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Abstract

Daily measurements of water discharges and suspended particulate matter (SPM) concentrations and monthly analyses for
arsenic were conducted from 1999 to 2005 on the Garonne, Dordogne and Isle Rivers, the three main tributaries of the Gironde
Estuary, France. Despite the known historical polymetallic pollution affecting the Lot–Garonne River system, the highest As
concentration level was observed in the Isle River. This was explained by the geological context and various Au/As deposits in this
watershed. In the three studied rivers, dissolved As concentrations showed important seasonal variations with maximum values in
summer. The dissolved As concentrations were closely related to water temperature and their increase in spring/summer appeared
to be induced by water temperatures above ∼15 °C, independently from discharge. The reduction of As(V) to more soluble As(III)
and/or destruction of solid As carrier phases by micro-organisms could explain this observation, suggesting that temperature-
dependent biogeochemical processes play an important role in controlling As partition and speciation in fluvial systems.

Water and SPM fluxes in the Garonne River mainly control arsenic inputs into the Gironde Estuary and the downstream coastal
zones. Based on the present data, we propose an empirical model to roughly estimate the annual dissolved and particulate As fluxes
in the Garonne, Dordogne and Isle Rivers from annual water and SPM fluxes. The comparison of observed As fluxes and those
estimated from the empirical model suggests that resuspension of historical, polluted reservoir sediments during a major flood
accounted for ∼50% of the annual As fluxes in 2003.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Arsenic is a ubiquitous element naturally present in all
environmental compartments i.e. freshwater and seawa-
ter, soil, atmosphere, biosphere. Since several centuries,
huge amounts of arsenic have been introduced into the
environment by anthropogenic activities such as mining,
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combustion of fossil fuels or agriculture (e.g. Smedley
and Kinniburgh, 2002). Arsenic, by its high bioavailabil-
ity and toxicity, has become a major environmental and
human-health preoccupation. The Gironde Estuary and its
tributaries, the Garonne, Dordogne and Isle Rivers,
represent one of Europe's largest fluvial–estuarine
systems. Although they drain one of the least industrial-
ized regions of Europe (Abril et al., 2002), the Gironde
watershed is affected by important polymetallic pollution
attributed to former mining and ore-treatment activities in
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the Lot watershed (e.g. Roux and Simonet, 1987;
Jouanneau et al., 1993; Lapaquellerie et al., 1995; Blanc
et al., 1999; Audry et al., 2004a,b; Schäfer et al., 2006;
Fig. 1). Ore deposits andmining areas in the upper reaches
of the Garonne, Dordogne and Isle watersheds (mainly
Massif Central and Pyrenean Mountains) and intense
agriculture in the downstream watersheds are major
sources for metals (e.g. Cd, Zn, Pb, Cu) transported to the
coast (Schäfer and Blanc, 2002; Masson et al., 2006). The
Western Massif Central, mostly drained by the Garonne,
Dordogne and Isle Rivers, presents various important As
sources (mainly hydrothermal sources; Roussel et al.,
2000; Smedley and Kinniburgh, 2002; Courtin-Nomade
et al., 2005), suggesting large dissemination of this eco-
toxic element (e.g. Mandal and Suzuki, 2002; Smedley
and Kinniburgh, 2002). Although As behaviour is well
documented for the sources (e.g. mine areas in the Massif
Central; Courtin-Nomade et al., 2003; Le Guern et al.,
2003; Bodénan et al., 2004) and for the Gironde Estuary/
ocean interface (Seyler and Martin, 1990; Michel et al.,
1998, 2000), little is known on arsenic concentrations and
transport in the Gironde's tributary river systems.

This study presents data obtained during a seven-year
(1999–2005) observation in the Garonne River and
during a four-year (1999–2002) observation in the
Dordogne and Isle Rivers. Daily measurements of water
discharge and suspended particulate matter (SPM)
concentrations were combined with monthly measured
Fig. 1. Map of the Gironde Estuary and its major tributaries: the Garonne, Do
sites.
dissolved and particulate As concentrations. The
objective of the present work is to determine and
compare As concentrations and fluxes in the three
studied watersheds, probably affected by various As
sources. Gross As fluxes into the Gironde Estuary are
reported and the role of microbially driven redox
processes for seasonal variations of dissolved As
concentrations is discussed.

2. Methodology

2.1. Sampling area

The Gironde Estuary (southwest France) drains a
basin surface of ∼79,000 km2 (e.g. Schäfer et al., 2002;
Fig. 1) composed by three main river systems: the
Garonne River (∼51,500 km2), the Dordogne River
(∼15,000 km2) and the Isle River (∼6600 km2). For
each river, the sampling sites have been chosen
upstream of the dynamic tidal zone to exclude
disturbances by estuarine influences (e.g. alternating
flow direction), but as far downstream as possible to
integrate a maximum area of the drainage basin (Schäfer
and Blanc, 2002). The selected sites namely Pessac
(Dordogne River), Guitres (Isle River) and La Réole
(Garonne River) represent the three main entries of the
Gironde Estuary (Fig. 1; Schäfer et al., 2002). National
and regional offices (Port Autonome de Bordeaux;
rdogne and Isle Rivers. Circles show the three permanent observation
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DIREN) responsible for the observation of river
discharge have provided the daily discharge data for
the Garonne, Dordogne and Isle Rivers for the
observation period (1999 to 2005; Fig. 2).

2.2. In-situ measurements and sample collection

Physical parameters were measured monthly in-situ
at ∼1 m from the riverbank and at 0.2 m depth.
Temperature and conductivity were measured using a
TetraCon 96 probe (PROFILINE, WTW). Oxygen
saturation was determined by an ISY 52 probe.
Determinations of pH and redox potential (Eh) were
performed using a Sentix® 41 probe (PROFILINE,
WTW).

At the Guitres site, river water samples for suspended
particulate matter (SPM) measurements were collected
automatically every 90 min using an automatic sampling
device (integrated pumping, rinsing and sample distri-
bution system; model: Bühler PB-MOS), which inte-
grated 16 discrete samples into a 1 l daily composite
sample. At the La Réole and Pessac sites, daily water
samples for SPM determination were collected by hand.
Both automatic and manual SPM samplings were
realised in the mainstream at ∼2 m from the riverbank
and at 1 m depth.

Water and suspended particulate matter (SPM) for
the chemical analysis were sampled monthly as
previously described in detail in Audry et al. (2004a).
Water samples were filtered immediately after sampling
through 0.2 μm and 0.02 μm Nucleopore® polycarbon-
ate filters in a glove box (laboratory van) and filtrates
were collected in acid-washed PP bottles, acidified
(HNO3 suprapur 0.1%) and stored in the dark at 4 °C
until analysis. Particulate matter for trace element
analyses was collected with a PP-pump with PP-tubing
followed by centrifugation (Westfalia; 12,000 g). This
technique is considered a practicable and reliable
method for representative SPM sampling in all hydro-
logic situations (Lapaquellerie et al., 2000; Schäfer and
Blanc, 2002).

2.3. Sample analyses

Determination of SPM concentrations was performed
by filtration of precise volumes of river water through
dry pre-weighed filters (Whatman GF/F, 0.7 μm). Filters
were dried to constant weight at 45 °C and re-weighed.

Representative sub-samples (30 mg of dry, powdered
and homogenized material) were digested in closed
Teflon reactors (Savillex®) using 750 μl HCl (12 M,
suprapur), 250 μl HNO3 (14 M, suprapur) and 2 ml HF
(26 M, suprapur). The reactors were then heated at
110 °C for 2 h. After complete cooling, the digested
solution was evaporated to dryness. Each sample was
brought to 10 ml using 150 μl HNO3 (suprapur) and
double deionized (Milli-Q®) water (Blanc et al., 1999).

Soluble reactive phosphate was determined colori-
metrically from the molybdenum blue complex (Mur-
phy and Riley, 1962). Dissolved and particulate As
concentrations were measured using ICP-MS (Elan
5000, Perkin-Elmer and X7, Thermo) with external
calibration. The analytical methods employed were
continuously quality checked by analysis of certified
international reference materials (PACS-1) and waters
(SLRS-4). Accuracy was within 5% of the certified
values and the analytical error (relative standard
deviation) generally better than 5% for concentrations
10 times higher than detection limits (for ELAN 5000:
50 ng l−1; X7: 25 ng l−1). Furthermore, randomly
selected samples were also analysed by flow injection-
hydride generation Atomic Absorption Spectrometry
(FIAS 400; AA 300, Perkin-Elmer) and Atomic
Fluorescence Spectrometry (Merlin Millenium, PSA)
after pre-reduction of As(V) by KI/ascorbic acid (0.1 M/
0.06 M) in 2.4 M HCl, using commonly applied
protocols (e.g. Yamamoto et al., 1985; Chaillou et al.,
2003). The analytical results obtained from these
independent analytical methods were similar (differ-
ences generally b7%).

2.4. Flux estimation

National and regional offices (Port Autonome de
Bordeaux; DIREN) provided the daily discharge data
for the Garonne (1999–2005; Fig. 2), Dordogne and Isle
Rivers (1999–2002; Fig. 2). Annual dissolved and
particulate As fluxes into the Gironde Estuary via the
Garonne, Dordogne and Isle Rivers were estimated from
daily discharge and SPM data and monthly measured
metalloid concentrations using commonly applied
equations (Walling and Webb, 1985; Meybeck and
Ragu, 1996; Schäfer et al., 2002).

3. Results

3.1. Water discharges and SPM concentrations

From 1999 to 2005, daily discharges of the Garonne
River varied by a factor ∼90 (54–4740 m3 s−1; Fig. 2).
The annual mean water discharges ranged from 346 to
635 m3 s−1 (Fig. 2). During 1999–2002, daily discharges
varied by a factor ∼30 (51–1530 m3 s−1) for the
Dordogne River and ∼70 (8–565 m3 s−1) for the Isle



Fig. 2. Water discharges (m3 s−1), SPM concentrations (mg l−1), temperature (°C), dissolved b0.02 μm and b0.2 μm As (ng l−1) concentrations and particulate As (mg kg−1) concentrations in the
Garonne (1999–2005; a), Dordogne (1999–2002; b) and Isle (1999–2002; c) Rivers. The grey areas represent periods when the dissolved As concentrations increased and the dashed lines represent
“activation” temperature.
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River (Fig. 2). The annual mean water discharges of the
Dordogne and Isle Rivers were maximum in 2000 (364
and 79m3 s−1, respectively; Fig. 2) andminimum in 2002
(244 and 43 m3 s−1; Fig. 2). Flood events generally
occurred in winter and spring (Fig. 2), except in 2002 for
the three studied rivers and 2005 for the Garonne River,
where discharges remained low throughout the whole
year, resulting in very low annual mean discharge values.
With respect to long-term discharge data (Nagy-Breiten-
stein, 1993; Probst and Tardy, 1985), the study period
covered five average years (1999–2001 and 2003–2004)
and two very dry years (2002 and 2005). For the Garonne
River, the 2005-year was the third driest year since 1959.

Suspended particulate matter concentrations were
highly variable and closely related to discharge (Fig. 2).
Indeed, SPM concentrations varied by a factor of
∼1500 in the Garonne River (1–1550 mg l−1) and by
a factor of∼600 in the Dordogne River (1–656 mg l−1).
In the Isle River, SPM concentrations were much less
variable, showing a factor of only ∼200 between the
lowest (1 mg l−1) and the highest values (189 mg l− ). In
the Garonne River, a major flood was sampled between
the 5th and the 9th December 2003. The flood peak
occurred on the 5th December with water discharge of
Table 1
Statistical values (mean, min: minimum, max: maximum, Q1: first quartil
b0.02 μm; ng l−1) and particulate (mg kg−1) As concentrations, phosphate co
pH; Eh: redox potential, mV; sat O2: dissolved oxygen saturation, %; cond: c
not measured

As part As b0.2 As b0.02 μm PO4
3−

mg kg−1 μm ng l−1 ng l−1 mg l−

Garonne
mean 27.3 2140 2130 0.12
min 16.5 970 936 0.01
max 70.2 5950 4400 0.27
Q1 22.5 1330 1320 0.08
med 25.3 1820 2000 0.11
Q3 29.4 2700 2900 0.15

Dordogne
mean 30.6 1050 n.m. 0.07
min 15.8 567 n.m. 0.01
max 62.4 1650 n.m. 0.14
Q1 24.8 784 n.m. 0.04
med 27.6 1030 n.m. 0.07
Q3 33.9 1310 n.m. 0.10

Isle
mean 42.8 2820 n.m. 0.09
min 18.2 990 n.m. 0.01
max 109 6860 n.m. 0.32
Q1 29.7 1640 n.m. 0.04
med 37.1 2410 n.m. 0.08
Q3 51.5 3750 n.m. 0.10
∼4550 m3 s−1 and SPM concentrations of∼880 mg l−1

(Fig. 2).

3.2. Physical and chemical parameters

In the surface water of the Garonne, Dordogne and
Isle Rivers, temperatures, dissolved oxygen saturation
and redox potentials (Eh) showed rather similar values
and variations during the observation period (Table 1).
The pH values were similar in the Garonne and Isle
Rivers, whereas in the Dordogne River, they tended to
be slightly lower (Table 1). Average conductivity
showed the following order: Isle River (∼334 μS
cm−1)NGaronne River (∼286 μS cm−1)NDordogne
River (∼179 μS cm−1). In the Garonne, Dordogne and
Isle Rivers, pH, redox potential and oxygen saturation
did not show distinct seasonal or discharge-related
variations, whereas conductivity tended to decrease with
increasing discharge. Water temperature showed strong
seasonal variations (Fig. 2) in the studied rivers with
minimum values in winter (∼4 °C) and maximum
values in summer (∼27 °C).

Average phosphate concentrations (Table 1) were
higher in the Garonne River (0.12 mg l−1) than those in
e, med: median, Q3: third quartile) for the dissolved (b0.2 μm and
ncentrations (mg l−1) and physical parameters (temp: temperature, °C;
onductivity, μS cm−1) in the Garonne, Dordogne and Isle Rivers; n.m.:

temp pH Eh sat O2 cond
1 °C mV % µS cm−1

15.0 7.9 187 96 286
4.4 7.0 75 62 169
27.7 8.7 389 137 446
10.0 7.8 147 90 265
14.1 7.9 179 96 290
20.5 8.1 217 101 308

14.6 7.6 187 96 179
4.0 6.3 105 72 114
26.0 8.3 318 148 250
8.9 7.4 145 88 149
13.8 7.6 176 96 183
20.2 7.8 214 102 203

14.8 7.9 172 95 334
3.9 6.6 84 79 200
26.7 8.6 290 118 437
9.6 7.6 135 86 308
13.7 8.0 157 95 343
20.6 8.2 209 102 369



Fig. 3. Annual water (a; km3 yr−1), SPM (b; 106t yr−1) and dissolved (c; Fdiss; t yr
−1) and particulate (d; Fpart; t yr

−1) arsenic fluxes into the Gironde
Estuary via the Garonne (1999–2005), Dordogne (1999–2002) and Isle (1999–2002) Rivers. Circles represent the mean annual discharge-weighted
dissolved (c; Cdiss, w; ng l−1) and weighted (by SPM fluxes) particulate (d; Cpart, w; mg kg−1) As concentrations.
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the Isle River (0.09 mg l−1) and in the Dordogne River
(0.07 mg l−1). In the three studied rivers, phosphate did
not show seasonal or discharge-related variations and
was not correlated with any of the measured parameters.

3.3. Dissolved and particulate arsenic concentrations

The dissolvedAs concentrations (b0.2μm) varied by a
factor ∼6 in the Garonne River, by a factor ∼3 in the
Dordogne River and by a factor ∼7 in the Isle River
(Table 1). The dissolved As concentrations showed strong
seasonal variations in the three studied rivers (Fig. 2).
Generally, the minimum dissolved As values occurred in
January–March whereas the dissolved As concentrations
were maximum in July–October (Fig. 2). During the
sampled flood in theGaronne River (December 2003), the
dissolvedAs concentrations strongly increased from2800
(before the flood, 28th November 2003) to 5950 ng l−1

(6th December 2003). The As concentration of the “truly”
dissolved (b0.02 μm) fraction was only measured in the
Garonne River between August 2003 and December
2005. These concentrations varied from 940 ng l−1 to
4400 ng l−1 (Fig. 3). The b0.02 μm dissolved As
concentrations generally represented 70–100% of the
total dissolved (b0.2 μm) As concentrations (Fig. 2).
There was no relationship between the contribution of the
b0.02 μm dissolved As fraction to the total dissolved As
(b0.2 μm) concentration and discharge, SPM concentra-
tion or physical parameters.

In the Garonne River, particulate As concentrations
typically varied by a factor 2.5 (16.5–41.6 mg kg−1;
Fig. 2; Table 1). However, during the flood in December
2003, particulate As concentrations reached exceptionally
high values of up to 63.9 mg kg−1. From January 1999 to
June 2001, particulate As concentrations varied by a
factor 2 (15.8–33.8 mg kg−1; Fig. 2) in the Dordogne
River and by a factor 3 (18.2–56.1 mg kg−1; Fig. 2) in the
Isle River. During the second half-year of 2001, As con-
centrations were higher and more variable than during the
previous period, showing values of up to 62.4 mg kg−1 in
the Dordogne River and up to 109 mg kg−1 in the Isle
River (Fig. 2).

4. Discussion

4.1. Spatial variations of the arsenic concentrations

During 1999–2002, the dissolved and particulate As
concentrations showed the following order: Isle Riv-
erNGaronne RiverNDordogne River (Fig. 2; Table 1).
The discharge-weighted dissolved As concentrations
followed the same order (Fig. 3c). In contrast, the
weighted (by SPM fluxes) particulate As concentrations
were slightly higher in the Dordogne River than those in
the Garonne River (Fig. 3d). The relatively low As
concentrations of the Garonne River compared to the
Dordogne and Isle Rivers were somewhat unexpected,
with regard to the historical polymetallic pollution of the
Lot–Garonne river system (e.g. As, Cd, Zn, Ba; Roux and
Simonet, 1987). The generally high dissolved and
particulate As concentrations observed in the Isle River
may be attributed to various Au/As ore deposits and
mining areas localized in the upper reaches of the Isle
watershed (BRGM, 1984; Schäfer and Blanc, 2002;



202 M. Masson et al. / Science of the Total Environment 373 (2007) 196–207
Bodénan et al., 2004). Moreover, the geochemical
background level of As in the upper reaches of the Isle
watershed is considered as relatively high with natural
average As concentration in the soils of 120 mg kg−1

(Chéry and Gateau, 1998). The lowest dissolved As
concentrations observed in the Dordogne Rivers may be
due to the presence of large hydroelectric reservoirs along
the Dordogne River (Maneux et al., 2001). These
reservoirs favor water-column stability and particle
sedimentation, increasing light penetration into the
water-column and stimulating phytoplankton growth
(Sullivan et al., 2001). Phytoplankton, exclusively present
in the particulate phase (Thurman, 1985), may adsorb
dissolved As (e.g. Seyler and Martin, 1989; Knauer and
Hemond, 2000) and decrease the dissolved As concentra-
tions in the water. This process could also explain why the
highest weighted (by SPM fluxes) particulate As
concentrations were observed in the Dordogne River
(Fig. 3d). However, rapid sedimentation of particles in the
Dordogne reservoirs (Maneux et al., 2001) may efficient-
ly remove As from the water column. Most of the total
dissolved (b0.2 μm) As in the Garonne River belongs to
the “truly dissolved” (b0.02 μm) As fraction (Fig. 2a),
suggesting that in this river system the 0.02–0.2 μm
colloidal fraction does not play an important role in As
transport.

In the Garonne, Dordogne and Isle watersheds, the
drinking water resources mainly derived from surface
water (∼70%; e.g. riverbank filtration; Agence de l'Eau
Adour-Garonne, 2006) and consequently river water
quality is an essential issue for water resources man-
agement. All dissolved As concentrations measured in
the Garonne, Dordogne and Isle Rivers were lower than
the maximum permissible limit for drinking water
(10 μg l−1; European Community Water Framework
Directive 1998/83/CE; Fig. 2). Nevertheless, all dis-
solved As concentrations were higher than world
average value (620 ng l−1; Gaillardet et al., 2003),
except for 4 samples from the Dordogne River (Fig. 2).
The particulate As concentrations measured in the
Garonne, Dordogne and Isle watersheds were 3–20
fold higher than the world average values (5 mg kg−1;
Martin and Whitfield, 1983; Fig. 2) emphasizing the
influence of the local geological context. Indeed, arsenic
is a major element in different types of ore deposits
present in numerous mining areas localized in the upper
reaches of the studied watersheds (e.g. Zn, Pb, W, Au;
BRGM, 1979, 1984, 1985; Schäfer and Blanc, 2002;
Courtin-Nomade et al., 2003).

In the Garonne River, the dissolved and particulate
As concentrations were maximum during the December
flood in 2003 (Fig. 2). This exceptionally intense flood
event was caused by heavy rainfalls, mainly in the upper
Lot River watershed (Coynel, 2005). This area is known
for important potential As point sources such as the
tailings of the Enguialès mine (100–300 mg kg−1;
Courtin-Nomade et al., 2003), waste areas in the Riou
Mort watershed (Coynel, 2005) or contaminated sedi-
ments (up to 0.1–2wt.% of As; Audry, personal
communication). In contrast, the February 2003 flood
(maximum discharge: 4740 m3 s−1) was generated by
heavy rainfalls in the headwater reaches of the Garonne
watershed (Languedoc Roussillon region), where As
sources may probably be less abundant and/or important
than in the Massif Central (Coynel, 2005). This may
explain the relatively low As concentrations and fluxes
observed during the February 2003 flood (Fig. 2).

From June 2001 to December 2002, the particulate As
concentrations of the Dordogne and Isle Rivers, were
higher and more variable than during the previous period.
Similar observations were also observed in the Lot River
(data not shown) suggesting a common supplementary
particulate As source in these neighbored three water-
sheds. The construction of a new N–S highway in the
Massif Central affecting the upper Dordogne, Isle and Lot
watersheds (Demmerle et al., 2004) may account for this
perturbation. Indeed, important amounts of local, natu-
rally As-rich rock material were crushed and used for the
banking up probably intensifying rock weathering and
leaching processes.

4.2. Seasonal variations of the As concentrations

In the Garonne, Dordogne and Isle Rivers, the
dissolved As concentrations showed strong seasonal
variations (Fig. 2), the minimum and maximum As
concentrations occurring in winter and summer, respec-
tively. Such cyclic variations were reported for other
rivers (e.g. Seine River, Elbaz-Poulichet et al., 2006;
Waikato River, McLaren and Kim, 1995; Po River,
Pettine et al., 1997), but their amplitudes were clearly
lower than those observed in the studied system. In the
Gironde's tributaries, the dissolved As concentrations
clearly decreasewith increasingwater discharges (Fig. 4a,
b,c), suggesting that dissolved As concentrations may be
affected by dilution. Nevertheless, dissolved As concen-
trations reached low values during the winter 2001–2002
in the Garonne, Dordogne and Isle Rivers and during the
winter 2004–2005 in the Garonne River, although no
clear changes in discharge (winter floods) were observed
(Fig. 2). These results suggest that dilution processes
cannot entirely explain the seasonal dissolved As
variations. Except for discharge, water temperature was
the onlymeasured parameter relatedwith the dissolvedAs



Fig. 4. Relationship between dissolved As concentrations and discharge (a, b and c; m3 s−1), temperature (d, e and f; °C), pH (g, h and i) and
phosphate concentrations (j, k and l; mg l−1) in the Garonne River (1999–2005, excepted during the December flood), Dordogne (1999–2002) and
Isle (1999–2002) Rivers.
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concentrations in the Garonne, Dordogne and Isle Rivers
(Fig. 4d,e,f ). Some bacteria are capable of reducing As
(V) species to As(III) species (e.g. McLaren and Kim,
1995; Pettine et al., 1997; Knauer and Hemond, 2000;
Oremland et al., 2000). As the As(III) species are less
particle reactive and, thus, more mobile than the As(V)
species (e.g. Aurillo et al., 1994; Ahmann et al., 1997;
Elbaz-Poulichet et al., 1997), bacterial As reduction may
increase the dissolved As concentrations in water
(Sanders and Windom, 1980; McLaren and Kim, 1995).
These processes generally depend on microbial activity
and typically occur when water temperature is high (e.g.
above 12 °C; Howard et al., 1984; Pettine et al., 1997). In
the Garonne, Dordogne and Isle Rivers, the increase of
dissolvedAs concentrations appeared to be initiated when
temperature reached ∼15 °C (Fig. 2), suggesting that in
the studied rivers water temperature may partly control As
distribution and speciation.

Several studies showed that pH may also influence
trace element mobility in rivers by controlling sorption
process (e.g. Fuller and Davis, 1989; Bourg et al., 2000).
However, in the Garonne, Dordogne and Isle Rivers,
neither seasonal pH trends nor clear relationships
between dissolved As concentrations and pH were
observed (Fig. 4g,h,i), suggesting that pH cannot
explain the seasonal As variations in the studied rivers.
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Based on the good correlation between dissolved As
and phosphate concentrations in the Marne and Seine
Rivers, Elbaz-Poulichet et al. (2006) suggest arsenate
assimilation by phytoplankton in spring as a substitute
for phosphate (similar molecular structure; e.g. Pettine
et al., 1997), and release by organic matter mineraliza-
tion during summer. Although similar processes cannot
be excluded, no relationship between dissolved As and
phosphate concentrations nor seasonal phosphate varia-
tions were observed in the Garonne (Probst, 1983; this
study), Dordogne and Isle Rivers (Fig. 4j,k,l).

The use of inorganic and/or organic arsenical pesti-
cides (e.g. Yokel and Delistraty, 2003; Jones and Huang,
2003; Sarkar et al., 2005) could also contribute to the
observed seasonal variations in dissolved As. However,
the use of inorganic As pesticides has largely decreased
during the last decades in favor of organo-arsenical
compounds (e.g. Sarkar et al., 2005). The FI-HG-AAS
method only detects the organic As compounds (Michel
et al., 1998), whereas both the organic and inorganic As
compounds are detected by the ICP-MS. As we did not
observe systematic differences between the results
obtained from these independent techniques, we assume
that organic As compounds are negligible for the
dissolved As transport in the studied rivers. Although
we cannot entirely exclude mobilization of formerly
applied pesticides from agricultural areas to rivers,
recently applied As-based pesticides do not seem to
influence dissolved As concentrations. Therefore, we
suggest that bacterial reduction of As(V) to more soluble
species As(III) may be a main process controlling the
seasonal variations of dissolved As concentrations in the
Garonne, Dordogne and Isle Rivers. However, no
seasonal variation was observed for the particulate As
concentrations (Fig. 2). Assuming an increase in
dissolved As concentration of ∼3000 ng l−1 and a SPM
concentration of ∼20 mg l−1 for a given situation in
summer, the As concentration in SPM should decrease by
∼150 mg kg−1, i.e. ∼3–5 fold the observed particulate
As concentrations. These results suggest that As mobili-
zation via reduction processes probably occurs in the
sediment and/or in the riverbank aquifers rather than in the
water column and that these compartments may contain
important stocks of releasable As. Further work including
sediment/riverbank sampling during summer and As
speciation measurements will help to better understand
and quantify these processes.

4.3. Annual arsenic fluxes and transport

During 1999–2002, the annual dissolvedAs fluxes in the
Garonne River (19–64 t yr−1; Fig. 3c) were clearly higher
than those in theDordogne (7.3–11.6 t yr−1; Fig. 3c) and Isle
Rivers (3–5 t yr−1; Fig. 3c) and controlled the gross
dissolved As fluxes into the Gironde Estuary (Fig. 3c). The
relative contributions of the three rivers to the annual
dissolved As fluxes into the Gironde Estuary (gross fluxes)
were relatively constant during 1999–2002 (∼65% for the
Garonne River, ∼25% for the Dordogne River and ∼10%
for the Isle River; Fig. 3c). The mean annual specific
dissolved As fluxes were similar in the Garonne, Dordogne
and Isle Rivers (0.52–0.64 kg km−2 yr−1) and lower than
those of the heavily polluted Humber River (0.88 kg km−2

yr−1; Neal and Davies, 2003).
Although the particulate As concentrations in the

GaronneRiverwere lower than those of theDordogne and
Isle Rivers, the annual particulate As fluxes of the
Garonne River (6.4–96 t yr−1; Fig. 3d) controlled the
particulate As fluxes entering into the Gironde Estuary.
The high contribution of the Garonne River (∼57–84%;
Fig. 3d) to the annual particulate As gross fluxes is
attributed to the relatively high annual SPM fluxes in the
Garonne River (0.87 to 1.8 106 t yr−1; Fig. 3b) compared
to those in the Dordogne and Isle Rivers (respectively
0.22–0.58 106 t yr−1 and 0.03–0.08 106 t yr−1; Fig. 3b;
Masson et al., 2006). The contribution of the Dordogne
and Isle Rivers to the annual particulate As gross fluxes
ranged from 12 to 37% for the Dordogne River (6–15 t
yr−1; Fig. 3d) and was ∼5% for the Isle River (1.6–2.5 t
yr−1; Fig. 3d). The mean annual specific particulate As
fluxes of the Garonne (0.60 kg km−2 yr−1) and Dordogne
(0.69 kg km−2 yr−1) Rivers were similar and clearly
higher than those of the Isle (0.33 kg km−2 yr−1) and
Humber Rivers (0.22 kg km−2 yr−1; Neal and Davies,
2003), suggesting that particulate As transport (e.g. by
erosion) in the Garonne and Dordogne watersheds is
intense.

In the Garonne River, the estimated dissolved (64 t
yr−1; Fig. 3c) and particulate (96 t yr−1; Fig. 3d) As
fluxes in 2003 were the highest of the studied period,
mainly due to the December flood (see below). In the
Garonne and Dordogne Rivers As transport in the
particulate and dissolved phases were quite equivalent
(Fig. 3c,d), whereas in the Isle River As was mainly
transported in the dissolved fraction (∼65%; Fig. 3c,d).

4.4. Empirical model

In the Garonne, Dordogne and Isle Rivers, the mean
annual discharge-weighted dissolved and weighted (by
SPM fluxes) particulate As concentrations were rela-
tively constant during 1999–2002 (Fig. 3c,d). Moreover,
the variations of discharge and SPM concentrations were
clearly higher than those of As concentrations (Fig. 2),



Fig. 5. Relationship between the annual dissolved As fluxes (Fdiss As) and the annual water fluxes (Fwater) and between the annual particulate As fluxes
(Fpart As) and the annual SPM fluxes (F SPM) in theGaronne (a and d),Dordogne (b and e) and Isle (c and f) Rivers (for 1999–2002; black diamonds). The
open triangles represent fluxes in 2003 (strongly impacted by the December floods), 2004 and 2005 which are not considered for the linear regression.
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suggesting that dissolved and particulate As transport
mainly depend on water and SPM transport. The annual
dissolved and particulate As fluxes of the three studied
rivers can be roughly estimated from the annual
water and SPM fluxes (Fig. 3a,b) using the following
equations:

F⁎dissðAsÞ ¼ a⁎Fw þ b

F⁎partðAsÞ ¼ c⁎FSPM þ d

where Fdiss
⁎ (As) and Fpart

⁎ (As) represent the annual
dissolved and particulate As fluxes, Fw represents the
annual water flux and FSPM represents the annual SPM
flux. The coefficients a, b, c and d were determined
from the equations of the linear regressions (Fig. 5). In
2004 and 2005, the annual dissolved and particulate As
fluxes of the Garonne River estimated by this simple
empirical model are very close to the fluxes estimated
from field observation (Fig. 5). For example, in 2004,
the differences were ∼22% and 4% for the particulate
and the dissolved As fluxes, respectively. In contrast,
the empirical model does not reproduce the fluxes
observed in 2003 (Fig. 5a,d). The important difference
between the fluxes estimated from field observation
and those obtained from the model may probably be
attributed to the flood event. Accordingly, we estimate
that the flood contributed ∼58% and ∼34% to the
annual dissolved and particulate As fluxes, respective-
ly, in the Garonne River. This result is coherent with
observations made for a number of trace elements
(e.g. Cd, Zn, Cu, Pb, Hg, Sb etc.; Coynel, 2005),
emphasizing the importance of major flood events and
flood management for trace element transport in regu-
lated river systems.
5. Conclusions

During the 7-year monitoring on the Garonne River
and 4-year monitoring on the Dordogne and Isle Rivers,
the dissolved and particulate As concentrations mea-
sured in the three studied rivers were higher than world
average values reflecting the high geochemical back-
ground values and various anthropogenic (mining, ore
treatment) sources of the Massif Central. In the Isle
River, As concentrations were generally higher than
those in the Garonne River, despite the historical
polymetallic pollution of the Lot–Garonne River system.
The relatively high dissolved and particulate concentra-
tions in the Isle River may be explained by a large
number of Au/Asmining areas and ore deposits localized
in this watershed. In the Dordogne River, the low
dissolved As concentrations and relatively high partic-
ulate As concentrations may be due to the adsorption
onto phytoplankton in the large reservoirs along this
river, followed by scavenging to the sediment. Never-
theless, all dissolved As concentrations measured in the
studied rivers were lower than the permissible limit for
drinking water. The dissolved As was mainly transported
in the b0.02 μm fraction suggesting low affinity for the
0.02–0.2 μm colloidal fraction.

In contrast to other rivers, the strong seasonal
variations in dissolved As concentrations observed in
the Garonne, Dordogne and Isle Rivers seem to be
controlled by water temperature. This was attributed to
microbial reduction of As(V) to less particle active As
(III) species at water temperatures above ∼15 °C.

The As budget of the Gironde Estuary and the
adjacent coastal environment depends mainly on inputs
via the Garonne River and may be roughly estimated
from an empirical model based on annual water and
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SPM fluxes without measuring As concentrations.
However, this empirical model does not take into
account exceptional flood events, such as the December
2003 flood that contributed ∼50% to the annual As
fluxes in the Garonne River.
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