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Cycle de l’eau



(Philippe Maisongrande, Legos)



1,4.109 km3d’eau
(Philippe Maisongrande, Legos)
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Bilans des flux hydriques annuels sur l'ensemble
de la planète exprimés en km3 d'eau

(d'après Ghislain de Marsily, 1995 et 2009)

12 000 km3

425 000 km3

385 000 km3

73 000 km3

28 000 km3

Evaporation totale
498 000 km3

113 000 km3

Ruissellement

et écoulements souterrains

Différence : 40 000 km3

Surfaces 
continentales

Océans

1 km3 = 1 milliard de m3 ; 1 m3 = 1000 L



Demande en Eau

km3/a 1900 1950 1990 2000 %
(2000)

Agriculture 525 1 130 2 680 3 250 63 %

Industrie 37 178 973 1 290 25 %
Domestique 16 58 470 660 12 %

Total : 5 200 km3/aCrues : 27 500 km3/a
Eaux souterraines : 10 500 km3/a
Glaces : 2 500 km3/a

Récupérable : ~13 500 km3/a

(de Marsily, 2009)



Eau et production agricole

Produits végétaux Produits transformés
et animaux

Blé, céréales C3 1 000 Huiles 5 000

Maïs, céréales C4 700 Volailles 4 100

Pommes de terre 100 Bœuf 13 000

Maraîchage 200-400 Œufs 2 700

Agrumes 400 Lait 800

Volumes d’eau requis en m3/t pour produire les bases alimentaires
Partie consommée brute (non en matière sèche) des différents produits

(Behra, 2013)



Chimie des eaux naturelles
et impact des activités humaines

Potential input of pollutants
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A SO CRITICAL ZONE?

(from Arnaud and Gaillardet, 2016)



A SO CRITICAL ZONE?

(from Gaillardet, 2016)



Qualité de l’eau
Composition des eaux naturelles



Three basic properties of water

=> solvent: dissolution and presence of inorganic 
compounds in water at equilibrium with minerals

=> reactant: chemical reaction with other chemical 
compounds (e.g. photosynthesis…)

=> vector: transport of chemical compounds present in 
water
[soils – surface and ground waters – living organisms…]

QUALITY OF WATER



Weathering processes: acid-base reactions
Calcareous

CaCO3(s) + CO2(g) + H2O  Ca2+ + 2 HCO3
–

Gypsum
CaSO4(s) + 2 H2O  Ca2+ + SO4

2–

Silica and feldspar 
SiO2(s) + 2 H2O  H4SiO4

NaAlSi3O8(s) + H2CO3
* + 4,5H2ONa+ + HCO3

– + H4SiO4 + 0,5Al2Si2O5(OH)4(s)

QUALITY OF WATER



Weathering processes: redox reactions

Photosynthesis-respiration
6CO2(g) + 6H2O + solar energy  {CH2O}6 + 6O2(g)

Production of biomass: redox reactions

Pyrite
2FeS2 + 2H2O + 7O2  2Fe2+ + 4H+ + 4SO4

2–

Neutralization by calcite mineral

CaCO3(s) + H+  Ca2+ + HCO3
–

Pyrite SulfateDissolved iron

QUALITY OF WATER



Chemical composition of natural waters

Parameters “Average”
river water a)

Loire b) Seine c) Bourget lake d) Sea water e)

pH 6.5 – 8.5 7.0 – 8.3 7.8 – 8.1 7.3 8.1

Ca2+ mM 0.4 0.85 2.4 1.4 10
Mg2+ mM 0.16 0.19 0.21 0.25 55
Na+ mM 0.3 0.5 0.4 0.3 500
HCO3

– mM 1.0 1.6 3.9 (2.8) 2.1
Cl– mM 0.2 0.3 0.5 0.2 565
SO4

2– mM 0.1 0.15 0.3 0.26 29
H4SiO4 mM 0.2 0.06 0.03 0.04 – 0.16

a) from Stumm and Morgan (1996), composition corresponding to the average of 
river discharge to oceans; b) from Grosbois et al. (2000); c) from Roy et al. (1999); 
d) from Irstea, Lyon, and Jacquet et al. (2009); e) from Millero (2006) 

(Sigg, Behra, Stumm, 2014)
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Comparison between chemical composition of the Calancasca river
(south Switzerland, crystalline substratum) and the Glatt river (Swiss plateau, calcareous)

Quality of water:
Natural inputs vs. human activities

(Sigg et al., 2014)



Chemodynamics of compounds
Methods for studying chemical behavior in heterogeneous complex 

systems: flux study, scaling (in space and time) and inter-disciplinary approach

(from Behra Ph., 2000, book, COST 67, COST, EUR 19248)
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• Indigenous communities in Bolivia: 
A high [total Hg] in hair

from 12 to 35 µg/g 
(90 % MeHg+)

(Laffont et al., 2009, ES&T, 43, 8985-8990)

Hg problematic in the Amazon basin

WHO limit in hair:
10 µg/g MeHg+

© L. Maurice/IRD



Aims in Bolivia
Tracing the sources of Hg in a natural environment

}

}

 Hg used by gold-miners

 Hg in cultivated or slash and burned soils 
(eroded in rainy season)

 Hg from rock weathering

 Atmospheric Hg

Origin of the sources:

anthropogenic

natural

Using significant differences in isotopic fractionation of:

In : bed-rock, soils, sediments, fishes and human hair

See works by Laure Laffont, Jeroen Sonke, David Amouroux, Laurence Maurice & PhB
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Hg in surface waters of the Thur and Ill rivers (Alsace, France)
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Hg transported either in the dissolved (0.8 pM - 1.7 nM) 
or particulate phases (0.1 - 819 pM)

(from V. Wernert, F. Frimmel, Ph. Behra)



Identification and quantification 
of industrial sources (86 g/d)

Hg(II)

Hg0
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CH3Hg+
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bedrock
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Field studies
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porous media

Hgp

Understanding the mechanisms controlling the 
biogeochemical cycle of trace contaminant, e.g. mercury

Main sources
(combustion of fossil 
fuels, gold mining, Cl
chemical plants…)gas, aerosols, dusts
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Role of clay mobility after their peptisation in Hg(II) transport
through natural quartz sand

a) Injection of 0.5 µM Hg(II) with NaCl (I = 10 mM) to steady-state condition (C/C0 ≈ 1)
Then injection of NaCl (I = 10 mM) alone
When [Hg] ≈ 0, injection of pure water leading to clay peptisation

b) Each sample divided in 3: total [Hg], [Hg] after centrifugation (expressed as C/C0) and clay 
mass. NaCl gradient given

(after Behra, Geoderma, 1986)

What about colloid transport or their potential scavenging 
role in contaminant transport?

Leaching (240 Vp) 0 Vp = pure water injection

Clay mass [g]

Mercury breakthrough

Total [Hg]

[Hg] on clay

NaCl
gradient



Nature 397, 56-59 (7 January 1999)

What about colloid transport or their potential scavenging 
role in contaminant transport?



(from Kersting et al., Nature 397, 1999)

What about colloid transport or their potential scavenging 
role in contaminant transport?

a, The tabular, lath-shaped morphology of the zeolite, mordenite;
b, the platy appearance of the clay, illite.
The two distinct morphologies were observed in all three size fractions (> 1 µm, 1 000–50 nm, and
50–approx. 7 nm)



Chemodynamics of compounds
Methods for studying chemical behavior in heterogeneous complex 

systems: flux study, scaling (in space and time) and inter-disciplinary approach

(from Behra Ph., 2000, book, COST 67, COST, EUR 19248)
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NEW INNOVATING CHEMICAL SENSORS/MIACTIS-MAISOE-CRITEX-IEDD

EQUIPEX PROJECT: CRITEX

PARC NATIONAL D’ÉQUIPEMENTS INNOVANTS POUR L’ÉTUDE SPATIALE ET TEMPORELLE
DE LA ZONE CRITIQUE DES BASSINS VERSANTS

COORDINATOR: JÉRÔME GAILLARDET (INSTITUT DE PHYSIQUE DU GLOBE DE PARIS)

TASK 4.3: INNOVATING CHEMICAL SENSORS
TASK LEADERS: PHILIPPE BEHRA & FRANÇOIS PRÉVOT (IPGP, UNIV. PARIS DIDEROT)

OBJECTIVES: DEVELOP OF NEW SYSTEMS FOR IN SITU PHYSICO-CHIMICAL MONITORING

EQUIPMENT FOR A PLATFORM: 
RAMAN MICROSPECTROSCOPE, QUARTZ MICROBALANCE, SURFACE PLASMA RESONANCE, 

POTENTIOSTAT

SENSOR PROJECTS: Hg SPECIATION, CH4(aq), NUTRIENTS (Si, PO4
3–, NO3

–), BORON, PESTICIDES



(Fajerwerg, K., Behra, P., Gaillardet, J., 2015. Capteurs de la qualité des eaux,
in Eau à Découvert, codirigé par A. Euzen, C. Jeandel et R. Mosseri,

CNRS Éditions, Paris, 2015, à paraître)

/Sensor

/Receptor
Transducer Signal 

processing

Analyte or 
target



Analyses of polar pesticides and 
glyphosate in Mekong Delta

Tran-Thi Nhu-Trang1, Do Minh-Huy1, 
Nguyen T. Thu-Thao1, Chau Quoc-Hung1, 
Tran L. Thanh-Thien1, Nguyen Thien-Thao2, 
Didier Orange3, Philippe Behra4

1 Department of Analytical Chemistry, University of 
Science Ho Chi Minh City (Vietnam)
2 Tra Vinh University, Tra Vinh Province (Vietnam)
3 Ecologie Fonctionnelle & Biogéochimie des Sols 
& des Agro-Ecosystèmes, IRD, CIRAD, INRA, 
Montpellier SupAgro, Montpellier, France
4 Laboratoire de Chimie Agro-industrielle (LCA), 
Université de Toulouse, INPT, Toulouse (France)

ACS – San Francisco, April, 2017



Láng Thé
dam

Tầm Phương
dam

P1

P2

P3

P4

P3

P4

CÁC ĐIỂM LẤY MẪU
P1 (10.00088, 106.30626)
P2 (9.98474, 106.31106)
P3 (9.88921, 106.33552)
P4 (9.88982, 106.33504)
CỐNG TẦM PHƯƠNG (9.88973, 106.34375)
CỐNG LÁNG THÉ (9.99647, 106.30725)

Tra Vinh: a coastal Vietnamese province in Mekong Delta with 
about 75 % of the land (175 550.38 ha of agricultural land) 



banned 

in the EU

Atrazine
Thiodicarb

Acetochlor
Simazine

Butachlor
DiuronCarbonfuran

banned 
in USA

Pirimicarb

Polar pesticides (logKow 1.6 – 4.5) 

Emerging organic micropollutants



ACTIVE (GRAB) AND PASSIVE SAMPLING

Grab sampling:
Lack of reliability because of 
low sampling frequency

Automated sampling with 
high frequency:
Better reliability but

• time consuming
• expensive

=>> 
Incompatible with routine analysis

Passive sampling:
• Acquisition of a time weighted average concentrations since devices 
continuously exposed
• Lower quantification limits since analytes being concentrated in situ

days

Grab sampling
Automated sampling

Passive sampling
Real concentration



LANG THE DAMLANG THE DAM

P1 P2

P3 P4

TAM PHUONG DAM

Sampling in June and July 2015, and March and April 2016 at 4 positions of Tra
Vinh rivers: 
 P1 at outside (about 0.5 km) and P2 at inside (about 1 km) from Lang The dam;
 P3 at inside (about 1 km) from Tam Phuong dam and P4 at a small canal near 

the rice fields (1.5 km from Tam Phuong dam). 



CONCLUSION
 Preliminary results: as in surface water, POCIS being a useful tool, especially for the

screening of substances at low concentration levels that are not detected by

laboratory analysis of spot samples

 Presence of atrazine and 2,4-D in Tra Vinh rivers as to be considered and necessary

to pay more attention since surface waters here being not only used for agricultural

cultivation but also for aquaculture and particularly for local people activities

Ongoing study
 Sorption of these organic compounds on sediments and colloids 

 Transport mechanisms in surface water and to/through groundwater

 Development of new chemical sensors to selectively determine the pollutant 

targets (USTH PhD thesis of Huy Do)

 Impact of ecosystem



Cd dans les huîtres: 100 μg g–1

de masse sèche (Boutier, 1981)



Study of the temporal variation of the concentrations of the dynamic metal fractions 
in the Riou-Mort stream

EU project ECODIS: Dynamic sensing of chemical pollution disasters and 
predictive modelling of their spread and ecological impact (2005-2008)
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The Riou-Mort watershed:

affected by leaching and mechanical erosion of metallurgical wastes
from former mining and ore smelting activities.
known as the major source of the historical polymetallic 
pollution of the Lot-Garonne-Gironde fluvial-estuarine system

M.-L. Tercier-Waeber*, Teddy Hezard, Matthieu Masson, Jörg Shäfer, Env. Sci. Tech. 2009



Experimental conditions:

Measurements at the Riou-Mort Joanis site were performed in Spring 2007 and 2008 
which were characterized by large difference in hydrological conditions

discharge
water level

Di
sc

ha
rg

e 
(m

3
s-1

)

0

0.5

1

1.5

2

0

1

2

3

W
ater level (m

)

0

25

50

75

100

30
.0

4.
08

27
.0

4.
07

28
.0

4.
07

29
.0

4.
07

30
.0

4.
07

01
.0

5.
07

02
.0

5.
07

16
.0

4.
08

18
.0

4.
08

20
.0

4.
08

22
.0

4.
08

24
.0

4.
08

26
.0

4.
08

28
.0

4.
08

2007 2008

discharge
water level



Cd dynamic in Riu-Mort river (Aveyron) : 

– Noon-midnight: Control of  Cd dynamic by sorption on benthic 
periphyton due to increasing pH
and of photosynthesis/respiration

– Noon-midnight: control of Cd dynamic by 
dissolution/precipitation processes  of (hydr)oxides of Mn mainly

2007 2008

(from Tercier-Waeber et al., 2009)

Photosynthesis-Respiration
6CO2(g) + 6H2O + solar energy  {CH2O}6 + 6O2(g)

Surface Complexation
M2+ + S–OH  S–OM+ + H+



(in Behra, 2013; from Tercier-Waeber et al., 2013)

Different processes may control the diurnal cycles of the dynamic Me species

Photosynthesis-respiration
6CO2(g) + 6H2O + énergie solaire  {CH2O}6 + 6O2(g)



Example of Riou-Mort river

Importance of in-situ monitoring systems at the field site:

• For following the different parameters by in situ dynamic sensors 
with continuous measurement and at high frequency (meaning?)

* For a better understanding of biogeochemical cycles of elements, 
nutrients, contaminants and xenobiotics in natural systems, the 
impact of human activities on inland waters to sea waters 
(including ground, soil and surface waters…)
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Chemodynamics of compounds
Methods for studying chemical behavior in heterogeneous complex 

systems: flux study, scaling (in space and time) and inter-disciplinary approach

106 H2CO3* + 16 NO3
– + HPO4

2– + 16 H2O + 18 H+

+ trace elements (Fe, Mn, Mo, Si…) + solar energy

Photosynthesis


Respiration
{C106H263O110N16P1}  +  138 O2

biomass

(from Behra Ph., 2000, book, COST 67, COST, EUR 19248)

FIELD

MODELLING LABORATORY



Lake: algal bloom et eutrophication 

©Philippe Behra



Field site after remediation: 
Example of Salsigne (south of France)

Salsigne
Carcassonne



Gold and arsenic mines



(Frédéric Ogé)

Old mine shaft



(Frédéric Ogé)

“Inerted” waste disposal site





(Frédéric Ogé)



Gypsum formation
Ca2+ + SO4

2–  CaSO4.2H2O(s) (Philippe Behra



Fabrice Nicolino



Conclusions

Nécessité de connaître les méca-
nismes physico-chimiques pour une
meilleure compréhension de l’impact
des activités humaines et d’intégrer
ces mécanismes dans les modèles
afin de prévoir le comportement des
contaminants à différentes échelles
de temps et d’espace



Chemodynamics of compounds
Methods for studying chemical behavior in heterogeneous complex 

systems: flux study, scaling (in space and time) and inter-disciplinary approach

(from Behra Ph., 2000, book, COST 67, COST, EUR 19248)
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CONCLUSIONS

Objectif : application aux systèmes réels
Nécessité de considérer les variations spatiales et
temporelles des échanges aux interfaces ainsi que les
hétérogénéités des systèmes complexes (aucun besoin de
purification des phases solides ou du fractionnement de
la matière organique naturelle) en prenant en compte :
- la spéciation vraie aussi bien dans la phase aqueuse en

utilisant des capteurs dynamiques in-situ qu’aux
interfaces

- l’hydrodynamique effective et
- la réactivité effective au niveau de ces interfaces



ou de thé !
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