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We analysed Si isotopic signatures (δ30Si signature) of dissolved silicon (DSi) in the Scheldt (Belgium) tidal
river (four stations) and in its main tributaries (Zenne, Dender, Grote Nete and Kleine Nete). For each station,
we analysed four samples representative of the four seasons. These are the first δ30Si data at the basin and
seasonal scales measured in a watershed under high anthropogenic pressure. In the Scheldt main stem, we
show that the role of diatoms on the silicon biogeochemical cycle and δ30Si signatures is dominant in summer
and sometimes in fall. Out of the diatoms' growing season, the Scheldt main stem exhibits unexpected large
δ30Si signatures variations, especially in winter. Although these isotopic variations are not reflected in DSi
concentrations, they are consistent with δ30Si signatures recorded in the main tributaries. This indicates
that except for summer diatom blooms, δ30Si signatures in the tidal river result from a conservative mixing
with tributaries. Overall we suggest that the variations are mainly set by land use and lithology at the
sub-basin level. Forest cover (inducing clay dissolution favoured by the presence of humic acids) and wetland
cover (yielding to dissolution of biogenic silica) are highly and significantly correlated with δ30Si (R2>0.85).
Both environments tend to render the tributaries δ30Si signatures lighter while agriculture cover has the re-
verse effect on δ30Si values (R2=0.70, p-valueb0.08). In contrast, urban zone cover does not have any
noticeable effect on Si isotopic signatures of the Scheldt tributaries. Despite this effect of land use, we
estimate a mean annual δ30Si signature output from the Scheldt tidal river to the saline estuary at 0.95‰,
well comparable to other rivers. This results from the mixing of tributaries within the tidal river which
levels off at the outlet the Si isotopic differences of the sub-basins. In the Scheldt watershed, it thus seems
that Si isotopes could trace anthropogenic activities at the sub-basin scale. In contrast, at the outlet, the va-
riety of land-use and lithology found over the whole watershed are merged into a mean isotopic signature
similar to the world river average. As it is now recognised that change in land use alter the silicon biogeo-
chemical continental cycle, our data show that use of Si isotopic signatures might constitute a useful proxy
to better trace these modifications on contrasted (sub-)basins.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Silicon (Si) is the secondmost abundant element of the Earth's upper
crust. In aquatic ecosystems, most of the dissolved silicon, principally
present as silicic acid (H4SiO4 hereafter referred to as DSi), is originally
produced during weathering of silicate minerals on land, which is a
slow process compared to biological time-scales (Canfield et al., 2005).
d Mineralogy, Royal Museum
769 54 56.
Delvaux).
work and are co-lead authors.
xpérimentations et Approches
ce.
iheyuan Road, Haidian District,

l rights reserved.
In the terrestrial cycle, higher plants take up DSi through their roots
and deposit it in their leaves and stem as opal particles (amorphous
hydrated biogenic SiO2, hereafter referred to as BSi) called phytoliths
(Conley, 2002). DSi may be beneficial for the development of plants,
their yield, their resistance to external stresses and their defence against
fungal and insect attack (e.g. Belanger et al., 2003; Epstein, 1999;
Reynolds et al., 2009). However, since BSi ismore soluble than lithogenic
Si present in crystalline minerals, such soil–plant cycle also contributes
to the release of DSi in rivers (e.g. Alexandre et al., 1997; Conley, 2002;
Cornelis, 2010; Derry et al., 2005; Meunier et al., 2010). For the aquatic
ecosystem, DSi is an essential nutrient for the growth of diatoms, a key
phytoplankton group in rivers and coastal zones (Martin-Jézéquel et
al., 2000; Ragueneau et al., 2000, 2006).

Due to the specific need for silicon by diatoms, the availability of DSi
and its relative abundance compared to other nutrients (e.g. nitrates and
phosphates) can influence the composition of the phytoplankton
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community. Inmany ecosystems, human perturbation has resulted in an
excess load of nitrogen (N) and phosphorus (P) compared to Si. This
surplus of N and P allows the development of blooms of non-siliceous
algae after the spring diatom bloom. Higher trophic levels and the func-
tioning of the entire ecosystemmay then be altered (Conley et al., 1993;
Lancelot, 1995; Officer and Ryther, 1980; Turner et al., 1998).

The ubiquity of silicon at the Earth's surface and its chemical specific-
ity (e.g. its difficulty to solubilise and isolate during sample processing in
the laboratory)make the tracking of its biogeochemical cycling challeng-
ing. However, the fractionation of stable Si isotopes provides crucial infor-
mation for a better understanding of chemical and biological processes in
both terrestrial and marine environments (e.g. De la Rocha et al., 2000;
Ziegler et al., 2005). Recent studies have shown that Si isotopic composi-
tions of DSi in rivers can exhibit significant seasonal variation with δ30Si
ranging generally from +0.6‰ to +1.2‰ (Engström et al., 2010; Georg
et al., 2006; Hughes et al., 2011). However, only two studies were carried
out in a temperate region (Ding et al., 2004; Georg et al., 2006) and the
one of Ding et al. (2004) report values up to +3.4‰. The Si isotopic
signatures ofDSimay also reflect biological, anthropogenic and geochem-
ical characteristics at sub-basin scale. Few studies examined, directly or
indirectly, this last aspect in rivers and tributaries (Cardinal et al., 2010;
Engström et al., 2010; Hughes et al., under revision).
The Scheldt watershed has a total drainage area of approxi-
mately 19,900 km2 spreading over northern France, Belgium and
The Netherlands where it discharges into the North Sea (Passy et al.,
2013–this volume). Within this densely populated area (>500 inhabi-
tants per km2), the landscape has been deeply affected for centuries
by agriculture and active industrial development. Changes in land use
and, more recently, increased inputs of fertiliser resulted in a marked
lowering of DSi export (Struyf et al., 2010). Intensive agriculture and an-
imal farming have also led to eutrophication impacting the ecological
functioning of the Scheldt watershed (Cox et al., 2009). Although
there is an unmistakable link between intensive agricultural activity
and the occurrence of high nutrient concentrations in the aquatic envi-
ronment, few data are available regarding the contribution of agricul-
tural activity to the total nutrient loads (Vandenberghe et al., 2005).
The Si-cycle in the Scheldt is highly affected by anthropic activities, al-
though mainly in an indirect and diffuse way. Direct anthropogenic
pressures (e.g., detergents, paper production processes, and sewage
inputs) are probably limited as shown by Sferratore et al. (2006) for
the Seinewatershed.Wemeasured in this paper the seasonal variations
of the δ30Si signatures in the eutrophied Scheldt tidal river and its five
main tributaries in order to investigate how these signatures are affect-
ed by human pressure such as land use.
2. Material and methods

2.1. Study area

The Scheldt River includes an estuary with a salinity gradient (downstream Hemiksem) and an upstream freshwater part still under the tidal
influence (hereafter called “tidal river”, stretching from Ghent to Hemiksem) (Fig. 1). The Scheldt tidal river (annual average discharge at tidal
limit, i.e. Ghent, in 2003: 37.2 m3/s) directly receives water from the Dender (11.1 m3/s) on the western part and, on the eastern part, from the
Zenne (9.1 m3/s), the Dijle (28.3 m3/s), the Grote Nete (7.3 m3/s) and the Kleine Nete (9.4 m3/s) via the Nete and the Rupel (Fig. 1). The tidal
wave is artificially blocked by sluices at Ghent and at the mouth of the Dender, but decreases naturally in the tributaries of the Rupel. The Durme
is a closed river and its discharge is negligible. Our investigation focuses on the tidal river and its major tributaries.

The land-use over the Scheldt watershed (including tributaries) is dominated by agricultural activities (from 34 to 63%): arable land (only crop,
legume, etc.) and heterogeneous agricultural area (mosaic of annual crop, grazing land, natural area, and woody cover). The area occupied by urban
zone is ranging from23 to 40%. A significantwoody cover is only present in KleineNete andGrote Nete (21 and 17% respectively) (Corine Land Cover
2006).

2.2. Sampling

The Scheldt tidal river (fromGhent to Hemiksem) and thefivemain tributaries (Dender, Zenne, Dijle, Grote Nete, and Kleine Nete)weremonitored
weekly for DSi and BSi concentrations during 2003 (Carbonnel et al., 2009). The tidal river was sampled at four stations (Fig. 1): Ghent (157 km from
the mouth, limit of the tidal influence), Dendermonde (124 km from the mouth), Temse (101 km from the mouth) and Hemiksem (91 km from the
mouth). The tributaries of the Rupel were sampled at the limits of the tidal influence (Fig. 1). Among these samples, we selected three periods, each
characteristic of one particular season:winter (17–18thMarch, before spring bloom), spring (26–27thMay) and fall (27thOctober). Details of the sam-
pling procedure and storage are given in Carbonnel et al. (2009). Briefly, from 20 to 150 ml of river water were collected at all sampling stations and
vacuum filtered through 0.45 μmpore size polycarbonatemembranes within 24 h. The filtrate was acidified and stored in polypropylene tubes at 4 °C
in the dark. Because not enough solutionwas left from the 2003 summer sampling, a newfield campaignwas performed in summer 2008 (8th August)
and samples were processed as described previously. In Section 4.3.2 we discuss the comparability of these two summers. For the 2003 sampling, DSi
and BSi are available fromCarbonnel et al. (2009)where themethods are detailed. BrieflyDSiwasmeasured colorimetrically on a Skalar Auto-analyser
following a method adapted from Koroleff (1983). BSi was first extracted using a wet alkaline method (Carbonnel et al., 2009) and then the concen-
trations in the leacheswere determined for Si by colorimetry on a Skalar Auto-analyser (as for DSi) and for Al following Dougan andWilson (1974). For
the summer 2008 sampling, DSi was analysed by colorimetry (Koroleff, 1983).

2.3. Isotopic analyses

To avoid any isotopic bias due to matrix effect, DSi purification prior to isotopic analyses was achieved through a quantitative reaction with
triethylamine-molybdate (TEA-moly) coprecipitation and combustion in covered Pt crucibles at 1000 °C (De La Rocha et al., 1996). The solid res-
idue was dissolved in diluted Suprapur HCl-HF at 90 °C (Cardinal et al., 2003). Silicon, molybdenum andmajor elements were then measured by
ICP-AES to control Si recovery and to confirm that no other contaminant remained in purified Si solutions (Cardinal et al., 2003). During the
transfer of cristoballite from Pt crucibles to dissolution beakers, some mechanical loss can occur but such loss cannot bias the δ30Si signature
of the sample. Overall, recovery was above 80% in all cases.



Fig. 1. Map of the Scheldt estuary and tidal river. The sampling stations (in bold) are indicated by black dots. City and river names are in regular and italic fonts, respectively. The
dashed line follows the border between Belgium and The Netherlands. The insert displays the catchment area of the Scheldt and its tributaries (source: Schelde Informatie Centrum,
www.scheldenet.nl).
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Si isotopic compositions of DSi were thenmeasuredwith a Nu PlasmaMC–ICP–MS in dry plasmamode following Abraham et al. (2008). Mass bias
was corrected through an externalMgdoping. The sample-standard bracketingwas used to correct for the long-term instrumental drift. All results (but
one) have beenmeasured as δ30Si relative to NBS28 quartz standard (Table 1). Among the 36 new δ30Si signatures provided in this study, 26 samples
were replicated in different analytical sessions distributed over several monthswith an average standard deviation of duplicates of ±0.11‰ (±1 σSD)
(Table 1). This is in agreement with the long-term reproducibility and accuracy of ±0.08‰ (±1 σSD) reported in Reynolds et al. (2007) and Abraham
et al. (2008).

2.4. Isotopic and mass balance calculation

In order to evaluate the impact of the inputs of the tributaries on the isotopic signatures of the Scheldt tidal river, theoretical Si isotopic
signatures that would have been obtained in the case of conservative mixing were estimated at Dendermonde [D] and at Hemiksem [H]
(δ30Sithmix-D and δ30Sithmix-H respectively) by mass-balance calculations. They were compared respectively with those measured at Dendermonde
(δ30SiD) and at Hemiksem (δ30SiH). Assuming that all the sources have been taken into account, same values should be obtained if conservativemixing
was the only process affecting the isotopic signatures. The inputs considered for mass-balance calculations at Dendermonde were Ghent [G] and
Dender [Dn], and those at Hemiksem were Temse [T] and the tributaries of the Rupel (Zenne [Z]–Dijle [Di]–Grote Nete [GN]–Kleine Nete [KN]):

δ30Sithmix�D ¼
δ30SiG � FG
� �

þ δ30SiDn � FDn
� �

FG þ FDn
ð1Þ

δ30Sithmix�H ¼
δ30SiT � FT
� �

þ δ30SiZ � FZ
� �

þ δ30SiDi � FDi
� �

þ δ30SiGN � FGN
� �

þ δ30SiKN � FKN
� �

FT þ FZ þ FDi þ FGN þ FKN
ð2Þ

where

Fi ¼ DSii � Qi ð3Þ

with δ30Sii denoting the Si isotopic composition of DSi measured at the sampling station [i] (in‰), Fi the DSi flux at the station [i] (inmmol/s), DSii the
DSi concentration at the station [i] (in μmol/l) and Qi the (residual) water discharge at the station [i] (in m3/s).

http://www.scheldenet.nl


Table 1
The silicon isotope mass balance for 4 stations on the Scheldt River and the five tributaries during winter, spring, summer and fall.

BSi
(μmol/l)

DSi
μmol/l

Discharge (Q)
m3/s

DSi Flux (F)
mmol/s

fSi δ30Si (‰)
Measured

St. dev. δ30Si (‰)
Calculated

WINTER-2003 (17–18th March)
Ghent 14.2 231 35.2 8124 0.73 1.46 0.08
Dender 3.3 220 13.5 2968 0.27 1.22 0.12
Dendermonde 13.0 221 48.6 10,722 1.40 0.10 1.40
Temse 14.6 222 52.5 11,661 0.41 1.04 0.10
Zenne 2.6⁎⁎ 286 8.2 2343 0.08 1.03 0.05
Dijle 2.4⁎⁎ 301 33.5 10,071 0.36 0.79 0.08
Grote Nete 4.5⁎⁎ 204 9.1 1858 0.07 0.90 0.19
Kleine Nete 3.2⁎⁎ 216 10.4 2249 0.08 0.55 0.20
Hemiksem 1.6 251 108.8 27,318 0.82 0.00 0.90

SPRING-2003 (26–27th May)
Ghent 8.2 219 43.0 9404 0.83 1.19 0.05
Dender 1.4 219 8.7 1902 0.17 1.22 0.08
Dendermonde 37.4 201 51.7 10,395 1.23 0.00 1.19
Temse 21.9 179 56.8 10,173 0.41 1.22 0.14
Zenne 2.6⁎⁎ 282 7.2 2033 0.08 0.96 0.02
Dijle 1.1⁎⁎ 267 33.3 8899 0.36 1.03 0.03
Grote Nete 3.8⁎⁎ 214 9.5 2029 0.08 0.53 0.08
Kleine Nete 3.1⁎⁎ 183 10.4 1899 0.08 0.46 0.13
Hemiksem 10.6 199 102.6 20,393 0.96 0.02 1.02

SUMMER-2008 (8th August)
Ghent 215 75.4 16,211 0.82 1.52 0.08
Dender 218 16.4 3575 0.18 1.17 0.08
Dendermonde 39 92.1 3592 2.09 0.08 1.46
Temse 100 96.9 9690 0.31 0.97 0.25
Zenne 263 19.0 4997 0.16 1.03 0.08
Dijle 318 37.4 11,893 0.38 1.18 0.08
Grote Nete 227 8.9 2020 0.07 1.01 0.08
Kleine Nete 196 12.1 2372 0.08 0.80 0.24
Hemiksem 96 174.2 16,723 1.08 0.08 1.05

FALL-2003 (27th October)
Ghent 6.9 284 4.1 1165 0.54 1.16 0.21
Dendre 1.7 238 4.1 975 0.46 1.09 0.03
Dendermonde 151.8 188 8.2 1540 1.50 0.13 1.13
Temse 155.7 182 10.6 1930 0.15 1.33 0.09
Zenne 3.0⁎⁎ 310 6.4 1986 0.15 1.09 0.17
Dijle 1.7⁎⁎ 340 19.1 6490 0.50 0.78 0.13
Grote Nete 4.0⁎⁎ 225 4.8 1081 0.08 0.99 0.00
Kleine Nete 3.2⁎⁎ 156 9.0 1403 0.11 0.94 0.28
Hemiksem 59.7 233 49.8 11,580 1.01⁎ 0.02 0.95

fSi is the ratio of DSi flux for each tributary over the sum of tributaries DSi fluxes upstream Dendermonde or in between Dendermonde and Hemiksem. St. dev. corresponds to the
standard deviation of replicates.
Numbers in italics indicate no δ30Si replication. In such case, average standard deviation of replicates is used: 0.08‰; 1 σSD (Abraham et al., 2008).
Discharge data presented here were calculated from raw data as in Carbonnel et al. (2009).
⁎ For Hemiksem fall, δ30Si has been calculated by converting δ29Si into δ30Si applying the kinetic mass fractionation factor of 1.96.

⁎⁎ These BSi concentrations were not directly measured but estimated using linear regressions versus the chlorophyll a ascribed to diatoms (Carbonnel et al., 2009). Note that they
are only given here as rough indication due to the poor correlation coefficients, despite similar seasonal trends (Carbonnel et al., 2009). The annual average of the differences
between measured and calculated BSi concentrations ranged from 50 to 80% of the annual average of the measured concentrations.
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2.5. Models describing Si isotopes fractionation

There exist two simple models that are commonly applied to describe the variation of isotopic signature during the course of an uptake process
which induces an isotopic fractionation (e.g. Fripiat et al., 2011): the Rayleighmodel and the steady-state equilibriummodel (also referred to as closed
and open system models, respectively). One direct way to use these models is to compare measured δ30Si with calculated δ30Si of DSi following:

Rayleigh : δ30Si ¼ δ30Si0 þ ε lnfSið Þ ð4Þ

Steady� state : δ30Si ¼ δ30Si0−ε l−fSið Þ ð5Þ

where fSi is the relative utilisation of the silicon reservoir downstream Ghent that can be calculated for example from the ratio of the DSi at Ghent
(initial state) to that at Dendermonde (final state, cf. Section 4.3.2);ε represents the Si fractionation factor for diatoms relative to DSi expressed in
per mil unit (−1.1±0.4‰, De La Rocha et al., 1997; −1.1±0.4‰ Alleman et al., 2005; −1.1±0.2‰ Fripiat et al., 2011); δ30Si0 is the isotopic
signature of the Si source. In our study, the Si isotopic signature of DSi is calculated from conservative mixing at Dendermonde (Table 1).
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Assuming that no other process than DSi consumption affect silicon during its transport from one station to another, and thus that the
amount of BSi produced equals that of the DSi consumed, another equivalent way to use these models is to calculate how much BSi must
have been produced to explain the changes in δ30Si signatures by rewriting Eqs. (4) and (5) as:

Rayleigh : BSi ¼ DSi� exp
δ30Si0−δ30Si

ε

 !
−1

" #
ð6Þ

Steady� state : BSi ¼ DSi� ε
δ30Si−δ30Si0 þ ε

−1
� �

: ð7Þ

Symbols are the same as in Eqs. (4) and (5).
3. Results

δ30Si signatures in the Scheldt tidal river and in its tributaries vary by
more than 1.50‰, ranging from +0.46‰ up to +2.09‰, with a mean
value of +1.05±0.35‰ (±1 σSD) and exhibit significant spatial and
seasonal variations (Fig. 2, Table 1). The δ30Si seasonal variation of DSi,
however differs depending on their geographical location (Table 1).
The largest range of seasonal variation was observed in Dendermonde
along the tidal river (up to 0.85‰) and the smallest one for the Zenne
tributary (0.12‰).

The δ30Si signatures measured in the Scheldt tidal river (mean+
1.25±0.30‰, ±1 σSD) are heavier than the ones found in the five trib-
utaries (mean+0.94±0.22‰, ±1 σSD). Moreover, our results also
show a clear isotopic variation among tributaries: the average annual
δ30Si values decrease gradually from +1.17±0.06‰ (±1 σSD) for the
Dender Basin to +0.69±0.22‰ (±1 σSD) for Kleine Nete Basin
(Fig. 3). One of the most striking features is the large variation of δ30Si
signatures along the mainstream in winter (from +1.46‰ at Ghent
down to+0.82‰ at Hemiksem)while DSi concentrations remain com-
parable (>200 μmol/l; Fig. 2).

The δ30Si signatures calculated for the tidal river stations
(Dendermonde, Hemiksem) making use of Eqs. (1) and (2) agree gen-
erallywell with the observed ones (Table 1) suggesting that the isotopic
variations observed in the Scheldt tidal river are driven by conservative
mixing with those from the tributaries. There is however an exception
for Dendermonde in summer 2008 and fall 2003 where the measured
signatures are significantly heavier than calculated (+2.09‰ instead
Fig. 2. Spatial and seasonal evolution of δ30Si in the dissolved fraction and that of DSi conce
Filled circles: DSi concentration in the main Scheldt River. Open circles: DSi concentration i
Open triangles: δ30Si in tributaries.
of+1.46‰ and+1.50‰ instead of+1.13‰, Table 1). These signatures
correspond with a significant drop of DSi concentration when com-
pared with the upstream locations Ghent and Dender (from 215/284
to 39/188 μmol·l−1 in 2008/2003 respectively; Table 1) that might be
attributed to diatomblooms. The control of diatomson Si isotopic signa-
ture at Dendermonde was estimated based on Eqs. (6) and (7) and as-
suming a conservative supply of the Dender tributary between Ghent
(initial conditions, Table 2) and Dendermonde (Fig. 1).

Such setting of our system is allowed due to the short residence
time of DSi which has been estimated to be 4.0±1.7 days in this
part of the Scheldt (Carbonnel et al., 2009). Ascribing this difference
to DSi uptake by diatoms in between Ghent (initial state) and Den-
dermonde (final state) should yield to a δ30Si signature of +3.34‰
(Rayleigh model) or +2.36‰ (steady state model) at Dendermonde
(Table 2). The Rayleigh model is clearly not consistent with the mea-
sured value of +2.09±0.06‰ while the steady state model appears
to be more realistic especially when taking into account an uncertain-
ty of ±0.2‰ on ε (±1 σSD; Fripiat et al., 2011), on which the calculat-
ed and measured values can be reconciled (Table 2).

The mean δ30Si signature of DSi output from the Scheldt tidal river
to the marine estuary (station Hemiksem; Fig. 1) was estimated to be
+0.95±0.02‰ based on the four seasonal isotopic signatures, DSi
concentrations and the river discharges Q as follows:

Σ
δ30Si� Q � DSi
∑ Q � DSið Þ

" #
¼ mean δ30Si export: ð8Þ
ntrations. Data have been sorted from Ghent (left) downstream to Hemiksem (right).
n tributaries. Filled triangles connected with the black line: δ30Si in main Scheldt River.

image of Fig.�2


Fig. 3. Average annual δ30Si (triangles) measured in the dissolved phase and average annual DSi concentrations (circles) from the five tributaries (open symbols) and from the
Scheldt (filled symbols). Data have been sorted following stream, i.e. from Ghent (left) downstream to Hemiksem (right).
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4. Discussion

4.1. Average δ30Si signature in the Scheldt and comparison with other rivers

In this section,wediscuss themean tidal river value (+0.95‰) calcu-
lated by Eq. (8) which corresponds to the outlet of the Scheldt tidal river
at Hemiksem upstream the saline estuary. We will discuss in other sec-
tions the seasonal and sub-basins variations. We should first acknowl-
edge that the weighted annual average δ30Si signature of the Scheldt at
Hemiksem of +0.95±0.02‰ is calculated from four data only, assumed
to be representative of each season. Nonetheless, the representativeness
of the signature calculated from Eq. (8) is supported by the fact that the
value calculated assuming conservative mixing is similar to the mea-
sured value at Hemiksem for each season (Table 1). The standard devia-
tion of 0.02‰has been calculated by simple propagation error on Eq. (8).
It is low because the standard deviations of replicates for each of these
four samples are particularly low (Table 1). It is likely that this standard
deviation is underestimated compared to the actual mean average
Table 2
Estimates of the impact of diatom production on Si isotopic signature and BSi content at De

DSi0 DSi δ30Si-M δ30Si0-C ε

(Ghent)

Dendermonde
Summer 2008

215 39 2.09 1.46 −1.3

Dendermonde
Summer 2008

215 39 2.09 1.46 −1.1

Dendermonde
Summer 2008

215 39 2.09 1.46 −0.9

Dendermonde
Fall 2003

284 188 1.50 1.13 −1.3

Dendermonde
Fall 2003

284 188 1.50 1.13 −1.1

Dendermonde
Fall 2003

284 188 1.50 1.13 −0.9

All DSi and BSi concentrations are in μmol/l. All δ30Si and ε are in ‰ relative to NBS28.
Initial condition is referred by 0 subscript and is represented by measured value. δ30Si-M r
δ30Si0-C has been calculated from conservative mixing (Eq. (2) and Table 1).
fSi is the ratio of DSi flux for each tributary over the sum of tributaries DSi fluxes upstream
All calculated values are from Rayleigh (Eqs. (4) or (6)) or steady state (Eqs. (5) or (7)) m
DSi0 is the measured DSi contentration at Ghent.
ε and fSi refer to parameters described in Eqs. (4)–(7).
For Summer 2008 and fall 2003 three values of fractionation factor have been tested.
See text for more details.
because of a potential bias due to under sampling of seasonal variation
and mean analytical reproducibility around 0.08‰ (1 σSD; Abraham et
al., 2008). Note that this 0.02‰ uncertainty should not be confounded
with the intra-annual variability of the Scheldt signature. Actually,
there can be large intra-annual variability with low uncertainty on the
annual mean. We can evaluate the intra-annual variability of the δ30Si
signature by calculating the σSD of the 4 values, which amounts then to
0.11‰. Indeed, Hughes et al. (2011) report an uncertainty estimate of
the same order (0.09‰, i.e. similar to the analytical standard error) on
the mean annual δ30Si signature of Congo River based on a 24-month
monitoring. The weighted annual average of the Scheldt of +0.95±
0.02‰ is close to the median value of riverine signatures published so
far (1.09±0.53‰ see compilation in Hughes et al., under revision)
with the lightest measured in Iceland (+0.63±0.38‰, n=25; Georg
et al., 2007) and the heaviest measured in the Yangtze River (+2.1±
0.7‰, n=17; Ding et al., 2004). Although the Scheldt watershed is
highly affected by anthropogenic activity, the mean annual δ30Si signa-
ture in the tidal river is surprisingly comparable to that of a large pristine
ndermonde.

fSi δ30Si δ30Si BSi-C BSi-C BSi-M

Rayleigh Steady Rayleigh Steady

0.18 3.68 2.52 24.3 36.6 90–250

0.18 3.34 2.36 30.1 52.2 90–250

0.18 3.00 2.20 39.5 91.0 90–250

0.66 1.67 1.57 61.8 74.7 150

0.66 1.58 1.50 75.1 95.2 150

0.66 1.50 1.43 95.5 131.1 150

efers to measured δ30Si at Dendermonde (Table 1).

Dendermonde or in between Dendermonde and Hemiksem.
odels.

image of Fig.�3
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tropical river such as the Congo (+0.91±0.09‰, n=24; Hughes et al.,
2011). Despite the fact that the Yangtze drains a temperate watershed
with significant anthropogenic activities like the Scheldt, the average
δ30Si signatures are very different. In addition to possible analytical off-
sets on the Yangtze data raised by Georg et al. (2006) and supported
by discrepancies in measurements of standards (Ding et al., 2005a;
Reynolds et al., 2006; Valkiers et al., 2005), there are peculiarities in the
study of Ding et al. (2004) compared to ours. The heavier isotopic signa-
ture of Yangtze has been partly attributed to rice cultures and damming.
Rice is a silicon accumulating plant, especially in rice husks, which
imposes an isotopic fractionation (Ding et al., 2005b); during harvest,
this pool of isotopically light Si is removed from thewatershed. This pro-
cess has been shown to potentially explain the δ30Si signatures of DSi in
the Yangtze (Ding et al., 2008a). Damming also results in the preferential
removal of light Si isotopes through diatoms' uptake and settling in res-
ervoir lakes, a process also observed byHughes et al. (2012). Damming is
not an important process on the Scheldtwatershed, and it seems that ag-
riculture (ranging from33 to 63% of land use, Table 3) has not resulted in
heavier δ30Si signatures at the Scheldt tidal river outlet either compared
to pristine rivers. This can be due to the type and diversity of agriculture
(compared to rice monoculture over the Yangtze watershed) and/or to
the fact that several processes levelled off this impact on the mean
Scheldt signature. Indeed we will see in Section 4.4.1 that land-use is
likely to have a significant impact on river δ30Si signature at the sub-
basin scale.

4.2. Seasonal variations along the Scheldt tidal river

The δ30Si signatures exhibit larger seasonal variations in the Scheldt
tidal river (range of 0.85‰, Table 1) than those previously reported in
Swiss rivers (range of 0.6‰; Georg et al., 2006). A recent study carried
out near the estuary of the Kalix River (Sweden) also reported seasonal
variations (from April to October) up to 0.8‰ for δ30Si (Engström et al.,
2010). Based on these results, Engström et al. (2010) also suggested
that riverine DSi input to the ocean cannot be considered to have a con-
stant Si isotopic composition on a short time-scale.

Our results for the Scheldt show that the seasonal variation observed
at Dendermonde is large, but that it is reduced to a range of 0.16‰ at
Hemiksem, the sampling station just upstream the saline estuary
(Fig. 1). However, like at Dendermonde, DSi at Hemiksem can also be
completely consumed by diatoms in river during dry years (Carbonnel
et al., 2009), which would most probably result in a seasonal variation
at Hemiksem as large as that at Dendermonde (see Section 4.3.2). Due
to a higher discharge in the Rupel than in the Scheldt upstream the
mouth of the Rupel, the complete consumption of DSi can last for a
longer period at Dendermonde than at Hemiksem (Carbonnel et al.,
2009). It is thus possible that in 2008, there has also been a period of
complete DSi consumption, but as shown by our measured DSi concen-
tration, we sampled outside this period. As a result, we cannot exclude
Table 3
Types of land-use (%). δ30Si (‰) and DSi (μmol/l) in the five catchments.

Ecosystem Dender
%

Dijle
%

Zenne
%

Kleine Nete
%

G
%

Permanent farming 0.0 2.1 0.0 0.1
Forest 3.2 11.2 6.3 21.4
Grassland 11.1 4.0 6.8 15.8
Water surface 0.0 0.5 0.2 1.5
Agricultural area⁎ 62.9 53.3 47.2 37.9
Wetland 0.0 0.2 0.0 0.5
Urban zone 22.7 28.7 39.5 22.7
δ30Si (‰) 1.18 0.95 1.03 0.69
DSi (μmol/l) 224 306 285 188 2

Source: EEA-Corine Land Cover 2006.
δ30Si and DSi are the average values of each tributary from Table 1.
⁎ Correspond to “arable land” and “heterogeneous agricultural area” from the nomenclat
the possibility that the seasonal variation at Hemiksem could in fact be
higher than what was observed. This demonstrates that in order to de-
termine the influence of rivers on the global oceanic Si isotopic compo-
sition, it is important to assess the seasonal variations of the isotopic
signatures close to the estuary and at short time-scale. Moreover, DSi
can also be significantly altered within saline estuaries (Chou and
Wollast, 2006; Conley et al., 1993) and this is indeed the case for the
Scheldt estuary (Carbonnel et al., in press; Soetaert et al., 2006). Unfor-
tunately, the study of Si isotopes in estuaries has so far been neglected
and there exists only few published estuarine data (Hughes et al.,
2012). Overall the seasonal variations of the δ30Si signatures in the
tidal river seem to result frommixing with the tributaries and diatom's
uptake. These processes are discussed in the following Section 4.3while
the variations among tributaries are discussed in Section 4.4.

4.3. Processes affecting δ30Si signature in the tidal river

4.3.1. Mixing
Results obtainedwith themass and δ30Si balancemodel suggest that

the isotopic signatures measured along the tidal river result mainly
from the conservative mixing with lateral tributaries, with the excep-
tion of Dendermonde in summer and fall where diatomgrowth controls
the signature (Section 4.3.2). This would imply that, except during
bloom events, Si biogeochemical cycle within the Scheldt tidal river is
not significantly affected by local biogeochemical processes that frac-
tionate Si isotopes (uptake, dissolution, adsorption, precipitation…).

The generally lighter isotopic compositions of tributaries DSi are
propagating along the tidal river after their confluence (Fig. 2). This is
similar to what has been observed in the Congo Basin where the isoto-
pic signature is heavier in the main branch (+1.22‰) than in the trib-
utaries (+0.83‰) (Cardinal et al., 2010). The heavier δ30Si signatures in
the main stream are inherited from the area solely drained by the
Scheldt upstream the city of Ghent. Such heavier isotopic signatures
are also seen in the Dender. This probably results from the differences
that exist between the western and the eastern parts of the Scheldt
watershed as already highlighted for the Si biogeochemical cycle
(Carbonnel et al., 2009). Such differences for Si isotopes will be discussed
in Section 4.5.

The lighteningof δ30Si signature downstreamGhent is particularly im-
portant in winter when the δ30Si signature is lowered by 0.64‰ between
Ghent and Hemiksemwhile DSi concentrations remain high and compa-
rable during a season when no significant biological activity and diatoms
have been reported (Carbonnel et al., 2009). This highlights the leading
role of the tributaries in determining the isotopic signature of the Scheldt
tidal river and indicates that processes controlling the isotopic signature
in the tidal part of the Scheldt River should be mostly located upstream.
Suchprocesses could not be assessed by simply looking at theDSi concen-
trations which remained rather constant in the tributaries (Carbonnel et
al., 2009). They will be discussed in Section 4.4.
rote Nete R2 of correlation with δ30Si Sign of correlation p-value

0.0 0.00 0.98
17.4 0.95 − b0.01
19.2 0.25 − 0.39
1.4 0.86 − b0.05

33.6 0.70 + b0.08
0.3 0.89 − 0.02

28.0 0.05 + 0.73
0.86

18

ure of Corine Land Cover 2006.
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4.3.2. Biogenic uptake
We measured the heaviest δ30Si signatures of DSi at Dendermonde,

+2.09‰ and+1.50‰, respectively in summer and fall. The δ30Si ratios
were respectively 0.53‰ and 0.37‰ heavier than those thatwould have
been expected if there had been conservative mixing only. Such enrich-
mentmay be explained by diatom Si uptake. Diatom growthwas signif-
icant in 2003 at Dendermonde, with summer BSi concentrations
ranging from 90 to 250 μmol/l, reaching up to 350 μmol/l in fall, while
DSi concentrations were below 10 μmol/l (Carbonnel et al., 2009). DSi
depletion around Dendermonde is recurrent in summer (Muylaert et
al., 2001, 2005; Soetaert et al., 2006; Struyf et al., 2004; Van Damme et
al., 2005), depending on the river discharge. Indeed the low discharge
of 2003 decreased DSi of the tidal river down to a few μmol/l
(Carbonnel et al., 2009). The extent towhich diatomgrowth can explain
the measured shift in δ30Si signature was estimated making use of
Eqs. (6) and (7) and setting upstream and downstream boundaries at
Ghent and Dendermonde respectively. We can set the initial conditions
at Ghent and the final ones at Dendermonde because there, the resi-
dence time of DSi is 4±1.7 days (Carbonnel et al., 2009). Calculated
and measured BSi data were directly compared for fall 2003. In the ab-
sence of BSi data in summer 2008, the range of BSi observations during
the summer 2003 was tentatively used (Carbonnel et al., 2009).

In fall 2003 at Dendermonde, the moderate enrichment in heavy iso-
tope can be attributed to the moderate DSi decrease between Ghent
(284 μmol/l) and Dendermonde (188 μmol/l) associated with a signifi-
cant diatom bloom (BSi concentration at 150 μmol/l) (Carbonnel et al.,
2009). From Eqs. (6) and (7) and taking into account the uncertainty on
30ε (−1.1±0.2‰; Fripiat et al., 2011),we calculated BSi concentrations of
62–95 μmol/l (Rayleigh, Table 2) or 75–131 μmol/l (steady-state, Table 2)
to be compared to the value of 150 μmol/l measured by Carbonnel et al.
(2009). The possible contribution of BSi originating from the Dender
and the Scheldt at Ghent can be neglected since the concentrations at
these stations were less than 10 μmol/l (Table 1; Carbonnel et al., 2009).
The calculated BSi concentrations based on the Rayleigh model appear
to be unrealistically low while those calculated from the steady-state
model are in reasonable agreement with the BSi measured.

Overall, our calculations for fall 2003 confirm that the DSi con-
sumption by diatoms can indeed be responsible for the shift in δ30Si
signatures that could not be explained by conservative mixing, and
that the amount of diatoms present at Dendermonde can be high
enough for such a shift in δ30Si signatures. However, based on mea-
sured BSi concentrations in summer and fall 2003, the δ30Si signa-
tures should actually be heavier than the one measured.

BSi was not measured in 2008, but our calculated BSi concentra-
tions using Rayleigh model appear to be fairly low (24–39 μmol/l;
Table 2) compared to the ones measured in July–August 2003
(90–250 μmol/l; Carbonnel et al., 2009) and to the drawdown be-
tween DSi concentrations measured at Ghent and at Dendermonde
in 2008 (Table 1). The fact that the Rayleigh model does not appear
to be applicable to the system between Ghent and Dendermonde
when diatom bloom is also logically observed; the calculated δ30Si
signatures of DSi are significantly heavier in summer 2008 compared
to the measured one (>3‰ vs. 2.1‰, respectively Table 2). With the
steady-state model, we nevertheless estimated higher BSi concentra-
tions (36–91 μmol/l), but they would still be low compared to the
ones measured in summer 2003. This can be indicative of:

(i) Inter-annual variability of diatom blooms. For summer 2008,
while the DSi concentrations at Ghent and Dender were similar
to those in 2003 (Table 1, Carbonnel et al., 2009), the DSi con-
centration at Dendermonde (39 μmol/l) was higher than that
observed during the same period in summer 2003 (3 μmol/l;
Carbonnel et al., 2009). This may be a consequence of the ex-
tremely warm 2003 summer in Europe (Garcia-Herrera et al.,
2010). In the Scheldt tidal river, lower water discharge can in-
deed result in a stronger DSi depletion (Arndt et al., 2007;
Carbonnel et al., 2009), which may explain the difference in
DSi concentrations between the two summers.

(ii) A temporal decoupling between BSi dynamics and isotopic signature
of DSi. This is however difficult to reconcile with the short water
residence times during summer between Ghent and Dender-
monde (4±1.7 days; Carbonnel et al., 2009). Nevertheless, a
possible decoupling between DSi and BSi dynamics in the
Scheldt between Ghent and Dendermonde cannot be ruled out
due to the presence of a local turbiditymaximumatDendermon-
de (Carbonnel et al., 2009; Chen et al., 2005). However, this
would result in an enhanced retention of BSi at Dendermonde
or upstream compared to that of the water (and of the DSi)
and, in contradiction to our calculations, in BSi concentrations
even higher than that the measured drawdown of DSi between
Ghent and Dendermonde.

(iii) Another Si source with a lighter Si isotopic composition of DSi might
be missing in the budget calculation. Such source could be the
DurmeRiverwhichhas not been sampled in this study. However,
it is unlikely that this small tributary could induce the Si isotopic
shift observed since the Durme has a negligible discharge to the
tidal river.

(iv) A process involved in controlling δ30Si signatures might have been
neglected. One of themost likely processes to take place is the dis-
solution of BSi. Demarest et al. (2009) have shown that dissolu-
tion of diatoms release preferentially light isotope with a Si
fractionation factor for diatoms of−0.55‰which should dampen
thenet isotopic fractionation.A dissolution-to-uptake ratio of 0.75
would yield a net fractionation factor of 0.8‰ (Demarest et al.,
2009). The channel of the tidal river is bordered by mudflats
and marshes, which account for 28% of the total surface of the
tidal river system (Meire et al., 2005) and are preferential sites
for BSi deposition and dissolution (Arndt and Regnier, 2007;
Carbonnel et al., 2009). Although dissolution is not expected to
be significant in the Scheldt tidal river on an annual timescale
(Arndt and Regnier, 2007; Carbonnel et al., 2009), it may contrib-
ute significantly to sources of DSi to the tidal river during summer.
The dissolution of BSi from the Scheldt tidal freshwater marshes
could account for up to 50% of DSi concentrations in the tidal estu-
ary during summer, when riverine discharges are reduced and
when ambient DSi concentrations are low due to DSi consump-
tion by diatoms (Arndt and Regnier, 2007; Struyf et al., 2005,
2006). This DSi, originating from BSi dissolution, is thus expected
to exhibit lighter δ30Si signatures compared to theDSi supplied by
tributaries to the tidal river. This is consistent with the measured
δ30Si signatures that are lighter than the one expected based on
the measured BSi concentration. This is also consistent with a
steady state type of isotopic fractionation since such equilibrium
fractionation can result from two reverse processes, each one
inducting an isotopic fractionation (Fry, 2006). This process
should however not affect our mass-balance calculations at Den-
dermonde as, upstream Dendermonde, the channel of the tidal
river is almost completely canalised (Meire et al., 2005) and no
BSi deposition is expected (Carbonnel et al., 2009).

Note that those processes involved to explain the discrepancy in
2008 could also be invoked for fall 2003.We acknowledge that our sum-
mer sampling is scarce and incomplete especially since BSi was not
measured concomitantly with DSi in 2008. This prevents us from
going further into the discussion. Nevertheless, our results would sug-
gest that dissolution process is most likely the mechanism that would
explain a δ30Si signature lighter than expected in diatoms bloomperiod.

4.4. Difference among tributaries and controlling factors

Diatoms hardly bloomed in the tributaries: throughout the year, DSi
concentrations stayed high and BSi concentrations remained low
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(generally below 10 μmol/l, and only up to 30 μmol/l in the Dender in
spring and summer 2003, and probably in the Zenne in spring 2003;
Carbonnel et al., 2009). Based on this rather homogeneous elevated
DSi and low BSi measured in the different tributaries, it is assumed
that the observed inter-tributary isotopic signature could not be pri-
marily attributed to biological processes and is rather catchment specif-
ic. This was investigated by plotting the tributary isotopic signatures as
function of 1/DSi (Fig. 4). A positive linear correlation in such a diagram
is indicative of a mixing process between two end-members (Fry,
2006). The intercept identifies the isotopic composition of the ultimate
Si-rich source while the other end-member would be representative of
waters that are Si-depleted and enriched in heavier isotopes due to a
fractionation process. In the plot of the Dijle, Zenne and Dender the lin-
ear trend suggests similar source and process controls for these three
sub-basins. While the much larger scattering in the plots for the Kleine
and Grote Nete demonstrates that more complex factors control the Si
content in those two rivers.

4.4.1. The Dijle Zenne and Dender tributaries
This group of rivers show increasing δ30Si signatures with increasing

1/DSi, i.e. with decreasing DSi concentration (R2=0.45; p-valueb0.02,
Fig. 4). This likely traces back a process of clay neoformation in
the groundwater seeping zone. Indeed, clay formation during the
weathering process releasesDSi into soil solution and since light isotopes
are preferentially incorporated into clays (e.g. Opfergelt et al., 2010;
Ziegler et al., 2005), Si released into soil waters is enriched in heavy iso-
topes. It is noteworthy that this negative correlation between DSi and
δ30Si ratio is opposite to what is generally observed in rivers which is
usually explained by a complex interplay between δ30Si, weathering
intensity and type of secondary mineral formed (Cardinal et al., 2010;
De La Rocha et al., 2000; Georg et al., 2006; Hughes et al., 2012, under
revision). The positive correlation between δ30Si and 1/DSi might be
indicative of Si release froma isotopic light reservoir such as clays or con-
gruent dissolution from primaryminerals (Cardinal et al., 2010; Cornelis
et al., 2010; Hughes et al., under revision) as discussed in Section 4.4.2
and/or land-use as discussed in Section 4.5.

4.4.2. The Grote and Kleine Nete
The KleineNete catchment area ismainly located over sandy aquifer

(e.g. Vanlierde et al., 2007) in contrast to the Dender, Zenne and Dijle
Fig. 4. δ30Si signatures (‰) in the tributaries as a function of 1/DSi (l/μmol). Dijle (triangles), Z
cles). Correlation line has been calculated on Dijle, Zenne and Dender data (i.e. excluding Grot
basins which develop in aquifers with higher clay contents (Marechal,
1992). The lighter isotopic compositions of the Si source within the
Kleine Nete aquifer cannot be linked to the sandy component since
the signature of quartz should be around 0‰ (André et al., 2006). How-
ever, these sandy aquifers contain very high quantities of glauconites, a
clay-like phyllosilicatewhich is extensively dissolvedwithin the aquifer
ensuring substantial amounts of Fe2+ within the aquifers. Since these
glauconites are secondary clays, we may expect them to present nega-
tive Si isotopic signatures. The extensive glauconite dissolution is a like-
ly explanation for the lighter δ30Si signature of the Kleine Nete tributary
along with land use (see discussion in Section 4.5) and may also have
another effect on Si isotopic composition: lightest silicon isotopes
would be preferentially adsorbed on the substantial quantities of
authigenic iron minerals (Delstanche et al., 2009) that would precipi-
tate and flocculate when the groundwater under reduced environment
enters the surface water system, (Vanlierde et al., 2007). Such process
could be specific to the Kleine Nete and explain the isotopic shift ob-
served in Fig. 4 (and in a less extent to Grote Nete, see below). However,
the other usual processes in the soil–plant–river continuumwould also
be occurring to set positive δ30Si signatures in the Kleine Nete.

Finally, it is worth noting that the Grote Nete of which the samples
are located in between those of the Kleine Nete and those of the
group formed by Dender, Zenne and Dijle tributaries regards to the
δ30Si versus 1/DSi plots (Fig. 4), is also situated in between these
two (group of) rivers both geographically and lithologically.
4.5. Role of plants and land use

In terrestrial environments, higher plants can affect the hydrological
output of DSi not only through root-induced silicate weathering but
also through Si uptake and BSi restitution via its litterfall (Alexandre
et al., 1997). During the growing season, vegetation takes up most of
the DSimade available byweathering of soil minerals (and by phytolith
dissolution), and converts it into phytoliths (back), a large fraction of
which will return to the soils in litter (Farmer et al., 2005). This BSi res-
titution can largely contributes to DSi release to soil waters and ulti-
mately to rivers (Struyf et al., 2010).

Plants preferentially take up light Si isotopes, leaving heavier δ30Si
signatures in the soil water (e.g. Opfergelt et al., 2006; Ziegler et al.,
2005). The δ30Si signature of phytoliths could be in addition impacted
enne (squares), Dender (diamonds), Grote Nete (filled circles) and Kleine Nete (open cir-
e Nete and Kleine Nete).

image of Fig.�4
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by the degree of soil weathering (Opfergelt et al., 2008). When the soil–
plant system is in steady-state, one would expect no change in the DSi
content but gradually heavier signatureswith the increase of the fraction
of neoformed clays within the soils at geological time scales. The turn-
over might be species dependent as plants differ greatly in their ability
to accumulate Si in their aerial parts, ranging from 0.1 to 10% of their
dry weight (Gerard et al., 2008; Hodson et al., 2005; Vandervorm,
1980). Hence, the cycling should be larger for monocotyledons than di-
cotyledons because the former incorporates significantly more Si than
the latter, implying that the turnover could be different in forest relative
to grassland and croplands.

Recent studies by Ding et al. (2004, 2008a) have provided support
that crops could imbalance the Si cycle by giving rise to isotopically
heavier and DSi-depleted river signatures due to phytoliths formation
and their subsequent removal from the soil–plant system during
harvest.

Therefore, in addition to the lithological variation, a land-use varia-
tion may also partly explain the different isotopic signatures. It is note-
worthy that the percentage of forest cover in the Dijle basin (11%) is
four times larger compared to the Dender basin (3%) and it is two
times larger in the Kleine and Grote Nete (21 and 17% respectively) ba-
sins compared to Dijle basin. Indeed, the highest (negative) correlation
coefficient (Fig. 5 and Table 3) is observed between the extent of forest
coverage and the average δ30Si values (R2=0.95, n=5, p-valueb0.01).
This is consistent with a lighter δ30Si resulting from enhanced clay dis-
solution due to high organic matter contents and lower pH in soils of
forested regions (Cardinal et al., 2010; Cornelis et al., 2010). Engström
et al. (2010) have reported a negative correlation between δ30Si signa-
ture and forest cover, which is also in agreement with our results.

Despite their extremely small fraction of the land cover (b1.5%), the
wetland and water surface coverages are also highly anti-correlated
with δ30Si (R2=0.90 and 0.84 respectively, p-valuesb0.05). At first
sight, this may appear to be in complete contradiction with Engström
et al. (2010) who reported a positive correlation between lake cover
and river δ30Si in Sweden. The latter probably results from a significant
diatom uptake occurring in lake ecosystems. However, considering that
lakes do not constitute the main part of water bodies in the Scheldt
watershed, which are rather dominated by wetlands, both studies can
be reconciled. As already stated, in the Scheldt watershed, there exists
an important pool of wetlands where significant BSi dissolution takes
place (Struyf et al., 2004, 2005, 2006). Although this process is different
from clay dissolution favoured by the presence of humic acids in forest-
ed area, both should result in lighter δ30Si values in DSi and appear to be
major features controlling the difference in δ30Si signatures of the
Scheldt tributaries.

In addition, the agriculture area covers a large part of the tributary
catchments (33.6 to 62.9%), with a coefficient correlation with δ30Si of
0.68 (p-valueb0.08; Table 3). Even if this r2 is lower and p-value higher
Fig. 5. Correlation between the extent of forest coverage (%) and the average δ30Si
values (‰) of the five catchments.
than the ones obtained with wetland and forest areas, this type of
land-use could partly control river DSi isotopic signatures. Indeed, the
Dender basin has a high percentage of grasslands and croplands (in-
cluding arable land, agricultural area and permanent farming) and is as-
sociated with a heavier δ30Si signature, which might then be explained
by the removal of phytoliths (light Si) from the ecosystem during har-
vest (Ding et al., 2004; Ding et al., 2008a,b). These results indicate that
land-use can be a major player in controlling some riverine silicon iso-
topic compositions. Struyf et al. (2010) have shown recently that silica
fluxes are impacted by anthropogenic changes of land-use in the
Scheldt River Basin.

Wenote however that urban zonedoes not explain in any noticeable
way the variations of riverine δ30Simeasured in the different tributaries
of the Scheldt watershed. This is in agreementwith a study showing the
limited impact of direct anthropogenic pressures (sewage, industry…)
on the Si cycle in a comparable river system (Seine, France; Sferratore
et al., 2006). However, since the percentages of land-use cover are not
independent of each other, we cannot from these data quantify the in-
dividual contribution of each type of land-use to the average δ30Si
river signature. Further studies should thus focus more specifically on
this aspect.

5. Conclusion

We report the first seasonal variations of riverine δ30Si signatures at
the Scheldt tidal river and its tributary outlets, a temperate watershed
that is highly impacted by anthropic activities. Our results show that
(i) Except for large diatom bloom events which are limited to some of
the summer and fall periods in the tidal river, the processes controlling
δ30Si signatures are most likely to take place upstream the freshwater
tidal river, i.e. within the sub-basins of the tributaries. (ii) Large varia-
tions of δ30Si signatures in non-bloom periods can be observed even
when DSi concentration remains relatively constant. This supports the
use of δ30Si as a sensitive tool to track sources and processes involved
in the continental biogeochemical silicon cycle. (iii) In the tidal river
the diatom blooms induce a large increase in δ30Si signatures. However,
the actual isotopic shift induced by diatom uptake might be partly
dampened by the significant dissolution in summer and fall of biogenic
silica of wetland and/or diatom origins. (iv) Land-use, more specifically
the extent of forest and wetland covers, seems to be the main factor
explaining the differences in δ30Si values of tributaries in the Scheldt,
i.e. at the sub-basin level. Both types give rise to lighter δ30Si signatures
of the DSi. For forest, this confirms that the Si isotopic composition of
DSi set initially by clay formation can be altered by its re-dissolution
due to the presence of dissolved organic matter, which leads to a de-
crease in the δ30Si signature of the DSi exported to rivers (Cardinal et
al., 2010; Cornelis et al., 2010). For wetland, it is likely that such envi-
ronment supplies isotopically lighter DSi as a result of BSi dissolution
(Struyf et al., 2004, 2005, 2006) and associated fractionation
(Demarest et al., 2009; Ziegler et al., 2005;). Lithology and agricultural
activity might also important factors affecting the δ30Si signature
while the impact of urban zone seems to be negligible both at the
sub-basin and whole watershed scales. (v) Indeed at the outlet, the sig-
nificant sub-basin differences in land-use and lithology are levelled off
which probably explain why δ30Si signatures at Hemiksem display a
much smaller seasonal variation and amean δ30Si at+0.95‰ that com-
pared well to the world average. (vi) By modifying land-use, anthropo-
genic activities have altered the Si biogeochemical cycle in the Scheldt
Basin (Struyf et al., 2010) and such changes may also modify the Si iso-
topic composition of DSi in rivers. It has recently been observed that an
anthropogenic pressure such as damming and agriculture alters the riv-
erine δ30Si signatures (Ding et al., 2008a,b; Hughes et al., 2012), but the
impact of land-use change needs to be confirmed by appropriate sea-
sonal monitoring of others rivers. It would be particularly interesting
to focus on a number of selected rivers under different climate regimes,
lithological settings, land-use and anthropogenic pressures.
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