel
-0.05 y=0.047x-0.119
?=0.12
010 1 1 1 1 1
2.80 3.00 320 340 360 3.80 4.00
(AUFe),,
b 0.15
0.10 |
e
&
z
&
w
©
-0.05 o
y=0.242x-0.002
r’=0.12
-0.10 1 1 1 1
005 010 015 020 025  0.30
8%2Zng,,, (%)

Fig. 5. Suspended particulate matter 8°°Fe versus (a) Al/Fe molar
ratio and (b) 8°Zn, (from Chen et al., 2009a) for both basin-
transect (squares) and Paris temporal (round points) samples.
Contrasting with large 5°*Zn variations, 8°°Fe values in SPM
remains nearly constant (b). The analysis of bedrocks and
anthropogenic samples confirms the similarity of 8°°Fe values
between natural and anthropogenic sources. Error bars are 2
standard deviations for 3°°Fe measurements.

more specifically to total SPM load. Indeed, an increase in
the water discharge induces an increase in the SPM load,
and enhances the fraction of Fe contained in the particles.
This is well illustrated by the plot of the Fe fraction in
SPM versus total SPM load (Fig. 6) and well explained
by the fact that Fe concentration in SPM is less variable
(2 times) compared to the SPM content (80 times, Table 2).
In Paris, the samples collected during high water discharge
show larger SPM content and higher Fe fraction in SPM
than those collected during low water discharge. Similar
conclusions can be drawn from the samples collected
along the basin-transect, since water discharge increases
downstream.

The average proportions of particulate Fe transferred to
the ocean can be estimated using the long-term monitoring
of SPM in the Seine River (average SPM of 44 mg/L from
1959 to 1994; Roy et al., 1999) and the relation between
Fe,.% and SPM load (Fig. 6). We find that about 99%
of the Fe transferred to the ocean is contained in the
SPM, in good agreement with the average value obtained
from dataset in Table 2 (i.e. 99.11%). The main flux of Fe
from the Seine River to the ocean is thus carried by sus-
pended matter rather than dissolved species. This highlights
the importance of studying SPM to assess first order infor-
mation about the global biogeochemical cycles of Fe and its
isotopes.

5.2. Iron in suspended particulate matter

5.2.1. Evidence for an anthropogenic iron input

A mean of estimating the anthropogenic contribution to
the Fe budget is to determine the enrichment factor (EF).
The enrichment factor is calculated as a normalization of
Fe concentration to that of an element mainly derived from
natural sources (e.g. Al, Th, Ti). It provides an index of Fe
enrichment relative to natural background. This normaliza-
tion eliminates any dilution effect due to increase in natural
components such as quartz, carbonate or organic matter,
and allows a better comparison of the relative Fe concen-
trations among the different samples than absolute Fe
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Fig. 6. Relation between the proportion (in %) of Fe transported in
SPM and the SPM content. Dissolved Fe represents only a small
fraction of the total Fe (with an average value of 0.89%),
highlighting the importance of studying SPM to access the global
biogeological cycle of Fe and its isotopes.
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concentrations. In this study, the Fe enrichment factor
EF(Fe) was calculated using Al for normalization as:

EF(Fe) = (Fe/Al) e/ (Fe/Al)yy, )

where “bkg” denotes the natural background. EF(Fe) =1
indicates that Fe is similar to natural background while
EF(Fe) > 1 corresponds to a Fe enrichment (relative to
Al). The choice of reference reservoir as the natural back-
ground is critical. Here we take the molar ratio (Fe/Al)py, -
~ 0.21 reported in Thévenot et al. (2002, 2007) for the
background composition in the Seine basin, based on the
chemical composition of fluvial pre-historical (3500 BP;
Thévenot et al., 2007) and headwater sediments. This value
is identical within uncertainty to the molar ratio Fe/Al
(0.22) of the Post Archean Shale Composition (PASC) ta-
ken as representative of sedimentary silicates (Taylor and
McLennan, 1995), or that (between 0.22 and 0.26) found
in sediments of the Mackenzie River that drains mainly sed-
imentary rocks (Dellinger M., personal communication).
EF(Fe) calculated for SPM of the Seine River ranges be-
tween 1.24 and 1.68, with an average of 1.39 + 0.20 (2SD,
n =42), indicating that all samples are slightly enriched in
Fe relative to natural background. In Paris, low water sam-
ples display generally higher EFs (from 1.36 to 1.68) com-
pared to the high water samples (1.24 to 1.40). Along the
upstream—downstream transect, EF(Fe) values are mostly
around 1.30 upstream Paris city, then show a large range
of variation for samples in Paris (1.26 to 1.56), and finally
display only high values downstream (1.49 to 1.57). In com-
parison to Zn, the Fe enrichment is moderate since EF(Zn)
relative to Al was shown to reach values up to 5.3, observed
in Paris during low water stages (Chen et al., 2009a). This
difference in Fe and Zn enrichment factors indicates that
Zn is more sensitive to anthropogenic processes.

In addition to source contribution, processes such as the
adsorption, precipitation and coagulation can transfer dis-
solved Fe into particulate matter (Teutsch et al., 2005).
Since Fe in the Seine River is mainly in particulate form
(average proportion of 99%), this transfer would be very
limited. This is also confirmed by the calculation of Fe iso-
tope fractionation upon Fe adsorption or precipitation
(Appendix A). Thus, the increase of EFs along the up-
stream—downstream transect in the Seine River results from
an anthropogenic Fe contribution, which occurs mainly at
Paris mega-city. The anthropogenic Fe contribution seems
even more important considering that the amount of
SPM also increases downstream (Fig. 2a).

In fact, the most convincing argument in favor of an
anthropogenic impact on Fe data is the positive correlation
between Fe/Al and Zn/Al ratios (Fig. 7a). Zn is known to
be largely affected by anthropogenic activities in the Seine
River (Meybeck et al., 2007; Thévenot et al., 2007; Chen
et al., 2008, 2009a,b; Priadi et al., 2012). In a previous pa-
per, Zn isotope composition of SPM in the Seine River was
used as a tracer of human activity, with natural 8°°Zn val-
ues around 0.35%, being progressively lowered due to
anthropogenic input down to 0.08%, (Chen et al., 2009a).
Fig. 7b illustrates that 8°°Zn values of SPM are negatively
correlated with Fe/Al ratio. Once again, this correlation
supports the idea of an anthropogenic source for Fe in
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Fig. 7. Linear relationships between Fe/Al and (a) Zn/Al molar
ratios and (b) 3°°Zn (from Chen et al., 2009a) in SPM samples. The
low water samples (orange points) are enriched in Fe, Zn and
lighter Zn isotopes, and well distinguishable from flood samples
(dark-grey points). These correlations indicate a mixing between
natural and anthropogenic sources to SPM Fe in the Seine River.
(For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

SPM. Iron concentration and Zn isotope composition can
thus be coupled to trace metal contamination in river
systems.

5.2.2. Characterizing the natural and anthropogenic sources

The correlations observed between Fe and Zn in SPM
(Fig. 7) likely represent mixing between natural and anthro-
pogenic contributions. Natural Fe may be derived from car-
bonates. Fig. 3d illustrates that Al/Ca ratio of ~0
corresponds to Fe/Ca ratio of 0.02. This value is similar
to Fe/Ca ratio of the chalk sample analyzed herein (Fe/
Ca of 0.03), suggesting that a small part of the total Fe in
the SPM is present in the carbonates. Considering that all
Ca in SPM is derived from carbonates, we calculate that
the maximum contribution of carbonates to Fe budget in
Seine SPM is 23%. The natural sources contain thus other
Fe-bearing mineral phases. In fact, Fe in the Seine SPM
is mainly carried by weathered materials derived from sur-
ficial sedimentary minerals, soils and loess, including iron-
rich soils which are inherited from human activities (i.e.
mining, exploitation and war) in the Tertiary. These natural
materials are mostly composed of clay minerals, as demon-
strated by XRD and SEM analyses (Chen et al., 2009a),
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and the linear correlations between Fe and Na, Mg, K and
Al concentrations (Fig. 3). Moreover, the slight increase in
Fe/Al ratio for high water samples with Ca concentration
(Fig. 4) also supports the presence of Fe-enriched heavy
minerals such as Fe-oxides (hematite Fe,O3; and magnetite
Fe;0,4) or Fe-hydroxides (goethite FeOOH). However, gi-
ven the clear correlation between Fe and Al (also K and
Mg, Fig. 3), these heavy minerals likely present a small pro-
portion of total Fe budget.

We attempted to estimate the Fe isotope composition of
potential natural sources by two different methods: (1) anal-
ysis of bedrocks (headland granite and chalk), and (2) geo-
chemical trends. Iron isotope compositions of bedrocks are
significantly enriched in heavy isotopes (with 8°°Fe values
of +0.179, and +0.249,, for granite and chalk, respectively;
Table 3) compared to SPM in the headwater (5°°Fe
~0.10%,). The origin of distinct Fe isotope compositions
between our bedrock samples and SPM is not clear.
Although the data are scarce, Matthews et al. (2004) dem-
onstrated that limestone and marls have variable Fe isotope
compositions (—0.129,, to +0.33%,). The granitic rocks also
show large 8°°Fe variation (Poitrasson and Freydier, 2005).
As weathering processes preferentially release light Fe iso-
topes, resulting in an enrichment of heavy isotope in the
residue (Fantle and DePaolo, 2004; Yesavage et al.,
2012), this isotopic contrast may imply that SPM is not di-
rectly derived from the bedrocks but from the weathered
products with relatively light Fe isotopes.

The Fe isotope composition of the natural source can
also be roughly estimated using geochemical trends between
8%Fe values and other parameters such as Al/Fe ratio or
8%Zn (Figs. 5 and 7). In these diagrams, mixing between
two end-members (e.g. natural versus anthropogenic)
should define a straight line. Considering the natural
end-member has §%Zn of +0.35%, (Chen et al., 2009a),
the calculated Fe/Al molar ratio is about 0.238 and the
corresponding 8°°Fe value of ~0.08%, for the natural Fe
sources according to the relationships in Figs. 5 and 7.
Interestingly, this value is consistent with 8°°Fe of the head-
water sample S29 (0.09%,), and the average value (0.07%,)
for the upper continental crust (Poitrasson, 2006) and most
SPM of the Amazon River system (dos Santos Pinheiro
et al., 2013). We conclude that the natural sources for the
SPM of the Seine River are likely dominated by clay miner-
als, with minor amount of carbonates and heavy minerals,
and have a 8°°Fe value of ~0.10%,.

Unlike natural sources, anthropogenic contribution to
SPM cannot be easily characterized from chemical and iso-
topic analyses. In big cities such as Paris conurbation, a
large part of the anthropogenic Fe may be derived from
the sewer systems. Although the existence of various metal
oxides, silicates and other metal particles such as stainless
steel fragments were evidenced (El Samrani et al., 2004;
Franke et al., 2009), the sewer sediment or SPM are sub-
stantially enriched in sulfide minerals, representing up to
~40% of heavy metal carriers (Houhou et al., 2009; Priadi
et al., 2012). In addition to sulfides, anthropogenic input
may also be characterized by high concentration of
Fe-bearing organic matter (Table 2; Rocher et al., 2004;
Chen et al., 2009a).

Importantly, all low water samples display different geo-
chemistry from other suspended sediments of the Seine Riv-
er (Figs. 4, 5 and 7). For instance, in diagram of Fe/Al vs
Ca concentration (Fig. 4), SPM of low water samples are
enriched in Fe relative to high water samples, probably
due to variable contributions of anthropogenic sources.
This trend is also obvious in plot of Fe/Al vs. Zn/Al or
8%Zn (Fig. 7), where low water samples are enriched in
both Zn and Fe compared to SPM samples at high water
stage. Previous study on Zn isotopes showed that the
anthropogenic contribution increase from high to low water
discharge, even up to 100% for some low water samples
(Chen et al., 2009a). The relationships illustrated in these
diagrams indicate thus an overwhelming contribution of
anthropogenic sources at low water stages.

In the present work, various anthropogenic samples
from the Seine basin, including roof runoff, road runoff, un-
treated and plant-treated wastewaters, show a limited range
of 5°°Fe values, from —0.01%, to 0.14%, (Table 3). This
range is similar to that determined for the Seine SPM,
and overlaps the value defined for the natural contribution
(~0.109,). The data are thus self-consistent and support
that Fe isotope composition of SPM samples may reflect
a mixing between natural and anthropogenic Fe sources.
However, the similarity between these two sources pre-
cludes any precise quantification of their contribution to
SPM using only Fe isotopes. Similarly to the natural
sources, the mean Fe isotope composition of the anthropo-
genic end-member can be roughly estimated using the cor-
relations in Figs. 5 and 7. Assuming a 8°°Zn value of 0.08%,
for the anthropogenic sources (Chen et al., 2009a), the cal-
culation gives a corresponding 8°°Fe value of 0%,

5.3. Iron in the dissolved load

The dissolved Fe concentration (<0.2 pm) measured in
the Seine samples varies from 0.008 to 0.247 umol/L (aver-
age = 0.083 + 0.1 uM, 2SD, n =27, Table 2). These values
are significantly high considering the very low solubility of
Fe in oxygenated aqueous fluids and for instance, in com-
parison to Fe concentration in the open ocean (0.1-1 nM
Fe; Lacan et al., 2008). This implies that dissolved Fe is lar-
gely in colloidal form, as suggested in previous studies on
river waters for filtrated fractions of increasing pore-size
(Benoit and Rozan, 1999; Pokrovsky and Schott, 2002; Ili-
na et al., 2013). These colloidal forms may include Fe-oxi-
des, clays, sulfides, and high molecular weight organic
compounds (Buffle and Leppard, 1995; Lyven et al.,
2003). The speciation of dissolved Fe in the Seine River
cannot be clearly delineated from data of the present study.
The linear relationship between 3°°Fe and DOC/Fe of the
dissolved load (Fig. 8a) likely reflects a mixing between
two end-members: one enriched in heavy Fe isotopes and
in organic carbon (with high DOC/Fe), and the other char-
acterized by low 8°°Fe and DOC/Fe. The end-member with
high 5°°Fe values may represent Fe associated with organic
matter. In contrast, Fe-rich (C-poor) end-member probably
corresponds to other phases such as Fe-oxyhydroxide or
sulfide colloids. These results are consistent with recent
findings on boreal and temperate rivers, showing that
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Fig. 8. Relationships between 8°°Fe and (a) DOC/Fe and (b)
8%67Zn for the dissolved load. The linear relationships likely reflect a
mixing of two end-members. Dissolved Fe of natural origin is
mainly associated with organic colloids, while anthropogenically-
derived Fe may be transported in other forms such as sulfides, or
Fe-oxyhydroxides. Error bars are 2 standard deviations for 8*°Fe
measurements.

Fe-poor, C-rich colloids exhibit stronger enrichments in
heavy isotopes than associated Fe-rich, C-poor colloids
(Ilina et al., 2013).

Similarly to SPM, the dissolved Fe enrichment due to
anthropogenic contribution was investigated by the rela-
tionships with Zn, which is more strongly impacted by hu-
man activities (Meybeck et al., 2007; Thévenot et al., 2007,
Chen et al., 2008, 2009a,b; Priadi et al., 2012). Unlike the
poor relationship found in SPM (Fig. 5b), the dissolved
load displays a clear correlation between 5°°Fe and §°°Zn
(Fig. 8b). A previous study has demonstrated that §°°Zn
values in the dissolved load of the Seine River reflect vari-
ous proportions of anthropogenic (i.e. —0.049,) versus nat-
ural input (i.e. 0.88%, (Chen et al., 2008). Thus the
correlation in Fig. 8b may imply that dissolved Fe is also
derived from a mixing of these two sources, with the lowest
8%°Fe values (i.e. —0.60%,) corresponding to the largest
anthropogenic contribution (Fig. 8). In this case, the natu-
ral source should have relatively high 5°°Fe value (i.e.
>0.00%,). Coupling this finding with 5°°Fe-DOC/Fe rela-
tionship (Fig. 8a), we can propose that dissolved Fe in nat-
ural end-member is likely carried by colloidal organic
matters. The Fe derived from anthropogenic sources may
be in the form of Fe-oxyhydroxide or sulfide colloids. Most
terrestrial Fe(III) oxides and hydroxides precipitating from

either biotic or abiotic pathways are enriched in heavy iso-
topes as shown by experimental studies (Bullen et al., 2001;
Skulan et al., 2002; Beard and Johnson, 2004; Balci et al.,
2006) and data on natural samples such as riverine Fe-oxy-
hydroxide colloids (Ingri et al., 2006). In contrast, pyrites
from modern and ancient sediments are mostly character-
ized by negative 5°°Fe values (Rouxel et al., 2005; Guilbaud
et al., 2011). Pyrites from modern marine sediments at two
sites along the California continental margin were found
relatively homogeneous in terms of &°°Fe values
(—0.70 £ 0.20%,; Severmann et al., 2006). Pyrite nodules
from the upper Jurassic Kimmeridge formation of Dorset
(United Kingdom) show a small range of §°°Fe values be-
tween —0.309%, and —0.21%, (Matthews et al., 2004). Pyrites
from Archean rocks show the largest range of Fe isotope
variation ever observed on Earth’s samples over geological
time with the most negative §°°Fe values down to —3.5%,
(Anbar et al., 2005; Rouxel et al., 2005; Archer and Vance,
2006). Based on these literature data, we suggest that the
negative 8°°Fe values (down to —0.60%,) measured in the
dissolved load of the Seine River are thus more compatible
with anthropogenic Fe sulfide than Fe-oxyhydroxide col-
loids. This is also in good agreement with a recent mineral-
ogical study on the Seine River particulate matters (Priadi
et al., 2012). Yet, the origin of anthropogenic contribution
to dissolved Fe remains unknown. More work is thus
needed to systematically investigate the possible contribut-
ing sources.

6. CONCLUSIONS AND PERSPECTIVES

The Seine River drains a basin strongly impacted by hu-
man activities. The present study shows for the first time the
impact of anthropogenic processes on Fe isotope transfer to
the ocean through river systems. In the Seine River, 99% of
the Fe transferred to the ocean is contained in the SPM.
Relations between Fe and Zn evidence a substantial anthro-
pogenic Fe input to SPM. The calculation of SPM Fe
enrichment factors (relative to Al) shows that Fe is in-
creased up to 68% and on average by 39% relative to the
natural background. Contrasting with large Zn isotope
variations, Fe isotope compositions in SPM remain nearly
constant (from —0.05%, to 0.09%,). The transfer of dis-
solved Fe to SPM thus has a limited effect on SPM 8°°Fe
values. This implies that anthropogenic sources likely have
similar Fe isotope composition to the natural background.
Compared to the small 3°°Fe range determined in SPM,
5°°Fe values of dissolved load shows a significant variation
from —0.60%, to 0.06%,, and a linear correlation with 5°°Zn
(data from Chen et al., 2008). This linear relationship indi-
cates that 8°°Fe variation in the dissolved load results from
a mixing between anthropogenic and natural end-members,
enriched in light and heavy isotopes, respectively. More-
over, the positive correlation between 5°°Fe and DOC/Fe
ratio of the dissolved load suggests that dissolved Fe of
natural origin is mainly associated with organic colloids,
while anthropogenically-derived Fe may be transported in
other forms such as sulfide colloids. Compared to SPM,
the larger &°°Fe variations observed in the dissolved
load are more promising for tracing anthropogenic
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contributions to natural river systems. As a result, our
study demonstrates that Fe concentration and isotope
composition can be coupled with Zn isotope data to trace
natural and anthropogenic sources of Fe in river system.
The anthropogenic Fe input will fertilizer the ocean
and increase the primary productivity of phytoplankton, and
thus may ultimately impact the global carbon cycle and
the corresponding climate change.

Our work on the Seine River has also implications for
global Fe cycling to the modern oceans, since many rivers
(e.g., Scheldt, St-Laurence) in the world are presently
impacted by human activities (Foster and Charlesworth,
1996; Gaillardet et al., 1999; Zwolsman and van Eck,
1999). Although the natural Fe flux is increased up to
39% after anthropogenic input, the Fe isotope composi-
tion in SPM is not changed by more than 0.109, and is
still very similar to average detrital sediments (Beard
et al., 2003; Beard and Johnson, 2004). It suggests that
Fe-polluted rivers carry an isotope signature essentially
indistinguishable from the natural detrital Fe flux. Natural
reactions related to redox change in soils and rivers,
together with organic matter complexation, may produce
more important variations in the isotope composition of
particulate Fe transferred by rivers to the ocean compared
to anthropogenic impact (Fantle and DePaolo, 2004;
Bergquist and Boyle, 2006). Compared to SPM, the fluxes
of dissolved Fe with low 8°°Fe values may display stron-
ger impact on Fe and its isotopes in ocean, given the fact
that the flocculation in estuaries does not modify
significantly Fe isotope composition of the dissolved pool
(Escoube et al., 2009). As a result, the overall fluxes of Fe
to the ocean have generally low 8°°Fe values (<0.10%,), as
shown by studies on continental rivers (Fantle and
DePaolo, 2004; Bergquist and Boyle, 2006), on benthic
Fe from marine sediments (Homoky et al., 2009; Sever-
mann et al., 2010), on hydrothermal systems (Sharma
et al., 2001; Severmann et al., 2004; Rouxel et al., 2008),
and on atmospheric particles (Beard et al., 2003). An
intriguing question is the origin of the distinctive Fe iso-
tope signatures observed between (1) theses main sources
of Fe input to the oceans, with generally negative 5°°Fe
values, and (2) Fe dissolved in the Pacific Ocean, with
positive §°°Fe values between 0.00%, and +0.60%, (similar
to particulate matter, Radic et al., 2011). According to our
results, the anthropogenic contribution is not able to
explain this discrepancy. The positive §°°Fe values found
in the Pacific Ocean requires a Fe flux, enriched in light
isotopes, output from the dissolved reservoir in the ocean.
Biological uptake by phytoplankton in the upper ocean
regions is the most likely mechanism triggering this effect
(Radic et al., 2011), as demonstrated by similar results
of preferential uptake of light Fe isotopes by higher plants
(Guelke and von Blanckenburg, 2007; Guelke et al., 2010).
However, experimental results show that metal uptake by
diazotroph bacteria favors heavy isotopes during biologi-
cal assimilation, thus resulting in an enrichment of light
isotopes in the residual dissolved Fe (Wasylenki et al.,
2007). These contrasting Fe isotope variations need to
be clarified by further studies on Fe isotope fractionation
associated with various assimilation pathways.
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