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Abstract

Evauation of the leaching potential of a pesticide and its metabolites is a crucial part of European
registration procedures. So far, these procedures consider the movement into the shallow groundwater
only. An important question is whether processes in the saturated zone can reduce the concentration
in deeper aquifers to levels below atarget value, for instance the drinking water limit. To investigate
this problem, a spatially distributed model of pesticide leaching from soils was combined with a re-
gional-scale groundwater flow and transport model. The combined model was used to simulate the
concentration of a commonly used mobile herbicide in deeper aquifers. Results indicate that the her-
bicide concentration in the shallow groundwater often exceeds the target value. Due to dispersion,
concentrations generally decrease with depth, but the reduction in concentrations is not sufficient to
lower the concentration below the drinking water limit of 0.1 g L™
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1 Introduction

Evaluation of the leaching potential of a pesticide and its metabolitesis a crucia part of European and
national registration procedures. Pesticides have to comply with the requirements as laid down in
Directive 91/414/EEC and its amendments before they can be registered in the European Union. For
most pesticides this implies that the concentration in the uppermost groundwater must not exceed the
EU-drinking water limit of 0.1 gL™. In the Netherlands, this criterion is overruled if it is demon-
strated that, due to transformation processes, the concentration will decline below the drinking water
limit at a depth of 10 m below soil surface. This implies that transformation is considered the only
process to reduce concentration levels in the groundwater. However, it is often stated that physical
processes like dilution and hydrodynamic dispersion can aso lead to a decline of concentrations and,
therefore, may contribute in reaching the required quality criterion. To investigate this problem, Uf-
fink and Van der Linden (1998) carried out a modelling study in the neighbourhood of a drinking



water pumping station, located in the Eastern part of the Netherlands. They concluded that hydrody-
namic dispersion did not substantially lower the concentration of a commonly used herbicide at a
depth of 10 m below groundwater level. It was, however, not clear whether the conclusions of this
study could be extrapolated to the rest of the country. For this reason, the modelling study of Uffink
and Van der Linden (1998) was repeated for the entire area of bentazone use in the Netherlands. For
this purpose, a nation-wide model of pesticide leaching in soils (Tiktak et al., 2002a) was combined
with a national model of Groundwater flow (Kovar et al., 1992). The predicted concentrations at the
target depth of 10 m were compared to observed concentrations.

The main objective of this study was to quantitatively assess transport of pesticides into deeper aqui-
fers by linking a pesticide leaching model with a regiona groundwater flow and transport model.
Specific objectives were (1) to investigate the contribution of physical processes in the saturated zone
to the attenuation of groundwater concentrations of pesticides; and (2) to compare the results of the
model with observations from national monitoring networks.

2 Materials an d methods
2.1 The model chain

The model chain consists of a combination of a spatially distributed model of pesticide leaching from
soils and a regional-scale groundwater flow and transport model. Both models contain a hydrological
component and a pesticide fate component.

The leaching of pesticide to the groundwater was cal culated with the GeoPEARL model (Tiktak et al,
2002a). The core of GeoPEARL consists of a one-dimensional, dynamic, multi-layer model of the
fate of a pesticide and relevant transformation products in the soil-plant system (Tiktak et al., 2000).
This model is run for 6405 unique combinations of soil type, climate district and geohydrological
district (Wolf et al., 2003). The lower boundary of GeoPEARL, i.e. the groundwater recharge rate and
the concentration of substance in groundwater recharge, are used as input to the groundwater model.
Groundwater flow was simulated with the finite element model LGM (Kovar et al., 1992). The geo-
hydrological structure was schematised by a multi-aquifer system separated by several aquitards.
Within each aguifer, the groundwater head was treated two-dimensionally, while across the aquitards
avertical head distribution was assumed. The model was parameterised for 250" 250 m? grid cells,
with several loca refinements. Solute transport in the saturated zone was simulated with the
LGMCAD model, which uses a random walk particle-tracking method (Uffink, 1990, 1999). The
main input for the transport model consists of the velocity field generated by LGM and the pesticide
leaching rates generated by GeoPEARL. The other two important model parameters are the longitudi-
nal and transversal dispersivities, which were set to 1 m and 0.1 m, respectively.

2.2 Pesticide use scenarios

The simulations were carried for the herbicide bentazone. Bentazone is used as a herbicide in a num-
ber of crops, but its major application is in maize. Bentazone has a registration in the Netherlands
since 1975. For this reason, the simulations were carried out for the period from 1975 until 2000. In
maize, bentazone is usually applied in May, approximately two weeks after crop emergence. Due to
improvements in application techniques, the recommended dosage rates have decreased from 1.4
kg ha'to 0.7 kg hal.

Pesticide use scenarios were established by combining the total annual sales data of the product with
the spatial distribution of pesticide application. Because bentazone is primarily used in maize, the use



of bentazone was assumed proportional to the maize area within a gridcell. As the spatial distribution
of maize changed during the simulation period, also the spatial distribution of pesticide application
was year dependent. Not al fields within a gridcell were treated. For this reason, the probability of
treatment was included in the establishment of the use scenarios. The probability factor was obtained
from census data, which were available at the level of municipalities (table 1).

Table 1 Estimated use of bentazonein maize in the Netherlands in the period 1975 — 2000.

Y ear Total area® Probability of Application rate’
application
(ha) () (kg ha)
1975 75000 0.1 14
1980 140000 0.5 14
1985 175000 0.6 14
1990 200000 0.9 14
1995 220000 0.9 0.7
2000 205000 0.25 0.7

2 Registered area according to census data;
® Recommended application rates.

2.3 Pesticide properties

In the top soil, bentazone has a relatively short half-life of 16 days at 20 °C and under optimal mois-
ture conditions. Bentazone has a very low sorption coefficient of 0.4 L kg™. In the saturated zone,
bentazone is treated as a conservative substance; it is assumed that transformation and sorption do not
occur.

2.4 Comparison with the observations

Over the last 15 years, drinking water companies gathered information on the occurrence of benta-
zone in the groundwater. Bentazone was measured both in water withdrawn from observation wells,
and in raw water pumped up from abstraction wells. Results were used for comparison with the
GeoPEARL/LGMCAD calculations. From all measurements in the observation wells, only those with
exact reference to location, depth in the profile and time were selected for comparison with calcul ated
values. From these, only those measurements in filters not deeper than 20 meters and a filter length
less than 5 meters were used. Data were pre-processed in order to convert values smaller than the
detection limit to zero.

3 Results and discussion

Maize cultivation is mainly on sandy soils in the southern and eastern parts of the country. It was
therefore decided to perform the simulations only for the area with sandy soils. In this region, the
uppermost aquifer is generally phreatic (Fig. 2). Results of the calculations are presented in the form
of concentration maps, a concentration profile for a selected cross section and frequency distributions
of simulated concentration at a depth of 10 m below soil surface.



3.1 Patterns of pesticide leaching

Maps of the pesticide concentration have been calculated for several depths and for severa points in
time. Figure 1 shows an example. The figure to the left shows the average concentration of pesticide
in the uppermost groundwater as simulated with GeoPEARL for the year 1990. Figure 1a shows a
strong spatial variability of the leaching pattern occurring at relatively short distances. Further inves-
tigation showed that there is a strong relationship between the area of maize in a gridcell and the av-
erage leaching concentration. Also, there is almost no correlation with soil properties like organic
matter. The reason is that bentazone is a weakly sorbing compound, which behaves like a degradable
tracer. The figure to the right shows the average concentration of pesticide at 10 m depth, simulated
with LGMCAD. The figure to the right is shown for the year 2000. Assuming an average annual
travel distance of 1 m, this figure corresponds to the same pesticide loading as the map to the left-
hand side of the figure. It is obvious that the average concentration of bentazone is reduced; the me-
dian concentration in the study areawas 0.3 gL at 1 m depth and approximately 0.1 gL at 10
meter depth. Also, the spatial pattern is alittle bit more smoothed than the spatial pattern of pesticide
leaching at 1 m depth.

Figure 1. Maps of the predicted annual average concentration of bentazone at 1 meter depth (left)
and 10 meters depth (right).

To get more insight into the transport mechanisms, a cross-section with alength of 20 km is presented
(figure 2). The average thickness of the uppermost (phreatic) aquifer is 30 meters. It is obvious that
the main flow direction is vertical; individua pollution plumes can till be readily distinguished. Nev-
ertheless, concentration gradients in the horizontal direction have been smoothed to some extend due



to transversal dispersion. The pollution plumes correspond with major maize production areas. The
vertical displacement of the pesticide shows a strong variability. This is primarily caused by varia-
tionsin vertical flow rates. The effect of this variation is twofold. On the one hand, the centre of mass
is transported to a greater depth. On the other hand, more longitudinal dispersion will occur. The
combined effect of these two processes has resulted in a maximum vertical displacement of pesticide
of dmost 30 meters at the 194 km point. The use history of the pesticideis aso clearly visible. Lower
concentrations are observed at the bottom of the plumes; these lower concentrations are due to the
smaller area treated with bentazone in the beginning of the simulation period (table 1). Also longitu-
dinal dispersion may have caused lower concentrations at the front; unfortunately the effect of disper-
sion and lower application rates cannot be readily distinguished. After 1990, the total yearly amount
reaching the groundwater has decreased. This has resulted in lower concentrations at the top of the
profile, directly below the groundwater level.

Overall, it can be concluded that physica dispersion reduces the concentrations between 1 m and 10
m depth, but that the reduction is not sufficient to lower the concentrations below the drinking water
limtof 0.1 gL
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Figure 2. Cross section of part of the study area, showing the vertical displacement of pesticide in
the groundwater. The hatched area at the bottom of the figure shows the position of the first aquitard,
the dotted area shows the (phreatic) aquifer. Scale along the horizontal axis is in meters; the vertical
axis shows the position relative to mean sea level.

3.2 Comparison with measurements

Predicted concentrations at 10 m depth were compared with observations gathered in monitoring net-
works operated by the Dutch Waterworks Association. The extraction filters were usualy situated
around drinking water abstraction wells and at different depths; only those filters with a depth around
10 m were selected for the actual comparison. Using this criterion, atotal number of 362 observations
of bentazone were available, which is quite a large number if compared to other pesticides with a



registration in the Netherlands. Most of the observations were done in the period between 1998 and
2002, which is at the end of the simulation period.

Results of the comparison are shown in Fig. 3. This figure shows the frequency distribution of the
observed and predicted concentrations. The frequency diagram of the predicted concentrations refers
to the entire study area, the year 2000 and a depth of 10 m below soil surface. In both cases, ap-
proximately 60% of the concentrations are below the detection limit. The number of concentrations
above the drinking water limit of 0.1 gL is somewhat higher for the observations than for the cal-
culations; the differences are, however, not large. Although it is hopeful that the predicted concentra-
tions are in the same order of magnitude as the observed concentrations, it is too early to give the
model chain the label ‘validated’. There are two reasons for this. The first is that the model has now
been tested for a single pesticide only. This pesticide shows a relatively simple behaviour, with al-
most no sorption and degradation in the saturated zone. The second problem pertains to the set-up of
the monitoring network. Most of the filters were situated around drinking water abstraction wells.
Kruijne et al. (2004) showed that soils in areas around drinking water abstraction wells are generally
more vulnerable to pesticide leaching than soils in the rest of the country, so the monitoring network
cannot be assumed representative for the study area as a whole. The current study should therefore be
seen as a very first attempt to test a regional-scale model of pesticide leaching. Nevertheless, this
situation is already a large improvement compared to the previous situation where regional-scale pes-
ticide leaching models could only be tested for a very limited number of field sites (Tiktak et al.,
2002b).

Figure 3. Frequency distribution of predicted bentazone concentrations at 10 m depth for the year
2000 and observed bentazone concentrations at the same depth during the period 1988-2003.



4 Conclusions

In this study we tested the performance of a combination of a spatially distributed model of pesticide
leaching from soils and aregional scale groundwater flow and transport model. It was proven that the
model chain could well be used to simulate the concentration at 10 m depth, which is the target depth
in the Dutch pesticide registration procedure. Due to physical dispersion, the concentrations were
reduced, but the reduction was not sufficient to lower the concentrations below the drinking water
limit of 0.1 gL Comparison of model results with results from a monitoring network revealed that
the predicted concentrations were in the same order of magnitude as the observed concentrations.
There were, however, questions with respect to the representatives of the monitoring network that
should be resolved in future assessments.
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