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Abstract 

A simple method to delineate the recharge areas of a series of springs draining a fractured 

aquifer is presented. Instead of solving the flow and transport equations, the delineation is 

reformulated as a mass balance problem assigning arable land in proportion to the pesticide 

mass discharged annually in a spring at minimum total transport cost. The approach was 

applied to the Luxembourg Sandstone, a fractured-rock aquifer supplying half of the drinking 

water for Luxembourg, using the herbicide atrazine. Predictions of the recharge areas were 

most robust in situations of strong competition by neighbouring springs while the catchment 

boundaries for isolated springs were extremely sensitive to the parameter controlling flow 

direction. Validation using a different pesticide showed the best agreement with the simplest 

model used, whereas using historical crop-rotation data and spatially distributed soil-leaching 

data did not improve predictions. The whole approach presents the advantage of integrating 

objectively information on land use and pesticide concentration in spring water into the 

delineation of groundwater recharge zones in a fractured-rock aquifer. 
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1. Introduction 

The large number of scientific publications and guidelines pertaining to the modeling of flow 

and transport in fractured rock aquifers in general and to the delineation of protection zones 

in particular is a telling testimony of both the difficulty and relevance of the task (for a review, 

see Bodin et al., (2003), and for example applications, Stauffer et al., (2002) and USEPA, 

(1991)). Although numerical groundwater models can be implemented in a fractured-rock 

setting, the large number of fitting parameters precludes practical applications in all but a few 

exceptionally well-documented cases (Cacas et al., 1990). In most practical situations, the 

hydrogeological investigations necessary to estimate the hydraulic parameters of the aquifer 

would be extremely costly to be applied regionally. Because of this, engineering offices often 

rely, for heterogeneous aquifers, on surface-morphology oriented approaches (isochrone 

methods, DISCO (Pochon and Zwahlen, 2003)) that include surface mapping of vulnerable 

areas and the use of tracers to detect preferential pathways. The information gained is 

usually analysed with a geographic information system (GIS), organized into layers and 

aggregated using subjective weighting based on experience and expert knowledge. A widely 

recognized technique to assess flow paths, travel time, and the vulnerability of an aquifer 

consists of injecting artificial tracers and monitoring their breakthrough in the aquifer’s outlets 

(Käss, 1998, Maloszewski et al., 1998). Artificial tracers have two major limitations: they yield 

only point information on the system in both space and time, and their use is restricted to 

aquifers with transit times of a few months at most, as the sampling time would otherwise 

increase beyond the logistically and economically feasible. At the catchment scale, artificial 

tracers can be replaced by so called environmental tracers, which have the advantage of 

entering the aquifer naturally during recharge either as part of the water molecule (tritium, 

deuterium, oxygen 18) or as a gas or solute (chlorofluorocarbons, carbon 14). Fractured 

aquifer systems have indeed been successfully characterized hydrogeologically using a 
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combination of environmental tracers (Maloszewski et al., 2002, Zuber and Motyka, 1994). 

Water isotopes were used in the present study to estimate the mean groundwater residence 

time and the contribution of fast flow to spring discharge. However, because such tracers are 

applied approximately homogeneously at the scale of the catchment, they do not carry any 

discriminating piece of information about different spatial attributes which may be of interest 

within it. This gap can be filled by point-source or diffuse pollutants. Pathogens have been 

used for instance in karst hydrology as indicators to pinpoint pollution sources and estimate 

groundwater storage (Ryan and Meiman, 1996). Although nutrients and pesticides could 

serve the same purpose, there has been, to the authors’ knowledge, no attempt until now to 

integrate this information into a quantitative analysis. In this paper, an approach to compute 

the recharge area of a spring respecting the pesticide mass balance is presented. By leaving 

aside the flow and transport equations, the need to explicitly model the complex fracture 

network of the sandstone was circumvented. The cornerstones of the study were as follows: 

1) Estimation of the pesticide transport time in the soil and in the aquifer using a combination 

of tritium measurements and numerical modeling techniques 2) Evaluation of the stability of 

the pesticide signal in spring water with the help of stable isotopes and monitoring of 

pesticide concentration in spring water 3) Delineation of the springs’ recharge zones from the 

pesticide mass balance. 

2. Material and method 

2.1 Study area 

Although an important drinking water supply and impacted by pollutants at the regional scale, 

the springs and wells of the Luxembourg Sandstone still lack protection zones and a 

scientifically sound and cost-effective method to delineate them. The aquifer of the 

Luxembourg Sandstone, which provides about half of the country’s drinking water, is a 

prominent geological and geomorphological feature of southern Luxembourg, a region known 

as Gutland, where it forms a striking landscape of cuestas and cliffs. Due to a gentle dip 

towards the southwest (less than 10°), the Luxembourg Sandstone of the Early Jurassic, still 
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unconfined in its northern part, progressively plunges below the marls of Strassen, where it 

becomes confined (Colbach, 2005).The Sandstone itself, up to 100 meters thick, is underlain 

by the marls of Elvange acting together with the Rhaetian Clays (Late Triassic) as aquiclude. 

Porosity follows a bimodal distribution, with a primary porosity reported to be between 5% 

and 40%, depending on the degree of dissolution of the calcareous matrix and a secondary 

fracture porosity estimated to 1% (Colbach, 2005). Folds and faults resulting from tectonic 

deformations are both significant controls of groundwater flow. Fractures strike along two 

main directions: North-West and North-East. In its unconfined part, the sandstone is drained 

by numerous contact springs whose occurrence and spatial distribution partially reflect the 

alternation of synclines and anticlines and the location of major fault blocks striking mainly 

SW-NE (Lucius, 1943). The physical and geochemical properties of the formation are 

heterogeneous, dense hard sandstone layers alternating with brittle limestone.  

The effect of fracturing on groundwater flow and pollutant transport at the catchment scale 

has been the subject of much conjecture (Benbrahim, 2004, Gourdol et al., 2010), but little 

sound scientific evidence is available concerning the influence of the fracture network at the 

catchment scale and its regional variability. Because the sandstone is mainly covered by 

well-drained sandy soils, the potential for groundwater contamination by agricultural activities 

is high, and pollution by herbicides or nitrate widespread. Rapid breakthrough of artificial 

tracers has been reported by engineering offices, and excavations in the vicinity of spring 

catchworks draining the sandstone have sometimes revealed large water-bearing fractures, 

suggesting the aquifer transmits water in ways comparable to a karstic formation. The 

contribution of rapid fracture-flow might however be only significant in a few reactive springs 

and negligible in the majority of cases.  

The delineation tool was developed for the Steinsel plateau, which is located ten kilometers 

north-west of Luxembourg City. The sandstone formation sits like a slab on its subhorizontal 

marly aquiclude, approximately hundred meters above the valleys and measuring seven 
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kilometer from north to south and one kilometer from east to west, the overburden of the 

marls of Strassen being completely absent (figures 1 & 2). The aquifer has an average 

thickness of 55 meters (maximum 80 meters), with a saturated zone of 10 meters or less and 

a thick unsaturated zone of up to 70 meters. The thickness of the underlying marls of 

Elvange is 20 meters at the vertical of the observations well. The centre of the plateau is 

occupied by arable land surrounded by woods also covering the slopes. The plateau is 

bounded on its western side by the Mamer Valley and on its eastern side by the Alzette 

Valley. The agricultural areas, situated in the center of the plateau, are divided by woodland 

into a northern and a southern region (opposite K1-K7 in figure 1). The soils are mainly 

sandy loams with some loamy sand lenses present, the largest of these being in the 

southern region. Besides crop land, three commercial orchards can be found in the study 

area. Soil depth varies between 1 and 2 meters. The aquifer is drained by numerous springs, 

mostly emerging close to one another on the western side. The majority are tapped and used 

as drinking water supply by the city of Luxembourg. On the Alzette River side, fewer springs 

can be found and most of them are used by the neighbouring towns. Discharge varies from 

spring to spring from a few liters per minute to more than 300 l/min. The slight dip of the 

Sandstone’s base to the South-West probably exerts some control on groundwater flow and 

probably explains the unequal distribution of springs between western and eastern slopes. 

Groups of springs, common on the western slope, probably mark the presence of local 

synclines. A mean annual groundwater recharge of 180±25 mm was estimated from spring 

discharge (for an uncertainty in discharge measurement of 15%). Since neither diffuse 

discharge nor the precise southern extent of the recharge area is known, this value is 

probably an underestimate. 

Nearly all the springs in the area are contaminated to some degree by at least one 

phytosanitary compound. Some tapped springs had to be abandoned because of pesticides 

exceeding the legal threshold or recurrent bacterial proliferation. 
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2.2 Model assumptions 

A combination of isotopic data, mass balance calculation and numerical modeling techniques 

were used to verify whether the aquifer, despite its fractured nature, can be treated as a 

homogeneous block at the catchment scale. For the purpose of delineating the recharge 

zones, the system composed by the soil and aquifer compartments is treated as time-

invariant. Hence, the time-dependent variables, discharge and pesticide concentration in 

spring water and in recharge water, are averaged to mean values. While the assumption may 

hold well for groundwater systems dominated by the slow flow component with mean 

residence times (water and solute) of at least a few years, the approach is not applicable to 

springs that display strong seasonal or event-driven variations in discharge and pesticide 

load (karstic springs for example). Consequently, the model makes the following 

assumptions concerning the transmission and modification of the pesticide signal through the 

soil and aquifer systems: 

 Pollutant concentration in the springs is in good approximation at steady-state over a 

time scale of several years, without significant fast flow bursts and seasonal or 

pluriannual variations. 

 The soil’s and the aquifer’s dispersivities are high enough to smooth the unsteady 

pesticide flux in the soil due to intermittent application of pesticides and variable 

meteorological boundary conditions, i.e. the combined residence time in the soil and 

aquifer compartment is much longer than the time scale of pesticide flux variations. 

 Fast transport components short-circuiting the aquifer are negligible compared to the 

slow flow. 

 After leaving the soil/weathered zone, pesticides behave conservatively, i.e. sorption 

and degradation in the aquifer are negligible. 

The validity of these assumptions will each be discussed in turn. 
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2.3 Sampling and analysis 

All springs shown in figure 1 were sampled on a monthly basis for two years (March 2008 to 

March 2010), and seven springs weekly over a year and a half. Additionally, a monitoring 

well was drilled at the outskirts of the forest on the western side of the plateau and sampled 

weekly as well from March 2009 to March 2010. Sampling included water chemistry and 

pesticide concentration, tritium and stable water isotopes, field discharge, temperature and 

electrical conductivity. Five of the springs sampled weekly were also equipped with online 

probes measuring discharge, temperature and electrical conductivity at ten minute intervals. 

Time domain reflectometry (TDR) probes measuring soil moisture content were installed on 

one field in four vertical profiles. Crop rotation data from 2006 to 2009 for the entire plateau 

were also available. 

Pesticide concentrations of the water samples were determined using an LC-ESI-MS/MS 

(liquid chromatography-electrospray ionization-tandem mass spectrometry)  system Finnigan 

TSQ Quantum Discovery MAX with a Finnigan Surveyor LC Pump Plus and a Finnigan 

Surveyor MS Pump Plus (Thermo Electron Corporation, San José, CA, USA). The samples 

were injected using an autosampler HTC-PAL (CTC Analytics AG, Zwingen, Switzerland). 

The separation of the target compounds was carried out with a column Hypersil Gold aQ, 

100 x 2.1 mm with 3 μm particle size (Thermo Scientific, Geel, Belgium). The elution was 

started with 70/30 ultrapure water (18 MΩ) / Methanol (acidified with 0.1 % formic acid) with a 

flow rate of 0.2 ml per minute. During the acquisition, methanol was increased to 100 %. The 

water samples were analysed with a LC-MS coupled with online extraction. A pre-column 

acting as an extraction column was interconnected between the autosampler injection valve 

and the chromatography column (Hpersil Gold, 20 x 2.1 mm, particle size 12 μm from 

Thermo Scientific, Geel, Belgium). Per measurement cycle, 1 mL was injected into the 

system and extracted with the pre-column. Afterwards, the target compounds were 

separated at the chromatography column and analysed at the triple quadrupole mass 

spectrometer. 
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Stable isotopes of oxygen and hydrogen were determined using isotope mass spectrometry. 

The water samples for oxygen isotopic analyses were prepared by conventional H2O–CO2 

equilibration (Epstein and Mayeda, 1953) where 5 ml of each sample were equilibrated with 

CO2 gas at 25 ± 0.1°C for 24 h. The CO2 gas was then extracted and cryogenically purified in 

a vacuum line. For hydrogen isotope analysis (D/H) water samples were reduced to 

molecular hydrogen in a uranium reactor, and the gas was subsequently introduced into the 

inlet of an isotope ratio mass spectrometer (Delta-S, Finnigan MAT, Germany). Calibration 

was accomplished with three in-house standards that were calibrated against the 

international reference materials VSMOW, SLAP and GISP (IAEA, Vienna). 

Tritium measurements were conducted by liquid scintillation counting of water after 

electrolytic enrichment following Eichinger et al. (1980). 

2.4 Soil dynamics 

The atrazine transit time through the soil compartment was studied using the numerical code 

PEARL (Leistra et al., 2001). The model was chosen because of the completeness of its 

documentation and the implementation of standard scenarios (FOCUS, 2000) and crop 

parameter library that could serve as a template. PEARL is a one-dimensional code 

simulating transient water and pesticide transport in unsaturated media. In a first step, the 

water fluxes (infiltration, evaporation, plant uptake and transpiration) are calculated by the 

hydrological module SWAP (van Dam et al., 1997), and in a second step, pesticide transport 

and degradation is simulated by PEARL. Studies have shown that substance-specific 

parameters describing the fate of a pesticide in the soil compartment can be extremely 

variable in the field, and values presented as typical in registration reports can give 

misleading estimates of the effective in-situ mobility and resilience of pesticides (Allen and 

Walker, 1987, Dubus et al., 2003). Furthermore, soil parameters affecting pesticide transport 

and degradation can vary spatially within a range that also affects pesticide leaching 

(Eckhardt and Wagenet, 1996, Jura and Gruber, 1989) and even the simulation of water flow 
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cannot always be described precisely when measurements made using complex systems 

such as lysimeters are not available. Hence, considering the large uncertainties associated 

with predicting leaching values, the model PEARL was used solely to calculate the time 

delay between the initial pesticide application and the onset of leaching out of the soil 

column, as well as the time after which pesticide concentration in leaching water starts to 

decrease following the last application. Absolute leaching values adopted for the delineation 

itself were calculated from mass balance, as detailed further below. 

PEARL was calibrated hydraulically using the TDR data and the annual recharge rate 

calculated from the water balance. Soil moisture measurements at different depths over six 

months were combined into three sets. For each set, van Genuchten parameters (except the 

saturated hydraulic conductivity) were first estimated inversely using the software PEST 

(Doherty, 2009).The saturated hydraulic conductivity parameter was then adjusted until the 

model predicted an annual groundwater recharge equal to the calculated value of 180 mm. 

Three different hydraulic models were eventually obtained. The agreement between 

observed and measured soil moisture was poor (r2 ranging from 0.24 to 0.38) and could be 

due to uncertainties in the estimation of daily evapotranspiration, which was calculated using 

the Penman-Monteith formula (Allen et al, 1998). In the next step, the parameters describing 

atrazine sorption and degradation were estimated from atrazine concentrations measured in 

the monitoring well for each hydraulic model, again using PEST. For this step, long-term 

leaching (20 years) was simulated by using synthetic precipitation time series generated 

using a first-order Markov chain (Wilks and Wilby, 1999) calibrated with data from Pfister et 

al. (2005) and the Luxemburgish national weather service. This approach was preferred over 

using measured rainfall for two reasons: the dearth of accurate data for the time period 

before 2000, and the possibility offered by synthetic rainfall to generate different realizations 

useful for sensitivity analysis. Potential evapotranspiration was calculated from the Transys 

dataset (Marion and Urban, 1995) representing a typical year for the normal period 1960-

1990 for the closest meteorological station situated in Trier, Germany. All meteorological 
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boundary conditions were repeated for each year of the simulations. Application frequency 

was varied from once every year to once every four years. Transient simulations of atrazine 

leaching were performed for the three calibrated models to predict the time lag between the 

first/last atrazine application and the onset/the end of its release from the soil column. 

2.5 Groundwater dynamics 

Spring discharge is the sum of a slow flow component with long residence times (months to 

years) and a fast flow component. The average pesticide concentration observed in the 

springs is representative for the aquifer system as a whole only if the discharge is nearly 

completely sustained by slow flow. The delineation tool also assumes the existence of a 

stable regime in the pesticide concentration measured in the spring over a few years. Such a 

stable regime can be expected for a well-buffered aquifer system characterized by long 

mean residence times that smooth out peaks in pesticide application. More details of the 

hydrogeological characterization and atrazine transport in the aquifer of the study area can 

be found in Farlin et al. (2013). 

Stable isotopes were used to study the fast flow dynamics. At the outlets of groundwater 

systems with mean residence times greater than two or three years, the signal of stable 

isotopes (δ18O and δ2H) in recharge water, which displays a distinct seasonal variation with a 

maximum during the summer months, has leveled off to the mean annual recharge value 

(Clark and Fritz, 1997). Deviations from that mean isotopic value indicate an increase of the 

fast flow component mixing with slow flow at the outlet. 

While stable isotopes give insight into groundwater residence times of up to a few months, 

tritium allows dating waters with mean residence times up to a few decades (Clark and Fritz, 

1997). Using lumped-parameter models, one can estimate the mean residence time of water 

in the aquifer. The relation between tritium input  inC t  and output  outC t  is given by a 

convolution integral using a travel time distribution function g  
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(1)       out in tracer

0

C t  C t τ g τ exp( λ τ)dτ



    

Where t  is time, tracerλ  is the degradation rate of the tracer [1/T]  (12.3 years for tritium) and 

g(t)  is the travel time distribution [1/T]. 

An exponential piston-flow transfer function was selected to simulate the dual residence time 

distribution (approximately equal for all flow lines in the unsaturated zone and exponentially 

distributed in the saturated zone) 

(2)    
epm epm

g exp( 1
t t

 
     for 

1

epmt (1 )    

   g 0   for epm

1
0 t


  


 

with   =dimensionless ratio of entire volume of water in storage to volume of water in the 

saturated zone and 
epmt =mean transit time [T] 

Since the transfer function describes the transit time distribution resulting from the flowtime of 

separate streamlines contributing water to a spring, it can be used to predict pesticide 

evolution over time, assuming no sorption within the aquifer (Eq. 3). The transfer function g   

however has to be modified to account for the fact that atrazine is not applied uniformly over 

the catchment, but only on agricultural surfaces (Farlin et al., 2013). 

(3)         
t

' ' '

out in pesticideC t n C τ g t τ exp λ t τ dτ


       

with  ' τinC  and  '

outC τ  respectively the atrazine input and breakthrough [M/L3], n  a dilution 

factor equal to the ratio of recharge from agricultural areas to total recharge, g'(t)  the 
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modified transfer function and 
pesticideλ  the first order degradation rate of the pesticide in the 

aquifer [1/T]. 

2.6 Delineation tool 

The delineation algorithm is based on a spatial optimization of the pesticide mass balance: if 

pesticides applied on an area of the plateau are detected in a spring, then this particular area 

has to be hydraulically connected to the spring. A mass balance can thus be calculated 

between pesticide measured in a spring and its contributing areas, and consequently 

constitutes useful information concerning the geometry of the spring’s recharge area. In an 

approach similar to that of a mixing cell model (Adar, 1984), the study area H  is subdivided 

into a discrete set of well-mixed compartments (or grid cells) denoted h , each of which 

defined by its pesticide leaching rate 
hm  [µg/m2/y] (a positive number for arable land cells, 

and equal to zero for all other land use cells). All cells are then simultaneously assigned to 

one of the springs in the study area to achieve mass balance. The model is stationary and 

conservative, the pesticide composition of each cell is constant in time, and decay within 

each cell is not considered. 

To find the optimal catchment surface for all springs simultaneously, the following linear 

program is solved 

minimize  

(4) 
h,s h,s

h,s

D(x ) d(h,s) x   

subject to the pesticide mass balance  

(5) s s h h,s

h H

q c m x ,   s


     

 h,s max0 x x , (s,h)    
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where h,sD(x )  is the total transport “cost” of the pesticide from its leaching cells to the 

springs, d(h,s)  is a cost-distance function, 
h,sx  [m2] the recharge surface in cell h  

connected to spring s , sq  [l/y] the annual groundwater discharge, sc  [µg/l] is the average 

pesticide concentration detected in spring s  in cell h , hm [µg/y] is the pesticide mass 

leached at steady-state during a year and maxx  is the surface of a cell (every cell is 

considered to have the same surface). 

The cost-distance function was considered here to describe implicitly the probability that a 

point is hydraulically connected to the spring, i.e. the closer a point is to the spring, the more 

probable is the connection between the two (see Appendix A). Two functions, the first 

isotropic and the other anisotropic, were used. The isotropic function is the Euclidean 

distance between a spring and a cell raised to a power k  ( k 1 ), 

(6)   
k

2
d h,s h s  , 

and thus defines concentric isolines centered on the spring. To obviate obtaining circular 

catchments, the computing domain is restricted to areas situated upgradient of each spring. 

The anisotropic cost-distance matrix is derived from a two-dimensional random walk (see 

annex) 

(7)    s s2
h s sin cos

d h,s (pq) p q
     

    

where p  is the probability for water to follow the direction of the groundwater gradient s , 

and q  the complementary event. 

The optimal solution of the optimization problem 
*

h,sx  determines only the part of the 

recharge area that is a pesticide source (arable land). 
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Every compartment is a source directly connected to a spring without any kind of flow routing 

involved, which is not the case in a classical mixing-cell model,  where most cells along a 

flowpath are only indirectly connected to a source through neighbouring cells. Nevertheless, 

it is clear from Eq. 5 that a cell h  is connected to a spring s  if and only if the surface of the 

recharge zone 
h,sx 0 . 

2.7 Delineation runs 

The delineation tool was run for a cell resolution of 20 square meters using the atrazine soil 

leaching rates calculated above, increased by 10% to give some leeway to the model. The 

minimization problem has been written in the General Algebraic Modeling System (GAMS, 

Andersen and Andersen, 1999) and solved by the convex solver Mosek (Rosenthal, 1988). 

Four sets of runs were performed. First, the isotropic cost-distance function was used with a 

simple leaching map consisting of the two leaching rates for the northern and southern 

region and an exponent k  equal to 1. Then, the isotropic function was replaced by the 

anisotropic function given in Eq. 7 introducing a priori a main flow direction derived from a 

digital elevation model assuming that for the sandstone cuesta the water table is topography 

controlled (Haitjema and Mitchell-Bruker, 2005). Thirdly, a leaching map taking into account 

different application frequencies was introduced. In a fourth step, the spatial variability of the 

leaching rate was increased further by adding a stochastic component to the leaching map.  

In run 1 and run 2, atrazine was assumed to have been applied on a regular basis on all 

arable land available. For run 3, a more realistic leaching map was derived from the crop 

rotation dataset. The frequency in years (4/4, 3/4, 2/4, 1/4 and 0) with which maize had been 

grown on each arable plot of the plateau between 2006 and 2009 was computed. 

In order to test the effect of spatially variable leaching concentrations on the results of run 3, 

the leaching rate for each frequency class defined in run 3 was allowed to vary for each cell 

according to lognormal law which was chosen to reflect the multiplicative effect of small 



15 

 

random processes on pesticide leaching concentration (Ott, 1990). The spread of each log-

normal distribution was set so that the highest values for a given application frequency would 

slightly overlap with the median of the next upper class. 300 random leaching maps were 

generated, yielding 300 different recharge areas. Finally, the 50% isoline of the 300 runs was 

calculated (Figure 5c). 

3. Results 

3.1 Pesticides in spring water 

The herbicide atrazine was detected in all but one spring, whereas bentazone and n,n-

dimethylsulfamide, a metabolite of tolylfluanide, were detected regularly in some springs 

only. Atrazine concentrations were stable over time, displaying neither trends nor seasonal 

variations. The absence of seasonal variations in the measured pesticide concentrations is a 

first indication that the fast flow component is small. As shown in figure 3, five distinct 

pollution groups are recognizable along the springs emerging on the western side of the 

study area (K1 to K6, K7 to K13, K14 to K18, K19 to K21, K21a), showing alternating and 

mutually exclusive pollution patterns of bentazone and n,n-dimethylsulfamide. Since atrazine 

was present in all but one spring, it was selected to run the delineation algorithm. n,n-

dimethylsulfamide was used for model validation. Variations in the concentrations along the 

south-north profile reflect either the magnitude of atrazine leaching, the different ratios of 

agricultural area to total contributing surface or the application dose. The spatial variability of 

the latter was ignored for lack of appropriate data. 

3.2 Soil residence time 

Figure 4 a. shows the predicted evolution of atrazine concentration in recharge water after 

the last soil application for the three different soil hydraulic parameter sets. Although the 

absolute simulated values at steady-state differed by a factor of three between highest and 

lowest predictions, the ratio of biennial or triennial to annual application was comparable for 
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all hydraulic parameterizations (
'

'

annual

tric 2
11c

  and 
'

bi
'

annual

c 4
11c

 ). These ratios are 

different from 1/3 and 1/2 due to non-linear sorption effects. All models also predict similar 

evolution in leaching after the last application. Atrazine continues to be released from the soil 

for about three years at a similar rate after which concentrations begin to decrease sharply. 

Leaching in the nanogram concentration range decreases to less than half its steady-state 

value after four years and drops below the limit of quantification of 5 ng/L after seven years. 

The onset of leaching to groundwater after the first application follows the same pattern, 

simply reversed in time. The inertia of the soil was implemented in the leaching scenario 

presented in the paragraph on soil dynamics by adding four years to the leaching period after 

the atrazine ban came into force in Luxembourg in 2005. 

3.3 Fast flow component 

Overall, discharge in the springs is characterized by its small variance (coefficient of variation 

below 0.1). The annual recharge cycle was clearly observed in the continuous discharge and 

temperature measurements, which were otherwise uncorrelated with particular rain events, 

even after heavy storms. Deuterium measurements varied mostly within the range of 

analytical error of ±1 ‰. A few more pronounced deviations were observed, rarely lasting for 

more than two consecutive weeks. Hydrograph separation applied to these events showed 

that fast flow in spring discharge never exceeded 15% of total spring discharge, even after 

heavy rain events (Farlin et al., 2013). During fast flow surges lasting for more than a week, 

weekly measurements of spring water chemistry and pesticide concentrations did not vary 

significantly or systematically. 

3.4 Slow flow component 

Tritium concentration in the springs ranged from 7 to 10 TU and the calculated mean 

residence times ranged from 10 to 17 years. Such mean residence times lead to an efficient 

smoothing of interannual variations in the leaching. Consequently, a constant annual 

leaching to the groundwater was assumed for the period 1970 to 2009 and was simulated by 
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a step function. Atrazine concentration in spring water over time was calculated using 

equation 3 (figure 4). According to predictions in the aquifer, atrazine concentration had, in 

2008 approximately, reached at least 90% of its maximum value (equal to 45% of the steady-

state soil leaching concentration due to dilution caused by atrazine-free forest recharge). 

This agrees with the stable atrazine concentrations in spring water over the observation 

period. Degradation reduces the absolute concentrations without modifying the overall shape 

of the breakthrough curve (Farlin et al., 2013), as shown in figure 4 for degradation rates of 

0.07, 0.03 and 0.02 1/y corresponding to a half-life of 10, 20 and 30 years respectively. 

3.5 Atrazine leaching 

For the delineation, the average value of pesticide leaching out of the sandy soils must be 

estimated with as much accuracy as possible, as the surface assigned to each spring is 

inversely proportional to the leaching value per surface area. Pesticide concentration 

measured in a spring is controlled by two factors. The proportion of cultivated surfaces in the 

zone of recharge constitutes the primary control, but the pesticide flux leached from each 

field, which depends on the soil’s hydraulic and chemical properties and on the atrazine 

application cycles and application rates, may also vary both in time and space (Dubus et al., 

2003). As the mean atrazine concentration measured in spring water is stable and near its 

maximum (figure 4) and all the springs draining the plateau have been sampled, the long-

term average atrazine leaching can be calculated from the total mass discharged from the 

plateau in a year divided by the crop land area. 

First, the springs were assigned to one of the two regions (north or south of the woodland 

strip) using the water balance. Then, the total atrazine mass discharged from each region in 

a year was calculated from its concentration in spring water. Finally, the surface area of 

atrazine leaching for each region was estimated from the crop rotation dataset, assuming 

only maize culture had been treated and that the crop rotation for the years 2006 to 2009 

was representative of the agricultural practices on the plateau over a longer period. In order 

to illustrate the uncertainties in the total leaching surface, the leaching rates calculated using 
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both the realistic land use distribution and the total arable land surface area available are 

shown in Table 1. 

Table 1 Atrazine annual leaching. The leaching rates for atrazine were calculated from the 

total mass discharge in the springs in one year divided by the surface area of arable land 

planted with maize. Values in brackets are for the total arable land surface area on the 

plateau 

 arable land surface 

area [ha] 

atrazine mass discharged 

in spring water [g/y] 

annual atrazine 

leaching [µg/m2/y- 

North 124 (193) 13.6 10.9 (7) 

South 57 (60) 2.2 3.9 (3.7) 

 

The difference in the annual atrazine masses between both regions is striking, and cannot be 

accounted for solely by the uncertainty in the field surface area belonging to each region. 

The mean atrazine mass discharged from the northern region, two to three times higher than 

in the south, could be due to the sandier texture of the soils. The higher hydraulic 

conductivity of the sandy soils increases the speed with which pesticides are flushed out of 

the biologically active soil zone and reduce accordingly the degradation time in the topsoil, 

hence leading to higher leaching concentrations to the groundwater. The atrazine 

concentration measured in the monitoring well, varying seasonally from 30 to 45 ng/l, was 25 

to 50% lower than the concentration obtained by dividing the annual atrazine leaching rate of 

the northern region by the annual recharge of 180 mm (Eq. 8). The estimated atrazine 

concentration in Eq. 8 is however an overestimate, since the recharge for cropland is 

probably higher than the 180 mm calculated for the entire plateau, which represents a mean 

value for all land uses. 

(8)  
' atrazine
atrazine

m 11000
C 61 

R  180
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with 
'

atrazineC =atrazine concentration in groundwater [ng/l],  a t r a z i n em =atrazine mass leached 

per square meter and year [ng/m2/y] and R =annual recharge [mm/y] 

3.6 Delineation of the recharge areas 

Except for the springs of the southern region (K1 to K6), the springs on the western slope 

were grouped according to the pollution pattern shown in figure 3. Springs K3 to K6 were 

also regrouped, since the discharge of each spring is much lower than in K1, K2 and K7. 

Figure 5 displays the recharge areas computed for runs 1 and 4 (runs 2 and 3 not shown) 

and Table 2 the means and standard deviations of the log-normal model used for runs 3 and 

4. For runs 3 and 4, the mass balance was calculated as described in the previous 

paragraph, except that each plot was weighted by the ratio 

'

frequency

'

annual

c

c
 calculated by PEARL.. 

The resulting leaching map was then used in conjunction with the isotropic cost-distance 

function. For the stochastic simulations (run 4), the means were the same as for run 3 and 

the standard deviations were those given in Table 2. 

 

Table 2 Leaching concentrations for the different application frequencies and standard 

deviations used for the Monte Carlo simulations assuming a log-normal model 

Application frequency Cnorth [µg/m2/y] σnorth Csouth [µg/m2/y]  σsouth 

1/4 5 ln(1.4) 2 ln(1.5) 

2/4 14 ln(1.2) 6 ln(1.2) 

3/4 25 ln(1.2) 11 ln(1.2) 

4/4 39 ln(1.2) 17 ln(1.2) 

 

The shape and spatial distribution of the spring catchments for run 1 are both intuitive and 

reasonable. On the contrary, delineation using the anisotropic cost-distance function (run 2) 

resulted in obvious artifacts. Some catchments were discontinuous, or cut off from the 
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springs draining them by other catchments, and the boundaries often had counterintuitive 

shapes (sharp corners, curvatures). For isolated springs such as the light blue northernmost 

spring, the shapes predicted by run 1 and 2 reflect the underlying cost-distance function: 

concentric for the isotropic function, and directed for the anisotropic one.  

Integrating a spatially distributed leaching map based on recorded crop rotation did not 

increase the plausibility of model results and resulted in fragmented recharge zones partially 

cut off from the associated springs. For the southern fields the overall pattern was similar 

between run 1 and 3, since the leaching map did not differ much from the map with constant 

leaching values used for run 1. The northern recharge zones were however vastly different 

between run 1 and 3 and extremely erratic for run 3, as maize culture frequency (and 

consequently atrazine leaching) was much less homogeneous than in the southern part of 

the plateau. Similarly to run 2, most recharge zones were discontinuous, and sometimes cut 

off from its respective spring by other recharge zones. Additionally, the linear cost-function 

proved inadequate when the leaching rate is spatially distributed, because selecting cells 

farther away from the spring but with a higher leaching rate (for instance a leaching rate of 2 

µg/m2/y for an application frequency of 1/4 1/y versus 6 µg/m2/y for an application frequency 

of 2/4 1/y) can lead to a lower total transport cost. To enforce the selection of the nearest 

cells, the exponent k  in Eq. 6 was increased in run 4 to counterbalance the effect of higher 

leaching-rate areas being farther away from the spring than areas with lower leaching rates. 

The computed recharge areas became more regular as the exponent increased and 

stabilized for exponent values of 8 and higher. 

The delineation procedure was also applied to the springs situated on the eastern side of the 

Alzette valley, but provided little additional information on the spatial distribution of the 

recharge areas for two complementary reasons. This is due firstly to the lower density of 

springs draining the aquifer on this side of the valley, leading to badly defined lateral 

constraints, and secondly to the low atrazine concentration in all the springs, indicating that 
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agricultural areas make out a small portion of the recharge area only so that the information 

gain due to atrazine is small compared to the large degree of spatial freedom. 

3.7 Model verification 

Tolylfluanide, the parent compound of n,n-dimethylsulfamide, is a herbicide commonly used 

in commercial fruit orchards. Hence, the plausibility of the model results could be tested by 

comparing the recharge zones of run 1 and run 4 with the pollution pattern of n,n-

dimethylsulfamide displayed in figure 3. The delineation would be consistent with 

observations if an orchard is enclosed in or adjacent to the recharge zones of springs 

polluted with the compound. The most probable source of n,n-dimethylsulfamide for the 

group of springs K7 to K13 is orchard 1, while the source for the pollution observed in K19 to 

K21 is probably orchard 3 (orchard 2 is not commercially exploited). In run 1, orchard 1 is 

surrounded on three sides by the recharge area of the springs K7 to K13, and although the 

extreme boundaries of the K19 to K21 group do not extend far enough towards orchard 3, 

the recharge zone is still situated directly downstream of a line running from the orchard to 

the springs. Additionally, the recharge area of the spring K21a, where n,n-dimethylsulfamide 

is below detection limit, is correctly situated  farther away to the north west. The results are 

also consistent with the groundwater dating results: the longer the mean residence times, the 

more elongated the recharge area (the estimated groundwater residence times are given in 

Appendix B). 

The results of run 4 are still qualitatively consistent with those of run 1 concerning the n,n-

dimethylsulfamide patterns, but less clear. The recharge area of the springs K7 to K13 in 

particular is less compact than for run 1, and the recharge area of spring K21a extends much 

farther to the west towards orchard 3. 

4. Discussion 

The major strength of the model presented here is to use objectively the information 

conveyed by a given pesticide concerning its source within the catchment. It is also simple 
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enough to be implemented in a fractured rock setting, as long as fast flow is negligible and 

the pesticide used as tracer is supplied by slow flow with residence times sufficiently long to 

smooth out seasonal and inter annual variations in the soil leaching concentration.  

The model’s major weaknesses lie in the assumption that over a number of years, the 

pesticide leaching concentration was on average similar for all fields and in the underlying 

cost-distance function. The surface area of each recharge zone is inversely related to the soil 

leaching value. Given the fractured nature of the aquifer, actual recharge areas may be much 

more convoluted than smooth analytical solutions of the transport equation lead one to 

expect (Stauffer et al., 2002). Nevertheless, recharge areas fragmented or cut off by other 

recharge areas from the springs to which they were assigned were considered as less 

plausible. The simplest linear model has been shown to be superior to its more complex 

counterpart both in terms of the overall shapes of the recharge zones and more decisively in 

terms of matching the n,n-dimethylsulfamide pattern. Including field application frequencies 

did not increase the plausibility of model results, even after taking the leaching uncertainty 

into account in a Monte Carlo simulation. Using a more realistic and spatially distributed 

atrazine leaching lead to extremely fragmented recharge zones, reflecting the spatially 

heterogeneous leaching rates, which were, in some cases, separated from their assigned 

spring and reproduced less well the n,n-dimethylsulfamide pollution pattern.  

The model cannot be expected to extract and use information that is not present in the raw 

data. The approach is best suited for springs that receive a significant portion of recharge 

water from agricultural areas, as this orients the search algorithm. The performance of the 

model is poor for springs where the pesticide concentration is low, since the information 

content is sparse and spatially non-discriminating. For isolated springs where the lateral 

extent of the recharge zone is not implicitly constrained by competing catchments, the 

anisotropic function must be used and the flow direction set a priori, increasing the number of 

parameters and the variance of the model. Even if the adopted random walk model is a valid 

approximation of the aquifer’s hydraulic behaviour, the results depend largely on the 



23 

 

assumed flow direction. Whenever the simplest model cannot be adopted and if the main 

flow direction is known or can be inferred from the topography or water table measurements, 

the anisotropic model still provides an alternative model. 

It is important to mention that the recharge zones are calculated without calibration. Leaching 

values obtained from the mass balance were used without any additional fitting involved. 

Both the homogeneous and the spatially-distributed leaching maps lead to similar results, 

which constitutes a sound consistency check and shows that the model can incorporate the 

spatial information from a spatially distributed leaching map. The long-term representativity of 

the latter is unknown, but a clear correlation was found between atrazine soil residues 

measured in a plateau-wide sampling campaign conducted in 2009 and maize culture 

frequency used in the present study (Farlin et al. (2012) Assessment of pesticide soil 

residues as a means for constraining pesticide leaching predictions. Unpublished report). 

Sorption and degradation processes in the aquifer are considered negligible in the 

delineation algorithm. Both assumptions are strong, but reasonable, as many studies report 

reduced attenuation and sorption below the soil root zone (Moreau and Mouvet, 1997, 

Morvan et al., 2006, Pothuluri et al., 1990). If sorption had lead to a retardation of the 

atrazine signal relative to water, atrazine concentration would still have been increasing 

during the measurement period. Since degradation losses in the aquifer were neglected, the 

length of the recharge zones is underestimated, as atrazine mass is lost along each 

flowpath. The introduced bias would increase with increasing length of the recharge area, but 

without data concerning degradation rate, the importance of the underestimation could not be 

evaluated. 

5. Conclusions 

A simple model based on a pesticide mass balance optimization was developed to estimate 

the spatial extent of the recharge area of contact springs draining the Luxembourg 

Sandstone. Despite the limitations discussed, the approach constitutes a simple and reliable 
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complement to classical groundwater protection zone delineation methods in a fractured-rock 

setting by integrating objectively ancillary data such as pesticide spring concentration. 

Additional investigation is needed to assess the importance of pesticide degradation in the 

aquifer as a function of transit time on the calculation of the recharge zones. Comparison 

between the approach presented and the results of a classical numerical groundwater model 

could also prove highly informative. 
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Appendix A. Cost-distance matrix 

As infinitely many possible cost-distance functions can be imagined, a cost-distance function 

based on physical consideration was derived from a random walk model. Additionally to 

regional faults, the Luxembourg Sandstone is fractured along two main directions 

approximately orthogonal to each other (NE-SW and NW-SE (Colbach, 2005)). As a first 

approximation, these two directions are assumed to be the only hydraulically significant ones 

and the hydraulic conductivity to be an anisotropic property of the aquifer that can be 

described by a first-order tensor spanning an ellipsoid in the two-dimensional plane 

(Scheidegger, 1957). Two related hydraulic properties are relevant for the problem: 

 The hydraulic conductivity describing the ability of the rock medium as a whole 

to transmit water 

 The connectivity of the fracture network  

It is postulated that the probability for two given points in the two-dimensional space to be 

connected decreases with distance and with deviation from the major semi-axis of the 

anisotropy ellipsoid. Let  x(r, )  be any point in the plane with position expressed in polar 

coordinates ( r  =distance from the spring and   = angle from the major semi-axis), and 

 P x  the probability that  x  is connected to the spring, so that 
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(9)   
1

P x ~
r

 

(10)   
1

P x ~


 

Now consider a two-dimensional random walk on a square grid oriented along the major and 

minor axis of anisotropy and a Manhattan metrics, so that only steps parallel to one of these 

axes are allowed. The step size is constant, and the random walk is directed towards the 

spring, so that at each point, there are only two possible choices, either “down” parallel to the 

major semi-axis (the ordinate) or “right” parallel to the minor semi-axis (the abscissa) and 

towards the major semi-axis. The probability for a molecule to flow into one of these two 

directions is  

(11)   P s d p     

and 

(12)   P s r 1 p q       

where s  is the step size and d  and r  are the respective directions (“down” and “right”). 

p  and q  can be equal, in which case the aquifer is isotropic. Any path taken by a water 

molecule during its random walk to the spring can be decomposed into its two components 

along each axis. In Cartesian coordinates, the probability for any x(i, j)  to be hydraulically 

connected to the spring is 

(13)    i jP x q p  

Changing to a cylindrical coordinate system by setting i r cos   and j r sin       yields 

(14)    r sin cosP x pq p q     
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The cost-distance function implicitly describes the probability that a point is hydraulically 

connected to the spring, thus the higher the probability, the lower the cost. The cost-distance 

function is defined thus 

(15)     
1 r sin cosd g,s P x (pq) p q
          

Groundwater flows parallel to the hydraulic gradient in isotropic media only. In two 

dimensions, anisotropy causes a deviation of flow direction towards the semi-major axis of 

the anisotropy ellipse. 

Let 1i  and 1j be the components of the hydraulic gradient along the major and minor semi-

axes, 2i  the component of groundwater flow along the major semi-axis, 1  the angle 

between the hydraulic gradient and the major semi-axis, and 2  the angle between the 

groundwater flow direction and the major semi-axis and s the anisotropy factor. 

(16)  
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Thus deviation from the steepest slope can be computed for different anisotropy factors s . 

This factor is related to the random walk probabilities introduced above by the relation 

(20)  
p

s
q

  

The correspondence between s  and p  is given in Table 3. 

Table 3 Deviation of groundwater flow from the hydraulic gradient for different anisotropy 

factors s . p  is the probability for water to flow towards the spring defined in equation 11.  

 s   p  Deviation [°] 

1.1 0.53 3 

1.2 0.55 5 

1.3 0.57 7 

1.4 0.58 9 

1.5 0.6 11 

1.6 0.62 13 

1.7 0.63 15 

 

Anisotropy was estimated from measurements of fracture orientation on outcrops around the 

plateau by setting s  equal to the ratio of the frequency of the two dominant directions. This 

approach yields s 1.7 , so the maximum deviation of the groundwater flow from the 

hydraulic gradient was assumed to be about 15 degrees and p was set equal to 0.63 in Eq. 

7. 
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Appendix B. Groundwater residence times 

Table 4. Estimated groundwater residence times 

spring 

mean 
residence 
time [years] 

K 1 14 

K 2 14 

K 3 10 

K 4 12 

K 5 11 

K 6 13 

K 7 12 

K 7a 13 

K 8 13 

K 9 14 

K 11 12 

K 13 12 

K 14 12 

K 16 14 

K 17 14 

K 18 15 

K 19 13 

K 20 14 

K 21 16 

K 21a 16 
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FIGURE CAPTIONS: 

 

Fig 1 Study area. The Steinsel plateau, oriented north-south, is divided into two main agricultural 

areas by a forested strip of land. Except where indicated otherwise, the main soil type on the plateau is 

loamy sand. The extent of the Luxembourg Sandstone is shown in grey in the inset map 
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Fig 2 Geology of the study area. The main units of the Early Jurassic are: Luxembourg Sandstone, 

marls of Elvange; for the Late Triassic: Rhaetian clay, Carnian and Norian sandstones. The extent of 

the Luxembourg Sandstone is shown in grey in the inset map 
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Fig 3 Pollution patterns of the springs emerging on the western side of the Steinsel plateau from south 

(K1) to north (K21a). Atrazine was present in concentrations above detection limit in all but one 

spring. Bentazone and n,n-dimethylsulfamide were never detected together in the same spring and 

define an alternating pattern of five spring pollution groups 
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Fig 4 Atrazine dynamics in the soil and aquifer. a. Atrazine concentration over time in recharge water 

after the last soil application for three different soil hydraulic parameterization and application 

frequencies.  b. Atrazine input function and spring response normalized by the steady-state soil 

leaching concentration for a dilution factor n=2  and different degradation rates λatrazine   [1/y] 
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Fig 5 Comparison of the results of runs 1 and 4 (a and b) and maize culture frequency (c). a: isotropic 

simulation, b: Monte Carlo simulations; the three commercial orchards are numbered in red from 1 to 

3. A spring or group of springs and its corresponding catchment are shown in the same colour. 

Labeled springs are identical to those shown on figure 2. The leaching map derived from the frequency 

of maize culture (c) was used to calculate the recharge areas of runs 3 and 4. For the stochastic 

simulations of run 4, recharge zones selected on more than 50% of the 300 runs are shown 

 





 






