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SUMMARY

Water Framework Directive (2000/60/EC) and the daughter directive on Groundwater
(2006/118/E) have a main objective of non deterioration of water status and further on,
to reach a good status for all waters over Europe.
For groundwater, the GWD implementation led to characterization of the water bodies,
using the DPSIR approach. Under this approach, a close link is made between the
pressure (P) on a water body and the resulting state (S). This link is the starting point to
propose appropriate response (R) and mechanism to evaluate the effect of the
responses.
On top of this three building blocks are identified by GWD that one can refers as ‘Good
chemical status’, ‘Trend identification and reversal’ and ‘Measures to prevent or limit
pollutants input’.
In this context, this study focuses on the use of dating tools to better understand the
identified trends and make the link to the groundwater monitoring (State) and
management (mitigation measures, Response).
This work is based on literature review. It shows that up to now, the use of the dating
tools is mainly carried by researchers, for areas of limited extension.
However, use of dating tools could lead to several insights:
 better knowledge on the processes occurring in the unsaturated zone (USZ) are
obtained (mainly the time-lag in the USZ);
 better knowledge of the structure of ages, leading to exhibit the need of
appropriate duration for input function (especially for nitrogen) to understand
the actual state, and the existing of ‘old waters’ with long term effects;
 more classical knowledge such as origin of recharge and flow path, that could be
of interest to focus mitigation measures on certain areas.
The use of a Lumped Parameter Model (LPM) is always needed which could be calibrated
also using long time series of both input and output for nitrate. When not available, the
need of several tracers is needed (CFC’s, SF6, 3H, 3H/3He, 4He, 85Kr,18O).
A trial to set up a flow chart explaining in which context the use of dating tools could be
of interest is made.
As a perspective, a wider use of dating tools to understand actual trends in Nitrates
appears to be of great interest. However, it relies on the availability of both data (and
thus exhibit the need of national/European databases for tracers) and calculation tools
(to operate LPM).
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2

INTRODUCTION

Water Framework Directive 2000/60/EC (WFD, European Commission, 2000) and the
daughter directive 2006/118/E on Groundwater (GWD, European Commission, 2006)
have a main objective of non deterioration of water status and further on, to reach a
good status for all waters over Europe.
For groundwater, the GWD implementation led to characterization of the water bodies,
using the DPSIR approach. Under this approach, a close link is made between the
pressure (P) on a water body and the resulting state (S). This link is the starting point to
propose appropriate response (R) and mechanism to evaluate the effect of the
responses.
On top of this three building blocks are identified by GWD that one can refers as ‘Good
chemical status’, ‘Trend identification and reversal’ and ‘Measures to prevent or limit
pollutants input’.
“Good chemical status” and “Trend identification and reversal” concepts are strongly
tight to the monitoring programs as list of parameters, frequency, geographical
distribution, choice of sampling sites, etc. will affect the produced dataset and thus the
possible computation on this dataset. Design of groundwater monitoring in the context
of the implementation of GWD is widely described by Grath J et al., 2008. From this
detailed work, one could consider the following items as the most relevant in the
context of this work:
- Concepts of ‘good status’ (that should be initialy reach by 2015) is related to the
concept of groundwater bodies : « A distinct volume of groundwater within an
aquifer or aquifres »;
- The conceptual model of a groundwater body is the foundation for the
monitoring design ;
- Characteristics of river basins, impacts of human activity should be supported by
monitoring in a systematic and comparable way throughout European Union ;
- A Common Implementation Strategy (CIS) was initiate in order to support and
hormonise implementation of the GWD. One output of the CIS is the ‘Monitoring
Guidance for groundwater’ ;
- The ‘Monitoring Guidance for groundwater’ would be the support for
implementation of national WFD-compliant groundwater monitoring
programmes.
One last information to keep in mind is the fact that (Grath J et al., 2008) « The results
of the monitoring should also be used to i) assist in further characterisation of
groundwater bodies, ii) assist in the desgin of programmes of measures, iii) evaluate the
effectiveness of programmes of measures. »
It is then clear that the conceptual model of groundwater bodies should be the main
driver for definition of the list of parameters to watch out and the sampling frequency,
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but also the vertical and/or geographical distribution of the sampling. One should also
remarks that as more data are acquired, a more detailed comprehension of the water
bodies should arise. This could lead to improve the conceptual model of water bodies,
and then to refining the monitoring, and so on (Illustration 1).

Illustration 1

Illustration 1 Monitoring : cyclic procedue according to the Water Framework Directive, from
Grath J et al., 2008.

What is behind the word of conceptual model then ? Illustration 2 gives an overview of
the concept, in the context of the WFD. It should be understood as the synthesis of
information on i) natural characteristics on both structure (geology, overlying strata) and
functioning (hydraulic properties, precipitation, link to other hydrosystems) and ii)
pressures, in the perspective of the understanding of the effects of pressures.
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Illustration 2 Link between the conceptual model/understanding and monitoring, from Grath J
et al., 2008

Make the link between the pressures and their (potential) effects is then one objective
of the conceptual model and the monitoring program should help to reach this goal.
The link between pressure and their effects on the aquifer is often very little discuss on
the perspective of the time needed by a certain pressure to have a measurable effect
on the aquifer. Even when dealing with concentrations of pollutant measured in
grouwdater emphasis is made, for exemple, on the type of soil (for exemple in Hansen
et al., 2019), land use and position is the catchment (Rajanayaka et al., 2020).
Nevertheless, some authors (for exemple Gerber et al., 2018; Kim et al., 2020; Koh et
al., 2020) highlight the concept of ‘time lag’, which is basically the time needed for a
particule of water to flow from soil surface to the sampling point in groundwater1.
This amount of time needed for a water particle to flow form subsurface/soil to the
sampling point in groundwater depends of large amount of factors (Hinsby et al., 2008),
for example the recharge rate, the type of velocity of flows, interaction with matric (soil,
sediments and rocks). A detailed knowledge and computation of these factors is hard to
reach, mainly because of the lack of geological information on the subsurface.

1

One should note here that if certain amount of time is needed for a pressure to have
measurable effect, a longer time is needed between the mitigation measure and the measurable
effect.
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In this case, environmental tracers are very usefull tools to estimate the travel time. And
this could be achieve using the so called ‘dating techniques’, relaying in various ‘tracers’
(natural of anthropogenic).
Aim of this work is to give some clues to understand the benefit of using the dating
techniques and tools in the comprehension of trends in ground water, and make
suggestion on a better integration of this information in perspective of the monitoring
of groundwater quality.
Quick review of the environmental tracers is made, followed by a review of the
informations provided by the dating tools.

3

ENVIRONMENTAL TRACERS AND DATING TOOLS

Environmental tracers are usually presented in two categories: the water molecule tight
(which means they can only be dependant of the H (hydrogen) or O (oxygene) of the
H2O water molecule) and the dissolved one (gas or solute). The first have the great
advantage of travelling with the water particles in soils and rocks with no to little
possibility of contamination or depletion (sorption, oxidation, gasification, etc…). But
they represents a rather small amount of possibility as only two atoms are in the game:
oxygen and hydrogen. In that case, their isotopes are considered: 16O and 18O for oxygen,
2H and 3H for hydrogen. Interest for theses tracers has emerged in the 50’s (Dansgaard,
1954, 1953; Libby, 1953) and there is still a strong interest for it.
Alternatives have been rapidly search (Busenberg and Plummer, 2000, 1992; Lehmann
et al., 1993; Rozanski and Florkowski, 1978; Wilson and Mackay, 1996), and a wide set
of tracers are now considered in hydrogeology. They can be naturally produced ( 14C,
4He, Noble Gases, 39Ar), anthropogenic (CFC’s, SF6) or both (3H, 85Kr).
A detailed explanation of each of this tools is not is the scope of this work, and only the
key features of each of this tracers are reminded here. The main concept to keep in mind
is the fact that “environmental tracers provide an ability to assess the internal dynamics
of a groundwater system and to qualify timescales associated with groundwater flow”
(Turnadge and Smerdon, 2014). In other words, environmental tracers provide an
integrated overview of the processes occurring inside an aquifer. The aquifer could be
seen as a “transfer function” that could transport with or without any modification an
input signal (the tracer) down to a sampling site.
3.1.1

Need for selecting the appropriate tracers

Due to their own properties, each tracers is available in a certain range of age, i.e. given
a certain question, the more relevant tracers should be selected to fall into their range
of definition.
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Illustration 3 Time scale of tracers, from Newman et al., 2010, representing the time range
applicable for each individual tracer.

A good overview of the range of time each tracer can be used for is given by the synthetic
illustration from Newman et al., 2010 (Illustration 3). One should remark where the very
wide possibilities of ‘dating tools’ given the fact that some can help to track information
at a monthly scale (seasonal variation of 18O and 2H) some other to a scale of years
(tritium, CFC’s/SF6, 85Kr), and some in manner of century (39Ar, 36Cl,…).
3.1.2

Need for interpretation : mathematical models and tools

Very early in the description of use of the dating tools, the need for mathematical
models has been highlight (Maloszewski and Zuber, 1989; Nir, 1964). The very evident
reason for this, is because it is not straightforward to go from a measured concentration
from a sample to a valuable information: altitude, temperature, mean residence time,
etc. For estimating the ‘time’ (time from recharge, from equilibrium with atmospheric
air, time in the saturated zone,…), it becomes even harder because the tracer
concentration at the sampling point could varies with time as well. Mathematical model
will then help to compute the evolution of a single (or a set of) tracers in given
conditions, and further on, to compare with the measured values.
Most known and popular mathematical models are the one given by Maloszewski and
Zuber, 1996, 1989 where the type of flows in aquifers can be approximate by a set of
few models (piston flow models-PFM, exponential models-EM, dispersive model-DM
and binary mixing model-BMM), Illustration 4.

Page 10 of 28

Illustration 4 Conceptual mathematical models from Maloszewski and Zuber, 1996. It illustrate
the link between the mathematical expression of the transfer function and the
corresponding geological setting of the aquifer.

Turnadge and Smerdon, 2014 gives a good picture of the state of the art in that domain,
almost twenty year later. Three types of models are nowadays available:
3.1.2.1 Lumped parameter models (LPM)
They are base upon a convolution of an tracer input function and a weighting function
aiming to reproduce the observed (measured) tracer. Decay function could be taken into
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account when needed. This lead to the estimation of a mean residence time, for the
parameter specific model.
3.1.2.2 Mixing cell models
They are based upon simple instantaneous mixing between discretely defined cells
(representing geographical arease) at defined temporal intervals. The volume of fluxes
between the cells is a calibration parameter. Coming from the chemical engeneering,
this belongs to semi-analytical, semi-distributed Eulerian approach. This models lead to
the estimation of a mean residence time, and upon assumption, the recharge rate.
3.1.2.3 Direct age models (DAM)
Recent advances in computing sciences and computing power offer greater possibilities
and more complex models have been set up, where tracer transport
(advection/dispersion, decay, accumulation) can be computed in combination with
hydraulic simulation. For theses authors, this represent the most advanced and
promising techniques, but one should stress here that this type of models represents a
much greater needs in knowledge (conceptual model), data (geological settings,
precipitation, hydraulic heads, …) and in time (time to set and to run the model). They
use the governing equations for subsurface solute transport to simulate spatial
distributions of the statistical distribution of groundwater age. The concept of age mass
is introduced in this models (product of mean groundwater age and groundwater mass),
and solution for steady and transient flows are available, as well as for heterogeneous
hydraulic conductivity fields. This models requires a high number of different
measurement and associated data, within the cross section and in the whole space of
definition of the model. They requires also more computing time and a higher level of
modeling skills. In contract, they can lead to a highly detailed picture of the flowpaths,
spatial distribution of age over space, and can exhibit misconception if using LPM only.
3.1.3 Needs for input functions
As stated before, interpretation of the environmental tracers relies on the possibility to
make a link between observations (data) at sampling sites and the history of this tracers
before reaching the sampling sites. Two components could be taken into account : the
aquifer itself and his related properties to propagate a concentration along flow paths,
and the evolution over time of the tracer before entering the aquifer, usually called the
‘input function’.s
What should be stressed here is the problematic with the input function, that is tracer
dependent, and even sometimes site dependent.
Tracer
3

H,
85Kr

Input
function
Site
dependant

Measured in

Remarks

Rain

Should be measured in the
precipitation, or derived from close
measurement if not available at the
site. Subject to contamination (nuclear
plants).
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CFC’s,
SF6
Noble
gases

14

C,
Cl

36

Known
air
everywhere
in the globe
Known
for air
recent years
(and estimate
for
paleoclimate)
Site
computed
dependant

Well mixed in the atmosphere, but
Northern Hemisphere more exhibit
higher concentration.
Needs for specific model to relates
concentration in water to equilibrium
in air (see Jung and Aeschbach, 2018)

Illustration 5 Input functions for environmental tracers, from Hinsby et al., 2008
3.1.4

Need for additional parameters : NG for CFC’s and SF6

As certain tracers are found in very small concentrations in ground water due to very
low solubility, any factors affecting the water/air partitioning would lead to severe error
in interpretation. This is particularly true for CFC’s and SF6 and it is of high importance
to remember here again the importance of considering that using CFC’s and even more
SF6 only is not achievable if not taken into account the possible contamination by excess
air (Aeschbach-Hertig et al., 1999; Heaton and Vogel, 1981) or degassing. It is usually
recommended to sample at the same time the so called Noble gases (He, Ne, Ar, Kr, Xe)
as proposed by Aeschbach-Hertig et al., 1999 or at least the Ne alone, which as solubility
close the SF6 (Newman et al., 2010).
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3.1.5

The concept of ‘Age’

The words related to the concept of “time spent in the aquifer by a particle of water”
have been subject to various interpretation and concepts (see among other Hinsby et
al., 2008; Newman et al., 2010; Suckow, 2014).
As stated by Suckow, 2014 the concept of ‘age’ is familiar for humans but not properly
suitable for groundwaters for the following reasons :
- water sample taken at a sampling site represents a potential contributions of different
flow paths, of different lengths, velocities, geographical origin and virtually numerous
related processes (oxidation, sorption, etc…). What could be estimate is thus a statistical
distribution of age, and a good metric to summarize this distribution is often the mean
residence time;
- the concept behind each tracer could be different, mainly because the ‘clock’ is not set
at the exact same time if dealing with SF6 or water particle itself as with 3H. It is often
consider that the ‘apparent age’ would be a more appropriate term to use. This concept
means that age estimation from different tracers could be inconsistent, each of them
representing virtually different processes affecting the conservation and transport of
tracers (stagnant zones, diffusive processes,…), this estimation being different to the
real age of the water (which is not affected by the previous processes).
Nevertheless it could be assume that the words « groundwater age » if not allways
appropriate is meaningfull enough for the majority, and cover more or less the concept
of mean residence time in number of studies.
3.1.6

Tools

Interpretation of measured concentrations in environmental tracers relies on both input
function and mathematical models. With focus on LPM, tools that are capable of help in
that order are given by Suckow, 2014 (see references in that work):
- FlowPC, (Maloszewski and Zuber, 1996, 2000), Multis (Richter et al.,1993) for
DOS ;
- QuickCFC (Han, 2006); Boxmodel (Aeschbach-Hertig et al., 2006); TracerLPM
(Jurgens et al., 2012) for MS Excel
- Lumped (Ozyurt and Bayari, 2003); LumpedUS (Ozyurt and Bayari, 2005) in Vusal
Basic (standalone) ;
- Lumpy (Suckow, 2012) for MS Access

4

WHAT DATING TOOLS COULD TEACH US ?

When dealing with the problematic of make the link between the pressures and their
potential effects on groundwater chemistry, time should be taken into account. It takes
‘some times’ for the nitrates leaching below the root zone to reach the aquifer, and
additional time to reach the sample site. But this concept of ‘delay’ or ‘time lag’ is not
explicit in the ‘conceptual model’ nor in the ‘natural characteristic of groundwater
bodies’ (§Erreur ! Signet non défini., Illustration 2).
This explain that, by design, the tools that could possibly better explain this time lag are
not included in the monitoring programs.

Page 14 of 28

A review paper from Vero et al., 2018 propose an overview of the nitrate-related time
lag, over several countries (EU and North America), mainly based on monitored
examples, for surface and groundwater. They point out that the correlation between
program of measure (i.e. mitigations measures) and water quality improvement is
difficult if not impossible when delays is not taken into account.
Evidence of existence of time lag over whole Europe is given, with the most critical
exemple of the ‘nitrate bomb model’ from Wang et al., 2013. In this exemple,based on
flow equation based models (see §3.1.2.3 ) and due to a thick unsaturated zone (USZ),
actual nitrate concentration are related to waters infiltrated in the last 10 to 50 years !
Modeled (Wang et al., 2013) or observed (Vero et al., 2018), the time lag for nitrate is
well documented. But no reference is maid to complementary and integrative tools such
as the environmental tracers. The following is trying to show in what order the
environmental tracers could be of help is such cases.
Based on selected examples, a trial is made to make the link between the dating tools
and the information they can provide, in ordrer to understand the trends.

4.1 Considering the time of recharge
Visser et al., 2007 propose an approach to aggregate data from numerous individual
screens, sampled at different depth to deliver an overview of the trend at a regional
scale. In some extent, this approach is very comparable to the one achieved when
evaluating GW bodies states, trying to compare what could be comparable, and
understand what type if information it could exhibit.

10 years

30 years

Illustration 6 Observed time series of a 'conservative chemical indicator', and correspondance
with the year of recharge. Modified from Visser et al., 2007.

In that work, the 3H/3He method is used, but other environmental tracers (capable in
the 0-30 years range, such as 3H alone, CFC’s, SF6 ; 85Kr) would be able to deliver a
comparable information. Laier, 2005 used a similar approach in Danemark in a chalk
aquifer, using CFC’s mean residence time. Tesoriero et al., 2007 propose also a similar
approach, on various aquifer systems (alluvial aquifer, fluvial and glacial deposits,
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alluvial fan, fresh and weathered sandy limestones) and for studying deethylatrazine,
atrazine, metolachlor, alachlor Reconstruction of the N input function in the aquifer.

Illustration 7 Evolution of nitrate at different depth : observed time series (b) and time series
with time-axis alignement, based on CFC’s ages, from Laier, 2005

The key idea is to make the informations comparable over a region, and over the depth.
The way to do so is to link any observed hydrochemical time serie with the time of
recharge (Illustration 6, Illustration 7). In simple words, this means : “At that
point/depth, the evolution I see now, is what appens X years ago”. The original
illustration from Visser et al., 2007 as been modified (Illustration 6) to better illustrate
that i) based on information of ‘age’, ii) the information at each sample site/depth could
think as look in the past. The greater is the ‘age’, the deeper we can look in the past.
In this work, reconstruction of the historical inputs on nitrogen (leaching of the N
surplus) based on aggregation of numerous data sources lead to a complete validation
of the approach. This have been possible because of sufficient constraints on N sources,
and time-relative information given by the environmental tracers
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Illustration 8 Calculating trends on hydrochemical time series after considering the ‘year of
recharge’, i.e. the ‘age of the water’ (from Visser et al., 2007).

In practical use, this work provide a clear evidence that the use of GW dating tools can
disambiguate the comprehension of trends in aligning the time axis. Authors have
identified for different reason that usually make the trend calculation hard if not
impossible: (1) the uncertainty of the travel time of groundwater and contaminants to
the monitoring screens; (2) attenuating processes retarding the arrival of contaminants
at the monitoring screen, such as sorption or chemical reactions with the subsurface; (3)
noise caused by short term temporal variation of concentrations, for example as a result
of crop rotation; and (4) variation of concentrations in separate monitoring screens as a
result of large scale spatial variation in inputs.
Similar approach can be found in (Hansen et al., 2012), where authors shows that even
if trend reversal took place around the 80’s, significant amount of wells (1/3 of the
studied wells) still have upward nitrate trends (Illustration 9).
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Illustration 9 Relation of the nitrate trends to the age of water, based on CFC’s, from Hansen et.
al. 2012.

But using information on groundwater age, and especially considering the ‘year of
recharge’ makes possible to demonstrate a trend reversal in groundwater quality; and
to correlate the concentration - recharge year relation to the historical concentrations
of agricultural contamination in recharging groundwater.
If year of recharge would not have been considered, upward trends would be calculated
at greater depth, in that case meaning at greater ‘ages’, and downward trends would be
calculated for shallower depth, in that case meaning at low ‘ages’. That illustrate in a
clear manner the concept of ‘time lag’: it takes time to water to flow downwards. This
means that the upward trends are greater depth are reflecting the input N function
10,20 of 30 years ago, and will then takes an other 10;20 or 30 years to see actual
changes.
An other example of this can be found in Hansen et al., 2017, where nitrate trends have
been separate among for periods depending of the year of recharge (Illustration 10).
It is made evident that one would made a strong misinterpretation of the general trend
evaluation over the whole set of data without the information on the age. In this
example, waters infiltrate before 1985 exhibit upward trends, whereas waters infiltrate
after that date exhibit downward trends. Interpretating this data as a whole would mix
this two different dynamics.
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Illustration 10 Repartition of the trends in nitrate, based on the year of recharge, from Hansen
et. al., 2017.

As a consequence, evolution of hydrochemical at each sampling site/depth should be
consider with respect to this time-lag (the time it takes for water to flow from surface
(recharge) to the sampling depth).
Method presented by this authors is to align the time-axis. But the concept is exactly the
same as for the PistonFlowModel (PFM): on observation a time t with an ‘age’ of 10
years is related with the input function at time t-10, with no modification of the signal
in between. One should remarks that the LPM approach could be of help to improve the
relation between input function (recharge and N leaching) and observed time series as
other transfer function than Piston Flow exists (Dispersive model, gamma model,
mixing,etc.).

4.2 Transit time in the USZ
Transit time in the USZ is one of the main problem when dealing with time lag, especially
for nitrate (see for example Wang et al., 2013). Some methods have been proposed
(Ascott et al., 2017), based on extensive estimation of all possible sources of nitrate, and
budget methods, accounting for recharge rate. As it is usually not possible to sample
water at the bottom of the USZ, more integrated methods are still needed.
Use of environmental tracers to estimate the time spent in the USZ by water is usually
not feasible because of the principle of the tools: the clock is set only when the system
become ‘close’, that is to say at the bottom of the USZ, when no exchange with the
atmosphere is further possible. Tracers such as CFC’s, SF6 or 85Kr, 39Ar will be affected
by such a problem, but not 3H, or conservative tracers (or other conservative solute
depending of the matrix). Gerber et al., 2018 shows that a multitracers approach can
lead to a good estimate of the transit time in the USZ. In this case, the combination of
85Kr, 39Ar, 3H and [NO -] where used, and combination of several LPM where used.
3
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Several cases where considered, considering or not the USZ, and modelling all tracers
together, only nitrates, or only the environmental tracers. Several of them achieve to
reproduce the measured concentrations, but the one considering the USZ shows better
results.

Illustration 11 Illustration of the conceptual model and the associated LPM, Gerber et al., 2018

The model used (or combination of models) is rather simple, even if depending of 9
parameters. But the low computation cost of such simple models authorize a thorough
assessment of the associated uncertainties.
Calculation of the transit time in the USZ is only possible if a set of tracers are monitored,
in that case dissolved gases (85Kr, 39Ar) and water molecule tight (3H) or dissolved ion
(nitrate). One should argue that CFC’s or SF6 could certainly lead to a similar conclusion.
But a conceptual and mathematical model is also needed (LPM, or combination of LPM)
and more complex models as presented by Gerber et al., 2018 are not available to our
knowledge. Simple model for USZ only however could be found (Schwientek et al.,
2009).

4.3 Structure of age, mixing
Osenbrück et al., 2006 demonstrate an other use of environmental tracers using a
combination of different tracers, sampled in only two campaigns in 1992 and 2002.
Based on prior knowledge of the hydrogeological structure and functioning, they set a
combination of LPM Illustration 12to understand and simulate the measured
concentration in CFC’s, 3H and 3He and a tritium free end member, corresponding to
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mixing with old waters. After calibration, a set of possible calibration parameters have
been found, showing that the dispersive model (DM) is the more suitable for
interpretation of measured data, with high mean residence time (25-50 years), and
significant dispersion value. The DM have been preferred to the PFM and PEM based on
the agreement with the observed data. The contribution of tritium free flows is estimate
in the range of 15 to 25 %. This is in contradiction with the existence of preferential
recharge areas that could have been proposed based on geological knowledge only. This
helps to lead to a revised conceptual model, highlighting the dispersive character of the
flows, in good agreement with the geological settings. This implies a larger range of age,
as many contribution of different flow paths.
Based on this founding, and on reconstruction of the N input historical input function,
the LPM have been used to simulate the nitrate concentration (considering nitrate as a
conservative tracer) which reveals a good agreement between the synthetic input
function and the observed values.

Illustration 12 Conceptual model of the aquifer (right), and corresponding Lumped Parameter
Model (LPM), including old component (tritium free) mixing with younger
component, Osenbrück et al., 2006

Osenbrück et al., 2006 demonstrates the usefulness of environmental tracers in
different ways:
When several tracers are used (CFC’s, 3H, 3He), the confidence in the calibrated
parameters for LPM is better. Once set, the LPM can be extended for using with other
tracers, and in particular, with assumption, for nitrates. If not fully documented, the Ninput function can be calibrated using the existing model, and when done, this model
could provide projection for the future evolution on NO3-. This modeled evolution of
nitrate can be used to understand the actual and future trend, and eventually the
reversal of trend. Here, calibration of the LPM helps to constrain an historical
reconstruction of the N leaching, and thus to better understand the potential N stock of
the aquifer.
More, the contribution of old water can been reveal, explaining the relatively low
concentration in NO3- due to dilution by the old water (low nitrate). Change in the
pumping regime, if adding more young water would instead lead to increase in nitrate
concentration.
Finally, because of the long residence time, nitrate concentration in the groundwater
will be achieved only after a long time span
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4.4 What consequences for monitoring programs ?
Based on selected studies, three main advantages of considering environmental travers
have been presented: i) a better knowledge of the year of recharge, ii) a better
knowledge of the delay due to unsaturated zone, and iii) a better knowledge of the
distribution of the residence time and possible mixing with ‘old’ water. In addition when
models are set up, and when nitrate can be considered as conservative, or with
appropriate model to take degradation of nitrate into account, the LPM can be extended
for nitrate simulation, which helps to understand the observed evolution of nitrate, and
simulate the future evolution. Trends in nitrate could be interpreted with respect to
theses simulation.
Considering those information, what should be recommended for monitoring programs
in order to calculate trends (in regards to the WFD) ?
A general flowchart is proposed, in order to better integrate: knowledge based on
environmental tracer in the groundwater bodies description. This tend to estimate for
example, the fraction of young/old water, the time spent in the USZ and the distribution
of residence time when possible.
The main logic is based on :
- If priori knowledge on mean residence time (MRT), fraction of old waters, year
of recharge,etc… are already known:
o Publishing this information on a specific database (to be create);
o Compute and analyze trends in relation to the information on i) year of
recharge, ii) estimated future evolution (modeled from LPM for example)
- If no information exists on groundwater age :
o Sampling for minimum set of tracers:
 Those identifying young waters:
 CFC’s, SF6 (including noble gases for assumption on air
excess, temperature of recharge,etc.)
 85Kr
 3H
 Those identifying old water : 39Ar or 36Cl
o Interpreting the results in term of old (CFC’s free)/’young’ waters
o Consider the effect of USZ
o Implement a model to interpret the results
o Publish data, interpretation and associated model (see specific database
above)
o Compute and analyze trends in relation to the information on i) year of
recharge, ii) estimated future evolution (modeled from LPM for
example).
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Illustration 13 Proposal for integration of the envrionmental tracers.based knowledge to the
groundwater bodies description.

A key proposal is to add to groundwater bodies description an information about the
mean residence time based on several tracers, and at least based on both water
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molecule tight and solute tracers. Best would be to provide a first estimation of the ‘ageprofile’ of the groundwater based on a first sampling campaign, followed by a
confirmation campaign, few years later. An outcome of these procedure could be:
-an estimate mean residence time (MRT), leading to an estimate of the ‘year of
recharge’;
- using LPM: an estimate of the distribution of MRT and possible mixing of different
waters (young/old);
- the corresponding LPM model, with it’s parameters.
This informations could be store in a specific database. This database as to be created.
When talking to sampling frequency, even if implementation of monitoring is made at
national scale and a lot of discrepancies exists over Europe, a general recommendation
would be to adapt the sampling frequency to the dynamics of groundwaters. An
example of implementation in Europe can be found for Danemark in Jørgensen and
Stockmarr, 2009,were the sampling frequency is dependant of two categories: young
(main components sampled every year) and old (main components sampled every 6
years). The old water meaning groundwater without CFC’s, that is recharged before
1940.
But as only few example of monitoring implementation have been found in literature,
and this one being the only one considering the MRT as a controlling parameter to
implement the monitoring, this appear as a middle term perspective at a European
scale, as the heterogeneity of the existing monitoring and geological contexts are not
consider here.
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5

CONCLUSION

Through a selection of published examples, benefits of integrating environmental
tracers is the comprehension of the structure and functioning of the aquifer has been
documented.
A key objective of the WFD it to reach a good chemical status for groundwater bodies
(GWB). This cannot be achieve without a good comprehension of the time needed for a
certain pressure to have an effect on the state of GWB.
Nevertheless, the conceptual model of GWB does not include explicitely concept of ‘age’
or information related to age, even if a mention of ‘understanding of potential effects
of pressure’ is made. We thus propose to work in such a direction, with linking
information on residence time to the GWB.
To do so, both raw data and interpretation have to be attached and a minimum set of
tracers appears is recommended (CFC’s,3H or 85Kr, 39Ar). It is also proposed to describe
the way data where interpreted, most likely using a LPM, and in such a case, the type of
model (PFM, EM, PEM, DM, BMM) and related parameters.
All studies highlight the crucial importance to interpret a range of complementary
environmental tracers as whole data set. Each of them is based on slightly different
principles and they are capable of capturing different phenomenon. The integration of
all gives a general and clearer picture.
Considering environmental tracers can exhibit the existence of mixing of waters of
different ages, and any mitigation measure would then have an answer depending of
this mixing. Evaluating the aquifer answer as a uniform transfer function would here
lead to erroneous conclusion.
Under certain conditions, environmental tracer could help to evaluate the time spent in
the USZ, which could be significant enough to delay the arrival of the nitrate peak by 10
to 30 years. As flows in the USZ are completely different than flows in the saturated
zone, this partition could be of high importance in groundwater management.
Evaluation the heterogeneity of ‘ages’ is possible using mathematical models, and this
could be of great help when evaluating the effect of mitigation measure (a wide
distribution of age would lead to a rather low and diffuse answer to a strong stimulus).
Good estimation of age at sampling point can lead to interesting consideration when
looking at hydrochemical time series. It can be possible to express the time-evolution of
a parameter in relation to the time the water has been infiltrating. Doing so, it makes
more significant to calculate trends on this “shifted in time” data, which exhibit possible
reversal only on recent waters.
There are already available tools to interpret the environmental tracers data, but they
are not always as complex as it should be to interpret slightly complex dataset such as
combination of models, effect of the USZ. A further work in that direction could be of
interest.
The need of database for tracers data at a European scale is emphasis as it appears to a
highly valuable approach to better understand the functioning of the aquifer, and thus
effect of pressure on it, such as the nitrate provider activities.
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A concluding remark would be the paradox linking the concept of mean residence time
and the measurable effects of any pressure change on the aquifer. As it is may appear
to be urgent to see the effect of a mitigation measure, it should be kept in mind that
aquifers with long residence time will have a long and delay answer to this change. In
some extent, it could be think that it is more urgent to act on ‘old’ groundwater, as
effects will be longer to be seen, and pollution would stay longer in the USZ/aquifer.
Appreciation of this memory effect of the aquifer is exactly the goal of the
environmental tracers, and a certainly good motivation to use them.

6

REFERENCES

Aeschbach-Hertig, W., Peeters, F., Beyerle, U., Kipfer, R., 1999. Interpretation of dissolved
atmospheric noble gases in natural waters. Water Resour. Res. 35, 2779–2792.
https://doi.org/10.1029/1999WR900130
Ascott, M.J., Gooddy, D.C., Wang, L., Stuart, M.E., Lewis, M.A., Ward, R.S., Binley, A.M., 2017.
Global patterns of nitrate storage in the vadose zone. Nat. Commun. 8, 1416.
https://doi.org/10.1038/s41467-017-01321-w
Busenberg, E., Plummer, L.N., 2000. Dating young groundwater with sulfur hexafluoride: Natural
and anthropogenic sources of sulfur hexafluoride. Water Resour. Res. 36, 3011–3030.
https://doi.org/10.1029/2000WR900151
Busenberg, E., Plummer, L.N., 1992. Use of chlorofluorocarbons (CCl 3 F and CCl 2 F 2 ) as
hydrologic tracers and age-dating tools: The alluvium and terrace system of central
Oklahoma. Water Resour. Res. 28, 2257–2283. https://doi.org/10.1029/92WR01263
Dansgaard, W., 1954. the O18 abundance in fresh water. Geochim. Cosmochim. Acta 6, 241–
260.
Dansgaard, W., 1953. The Abundance of O18 in Atmospheric Water and Water Vapour. Tellus 5,
461–469. https://doi.org/10.1111/j.2153-3490.1953.tb01076.x
European Commission, 2006. Directive 2006/118/EC of the European Parliament and of the
Council of December 12 2006 on the protection of groundwater against pollution and
deterioration. Off. J. Eur. Commision L 372:19–31.
European Commission, 2000. Directive 2000/60/EC of the European Parliament and of the
Council of October 23 2000 establishing a framework for community action in the field
of water policy. Off. J. Eur. Commision L 327:1-72.
Gerber, C., Purtschert, R., Hunkeler, D., Hug, R., Sültenfuss, J., 2018. Using environmental tracers
to determine the relative importance of travel times in the unsaturated and saturated
zones for the delay of nitrate reduction measures. J. Hydrol. 561, 250–266.
https://doi.org/10.1016/j.jhydrol.2018.03.043
Grath J, Ward R, Scheidleder A, 2008. Groundwater monitoring in the policy context., in:
Groundwater Science and Policy: An International Overview. RSC, Cambridge,.
Quevauviller P (ed).
Hansen, B., Dalgaard, T., Thorling, L., Sørensen, B., Erlandsen, M., 2012. Regional analysis of
groundwater nitrate concentrations and trends in Denmark in regard to agricultural
influence. Biogeosciences 9, 3277–3286. https://doi.org/10.5194/bg-9-3277-2012

Page 26 of 28

Hansen, B., Thorling, L., Schullehner, J., Termansen, M., Dalgaard, T., 2017. Groundwater nitrate
response to sustainable nitrogen management. Sci. Rep. 7, 8566.
https://doi.org/10.1038/s41598-017-07147-2
Hansen, B., Thorling, L., Kim, H., Blicher-Mathiesen, G., 2019. Long-term nitrate response in
shallow groundwater to agricultural N regulations in Denmark. J. Environ. Manage. 240,
66–74. https://doi.org/10.1016/j.jenvman.2019.03.075
Heaton, T.H.E., Vogel, J.C., 1981. “Excess air” in groundwater. J. Hydrol. 50, 201–216.
https://doi.org/10.1016/0022-1694(81)90070-6
Hinsby, K., Purtschert, Roland, Edmunds, Mike, W., 2008. Groundater Age and Quality, in:
Groundwater Science and Policy: An International Overview. RSC, Cambridge,.
Quevauviller P (ed).
Jørgensen, L.F., Stockmarr, J., 2009. Groundwater monitoring in Denmark: characteristics,
perspectives and comparison with other countries. Hydrogeol. J. 17, 827–842.
https://doi.org/10.1007/s10040-008-0398-7
Jung, M., Aeschbach, W., 2018. A new software tool for the analysis of noble gas data sets from
(ground)water.
Environ.
Model.
Softw.
103,
120–130.
https://doi.org/10.1016/j.envsoft.2018.02.004
Kim, H., Surdyk, N., Møller, I., Graversgaard, M., Blicher-Mathiesen, G., Henriot, A., Dalgaard, T.,
Hansen, B., 2020. Lag Time as an Indicator of the Link between Agricultural Pressure and
Drinking Water Quality State. Water 12, 2385. https://doi.org/10.3390/w12092385
Koh, E.-H., Lee, E., Lee, K.-K., 2020. Application of geographically weighted regression models to
predict spatial characteristics of nitrate contamination: Implications for an effective
groundwater
management
strategy.
J.
Environ.
Manage.
268.
https://doi.org/10.1016/j.jenvman.2020.110646
Laier, T., 2005. Nitrate monitoring and CFC-age dating of shallow groundwaters – an attempt to
check the effect of restricted use of fertilizers., in: In Nitrates in Groundwater, Chapter
24, International Associations of Hydrogeologists Selected Papers. A.A. Balkema
Publishers.
Lehmann, B.E., Davis, S.N., Fabryka-Martin, J.T., 1993. Atmospheric and subsurface sources of
stable and radioactive nuclides used for groundwater dating. Water Resour. Res. 29,
2027–2040. https://doi.org/10.1029/93WR00543
Libby, W.F., 1953. The potential usefulness of natural tritium. Proc. Natl. Acad. Sci. U. S. A. 39,
245.
Maloszewski, P., Zuber, A., 1996. Lumped parameter models for the interpretation of
environmental tracer data. Man. Math. Models Isot. Hydrogeol.
Maloszewski, P., Zuber, A., 1989. Mathematical models for interpreting tracer experiments in
fissured aquifers. IAEA, Isotope Techniques in the Study of the Hydrology of Fractured
and Fissured Rocks 287–301.
Newman, B.D., Osenbrück, K., Aeschbach-Hertig, W., Kip Solomon, D., Cook, P., Różański, K.,
Kipfer, R., 2010. Dating of ‘young’ groundwaters using environmental tracers:
advantages, applications, and research needs. Isotopes Environ. Health Stud. 46, 259–
278. https://doi.org/10.1080/10256016.2010.514339
Nir, A., 1964. On the interpretation of tritium ‘age’ measurements of groundwater. J. Geophys.
Res. 69, 2589–2595. https://doi.org/10.1029/JZ069i012p02589
Osenbrück, K., Fiedler, S., Knöller, K., Weise, S.M., Sültenfuß, J., Oster, H., Strauch, G., 2006.
Timescales and development of groundwater pollution by nitrate in drinking water wells

Page 27 of 28

of the Jahna-Aue, Saxonia, Germany: TIMESCALES OF GROUNDWATER POLLUTION.
Water Resour. Res. 42. https://doi.org/10.1029/2006WR004977
Rajanayaka, C., Weir, J., Barkle, G., Griffiths, G., Hadfield, J., 2020. Assessing changes in nitrogen
contamination in groundwater using water aging: Waikato River, New Zealand. J.
Contam. Hydrol. 234, 103686. https://doi.org/10.1016/j.jconhyd.2020.103686
Rozanski, K., Florkowski, T., 1978. Krypton-85 dating of groundwater. Int. At. Energy Agency
Vienna Austria, International symposium on isotope hydrology; Neuherberg, Germany
2, 949–959.
Schwientek, M., Maloszewski, P., Einsiedl, F., 2009. Effect of the unsaturated zone thickness on
the distribution of water mean transit times in a porous aquifer. J. Hydrol. 373, 516–
526. https://doi.org/10.1016/j.jhydrol.2009.05.015
Suckow, A., 2014. The age of groundwater – Definitions, models and why we do not need this
term. Appl. Geochem. 50, 222–230. https://doi.org/10.1016/j.apgeochem.2014.04.016
Tesoriero, A.J., Saad, D.A., Burow, K.R., Frick, E.A., Puckett, L.J., Barbash, J.E., 2007. Linking
ground-water age and chemistry data along flow paths: Implications for trends and
transformations of nitrate and pesticides. J. Contam. Hydrol. 94, 139–155.
https://doi.org/10.1016/j.jconhyd.2007.05.007
Turnadge, C., Smerdon, B.D., 2014. A review of methods for modelling environmental tracers in
groundwater: Advantages of tracer concentration simulation. J. Hydrol. 519, 3674–
3689. https://doi.org/10.1016/j.jhydrol.2014.10.056
Vero, S.E., Basu, N.B., Van Meter, K., Richards, K.G., Mellander, P.-E., Healy, M.G., Fenton, O.,
2018. Review: the environmental status and implications of the nitrate time lag in
Europe and North America. Hydrogeol. J. 26, 7–22. https://doi.org/10.1007/s10040017-1650-9
Visser, A., Broers, H.P., van der Grift, B., Bierkens, M.F.P., 2007. Demonstrating trend reversal of
groundwater quality in relation to time of recharge determined by 3H/3He. Environ.
Pollut. 148, 797–807. https://doi.org/10.1016/j.envpol.2007.01.027
Wang, L., Butcher, A.S., Stuart, M.E., Gooddy, D.C., Bloomfield, J.P., 2013. The nitrate time bomb:
a numerical way to investigate nitrate storage and lag time in the unsaturated zone.
Environ. Geochem. Health 35, 667–681. https://doi.org/10.1007/s10653-013-9550-y
Wilson, R., D., Mackay, D., M., 1996. SF6 as a conservative tracer in saturated media with high
intragranular porosity or high organic carbon content. Groundwater 34, 241–249.

Page 28 of 28

