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A third of global river discharge derives from
groundwater that was recharged by precipitation
less than a few months earlier
(Jasechko et al. 2016)



Less than 6% of the total global groundwater 
store was recharged less than 50 years ago 
(Gleeson et al. 2016)

A third of global river discharge derives from
groundwater that was recharged by precipitation
less than a few months earlier
(Jasechko et al. 2016)



(Fan, 2016)



Very young age suggests that the groundwater 
comes from recent and local precipitation

Norilsk City
Credit: darkroastedblend.com

(Fan, 2016)



Very young age suggests that groundwater 
comes from recent and local precipitation

Norilsk City  darkroastedblend.com

Very old age suggests that 
groundwater was recharged 
long ago 

Le forage d'Aïn Galaka, Tchad.   panoramio.com

(Fan, 2016)



How much and how old? 

(Gleeson et al. 2016)
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dD, d18O

(Modified from Suckow 2014, Baudron 2014, Bartyzel & Rozanski 2016)

14C

Trace the time



dD, d18O
14C

Trace the time

• Basics on few tracers

• Examples



• Accumulation: decay of radioactive 

elements whitin the aquifer 4He, 40Ar,….

• Radioactive tracers: decay of a initial 

activity 3H, 85Kr, 39Ar, 14C, 81Kr

• Transient tracers : variable input, 

related to human activities (3H), (14C), 

CFC, SF6, 
2H-18O

Trace the time



Trace the time



dD, d18O

(Modified from Suckow 2014, Baudron 2014, Bartyzel & Rozanski 2016)

14C

Trace the time
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(Barbecot et al, 2014)

Trace the time using stable isotopes

IRRES : Infrastructure de Recherche sur la Recharge 

des Eaux Souterraines 

Research facility on Groundwater recharge (IRRES)
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Trace the time using stable isotopes

IRRES : Infrastructure de Recherche sur la Recharge des Eaux Souterraines 

Research facility on Groundwater recharge (IRRES)

(Barbecot et al, 2014)

Pore water in the USZ



M. Alazard et al (session 8.04, #2037) Origin of groundwater and CO2 in the crystalline 
environment of Saint Galmier, France 

Trace the time using stable isotopes



Trace the time

dD, d18O

(Modified from Suckow 2014, Baudron 2014, Bartyzel & Rozanski 2016)

14C



(Gillon et al, 2012)

A deep understanding of tracer transfer within the USZ



Radiocarbon in modern water

(Gillon et al, 2012)

~ 20 yrs uncertainty on the starting blocks .. 



Trace the time, the stars

dD, d18O

(Modified from Suckow 2014, Baudron 2014, Bartyzel & Rozanski 2016)

14C



• inorganic, colorless, odorless, 
non-flammable, extremely 
potent greenhouse gas

• excellent electrical insulator.

• High atmospheric residence 
time : up to 3200 yrs (Ravishankara
et al., 1993)

• Low solubility + T dependence

(Klump, 2007)

http://upload.wikimedia.org/wikipedia/commons/d/d3/Sulfur-hexafluoride-3D-vdW.png


• USZ buffer the atmospheric
variability ([SF6] and T)

(Klump et al, 2008; Corcho et 
al, 2007; Gooddy et al 2006)
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Sampling the USZ in the Paris Basin

From W. Aeschbach-Hertigb

http://upload.wikimedia.org/wikipedia/commons/d/d3/Sulfur-hexafluoride-3D-vdW.png


• Head space + 
chromatographic separation

• GC + ECD

• ~ 0,5 L of water

SF6

CFC-12
CFC-113

CFC-11

http://upload.wikimedia.org/wikipedia/commons/d/d3/Sulfur-hexafluoride-3D-vdW.png


• Noble Gas

• 6 IS + ~10 IR

• 85Kr radioactif, T1/2= 10.76 yrs

• From U & Pu fission

• Reprossessing nuclear fuel

• Well documented

• 1 to 2 Bq / m3 air

85Kr emissions

(Winger et al , 2005)

85Kr, Heidelberg



Water inlet
Extraction cylinder
Water outlet
Pumps, Compressor
Electronic controller
Sample tank

• Low contents

• Need of  ~ 300 L (Kr)

• Degazed on field

Crédit R. Purtschert, U. of Bern

• 85Kr activity normalized to 
stable Kr content : don’t care 
about solubility or excess air



• Separation of Kr 

• Low level b- couting

85Kr85Rb+e-+n

(Loosli et al 1999)

http://www.climate.unibe.ch/?L1=home


(Modified from Suckow 2014, Baudron 2014, Busenberg and Plummer 2008, Bartyzel & Rozanski 2016)

Trace the time with other tracers

Halon, H-1301
SF5CF3 

Trifluoromethyl sulphur
pentafluoride



(Modified from Suckow 2014, Baudron 2014, Busenberg and Plummer 2008, Bartyzel & Rozanski 2016

Trace the time with other tracers



(Modified from Suckow 2014, Baudron 2014, Busenberg and Plummer 2008, Bartyzel & Rozanski 2016)

Halon, H-1301
SF5CF3 



In a nutshell, Hydrogeochemists transform the dark side of 
human activity into tools for environmental management !

neonmag.fr



Trace the time, not the age !





Matrice Fracture Conduit
1 mm

8 cm
1 m

(Modified from Bakalowicz, 2003 in Delbart 2013)





My age is 400 kdays ±1



My age is 400 kdays ±1

The IAH assembly “age” is 
a nonsense



My age is 400 kdays ±1

The AIH assembly “age” is 
a nonsense



… the “age” of a groundwater sample corresponds generally to a time 
distribution of many elementary flows. Thus, except in the theoretical case 
of a pure piston flow system, or of stationary waters entrapped in a 
geological formation, the concept of groundwater age has little 
significance. 

J.-Ch. Fontes (1983) in Guidebook on Nuclear Techniques in Hydrology, IAEA

→ Mean Residence Time (MRT)

Le LHGI, avril 1989



Hunting the MRT

(C. Chabault, 2006)(Cook & Herczeg, 1999)

We only find what we look for



Lumped parameter models

(Modified from Suckow 2014)

age-dependent weight function

Standard procedure (Forward Modeling)

Tracer
concentration

MRT



Finding the right sample
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3
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soil surface

(Corcho, 2009)

Anticipate age stratification

Flow distribution

MRT distribution Tracer distribution
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Piezometers are not geochemists best friends….
First discrepancy between model and flow

(Corcho, 2009)

Anticipate age stratification

?



(Jurgens, 2016)

Anticipate age stratification



Lumped parameter models / Multi tracers

age-dependent weight function

Standard procedure (Forward Modeling)

Tracers
concentrations

MRT



Lumped parameter models / Multi tracers

age-dependent weight function

Standard procedure (Forward Modeling)

Tracers
concentrations

MRT



(Gooddy et al, 2006)

Chalk catchment in southern England
2 tracers, 10 samples 







0

),,()exp()(),,( 3

33

dtmTthttTcmTTc mH

H

inm

H

out 





0

),,()exp()(),,( 85

8585

dtmTthttTcmTTc mKr

Kr

inm

Kr

out 

 



0

),,()exp(1)(),,( 3

33

dtmTthttTcmTTc mH

He

inm

He

out 

Need to solve all the equations in a single model  : 

Minimize χ2 function 

(Corcho et al, 2007)

Fontainebleau sands aquifer
4 tracers, 7 samples 



Inferring groundwater ages in complex aquifers using gas tracers and tritium
50-years’ time series of a water-bound tracer (3H)

+ a set of 85Kr, 39Ar, CFCs, SF6 sampled at a single date

A. Henriot et al 
(session 8.04, #1919)



Modern groundwater residence time in a 
highly anthropized watershed

2 tracers 
+ Variable recharge rates 
+ Variable tracers input

(P. Baudron et al, 2013)



6 examples, 0 value of MRT

MRT of 25 yrs, ..50 yrs..
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Significant only if : 
MRT + a distribution  (age structure)
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As same MRT may lead to different issue 
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6 examples, 0 value of MRT

Significant only if : 
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As same MRT may lead to different issue 



A complete set of tracers in 

the perfect range of MRT

Avoid “ages” for GW
Use “Mean Residence Time”

Avoid “ages” for GW
Use “Mean residence time”

Evidence, characterize 
hidden pathways

Never dissociate MRT and age structure

Summary


