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Groundwater reserves are important exploitable water
ources. Unfortunately, the intensive agriculture prac-
d today requires the use of fertilizers and pesticides in
e quantities and, sometimes, in an uncontrolled way,

 significantly reduces the quality of groundwater
oussina et al., 2006; Laftouhi et al., 2003; Saâdi
l., 1999; Teijón et al., 2010; Worral and Kolpin, 2004).

To control the potential contamination of groundwater
pesticides, it is essential to understand the transport
cess involved (Kodešová et al., 2011). The approaches
d include a field study conducted in natural agro-pedo-
atic conditions (Candela and Mariñô, 2004; Rekolainen

et al., 2000), and a simulation using mathematical models
(Beven, 2012).

Russo et al. (1994) studied the effects of variations of the
soil water content on pesticides leaching in agricultural
unsaturated zones. Kuntz and Grathwohl (2009) studied the
simulation of pollutant flow and transport of two reactive
compounds, i.e., lindane and phenanthrene, in a column of
the unsaturated zone. They were interested in the validity of
the hypothesis of a continuous stream percolation in the
deterministic models, from local to larger scales.

Our study is focused on the modelling of transport of
carbofuran, which is a broad-spectrum insecticide–nema-
ticide that belongs to the carbamates chemical family.
Carbofuran gives rise to harmful effects on human health
and environment. Several previous studies showed that
the mobility of carbofuran in a sandy soil was lower in
organic matter, and presents an environmental problem,
such as high potential leaching (Dahchour, 1995; Krishna
and Philip, 2008). According to its mobility index
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A B S T R A C T

We studied the transport of a pesticide at field scale, namely carbofuran molecule, which is

known for its high mobility, especially in sandy soils with high hydraulic conductivity and

low organic matter. To add to our knowledge of the future of this high-mobility molecule

in this type of soils, we developed a mechanistic numerical model allowing the simulation

of hydric and solute transfers (bromide and carbofuran) in the soil. We carried out this

study in an agricultural plot in the region of Mnasra in Morocco. Confrontation of the

measured and simulated values allowed the calibration of the parameters of hydric

transfer and carbofuran. The developed model accurately reproduces the measured values.

Despite a weak irrigation and precipitation regime, carbofuran was practically leached

beyond the root zone. Prospective simulations show that under a more important

irrigation regime, carbofuran reaches a 100-cm depth, whereas it does not exceed 60 cm

under a deficit regime.
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(GUS = 3.75, Gustafson, 1989), this pesticide is leached
easily after a heavy rainfall or a repetitive irrigation
(Dahchour, 1995; El Mrabet, 2002). However, results of soil
column suggest that there are real possibilities for
carbofuran to reach relatively deep aquifers (Moreal and
Van bladel, 1983).

To understand the mechanisms of this substance
transport in sandy soils, and to study its impact on
groundwater contamination, we carried out an experi-
mental study of the water movement and the transport of
both carbofuran and an anionic tracer flow (KBr) (Hmimou
et al., 2011), on the bare soil of an experimental plot in the
Mnasra region (Morocco). Particular attention was paid to
the unsaturated soil, the location of the main flow and the
transport process. On the other hand, to better evaluate the
risk of groundwater contamination by carbofuran, we used
a mechanistic mathematical model developed by the
Interdisciplinary Laboratory Environment and Natural
Resources (LIRNE) and validated on experimental data
collected from the study site. It should be noted that the
degradation products of carbofuran were not traced.

The developed model can reproduce the fate of
carbofuran in the unsaturated zone, depending on the
irrigation system used. Such simulations need an advanced
hydrodynamic characterization of the soil. Hence, we
carried out negative charge infiltration experiments at
several locations in the experimental station (Perroux and
White, 1988; Tamoh and Maslouhi, 2004).

2. Materials and methods

2.1. Study area

The study area is the experimental station (CDA 236)
located in the Mnasra area, about 30 km north of the city of
Kenitra, in northwestern Morocco (Fig. 1).

Mnasra region is a strip of land parallel to the Atlantic
coast, of about 50,000 ha, located on the right bank of the
Sebou River, 7 to 14 km wide and over about 50 km in
length extending from the North of the Kenitra City. It is
characterized by a diversity of crops, such as cereals, sugar
beet, fodder and vegetables. The experimental site is
equipped with a weather station that provided various
data, such as rainfall and minimum and maximum
temperatures (Fig. 1).

2.2. Description of experiments

The experiment was carried out on a 200-m2 field with
flat topography, subdivided into ten basic 4 � 5m2 plots.
This study is focused on uncultivated plots on which are

applied a Br and carbofuran flow tracer, and on an
uncultivated and untreated control plot.

The site sandy soil was classified as an Alfisol, according
to U S Soil Taxonomy (Soil Survey and Staff, 1999) and a
sandy loam according to the USDA (USDA-SCS, 1975). Its
physicochemical characteristics are presented in Table 1.

The tracer used is an anionic tracer (Br–) form (KBr). It
was applied with a dose of 61.77 g/m2. The carbofuran
C12H15NO3 (2,3-dihydro-2,2-dimethylbenzofuran-7-yl-N-
methyl carbamate) of the commercial product Furadan
was applied with a dose of 4 g/m2 based on active
ingredient. Carbofuran has a solubility of 700 mg/L and
a low vapor pressure, i.e., 3.41 � 10�6 mmHg at 25 8C. The
half-life of carbofuran reaches values ranging from 25.7 to
107 days in soils with pH values and temperatures close to
those of our experiments (El Mrabet, 2002). An injection
mode was used in a slot corresponding to the injection of a
constant concentration for a certain time. Spatial varia-
bility was considered by many measurement reiterations
on average three times. The solutes were injected using a
pulverizer, advancing at a constant speed while keeping
the same nozzle flow rates to ensure a homogeneous
application. The application of solutes was followed by a
first irrigation during the monitoring period. The cumu-
lative amounts of precipitation and irrigation were 62 mm
and 160 mm, respectively. Irrigation was carried out with a
sprinkler. Evapotranspiration was calculated on a daily
basis from observed in situ data.

The spatio-temporal monitoring of physical and che-
mical parameters, such as humidity, temperature, bromide
and pesticide concentrations in the soil was conducted for
90 days.

Fig. 1. The Mnasra region showing the studied site location.

Table 1

Physicochemical characteristics of the soil.

Depth

(cm)

pH Organic matter

(%)

Clay

(%)

Loam

(%)

Sand

(%)

Bulk density

(g�cm�3)

0–20 7.04 1.41 10.00 7.45 82.75 1.55

20–40 6.97 0.62 9.65 7.95 82.36 1.76

40–60 7.59 0.58 9.20 8.60 82.40 1.69



foll
trac
bef

out
IC 

200

ana
Ma
me
res

usi
Ele
6 m

2.3.

per
neg
me
the

u hð 

wh
con
res
par
sur
par
K, w
Cor

K hð 

wh
(L T

2.4.

des

C hð 

wit
soil
(L3

coo
act
affe

solu
adv
also

A. Hmimou et al. / C. R. Geoscience 346 (2014) 255–261 257
Samples were collected using an auger from the
owing depths: 0–20 cm, 20–40 cm and 40–60 cm. No
e of carbofuran or bromide was detected at all levels

ore treatment.
Determination of bromide in soil samples was carried

 by ion chromatography using a Metrohm 881 Compact
Pro, with a detection limit of 0.1 mg/L (Tirumalesh,
8).

It should be noted that another method of bromide
lysis was carried out by XRF following the procedure of
rgui et al. (2009). The comparison between the two
thods was statistically evaluated, leading to similar
ults (Hmimou et al., 2011).
The carbofuran was analyzed by liquid chromatography
ng a HPLC device: LCQ Advantage Max, Brand Thermo
ctron equipped with a type BDS Hypersil C18 (150 � 4,
m � 5 mm) column.

 Hydrodynamic characterization

The hydrodynamic characterization of the plot soil is
formed in situ using a disc infiltrometer with the
ative charge method. Several infiltration measure-
nts are conducted. For the retention curve h(u), we use

 expression of Van Genuchten (1980):

Þ ¼ ur þ us � urð Þ 1 þ h

hg

� �n� ��m

(1)

ere h is the water pressure head, us the saturation water
tent (L3 L�3), a structure parameter hg (L), ur the

idual water content (L3 L�3), n and m are shape
ameters, such as m = 1 – 2/n. Performing several mea-
ements at different pressures, we could reconstitute a
t of the retention curve u(h). For hydraulic conductivity

e used the model of Brooks and Corey (Brooks and
ey, 1964):

Þ ¼ Ks 1 þ h

hg

� �n� ��m�h

(2)

ere K represents the saturated hydraulic conductivity
�1) and h a shape parameter.

 Flow and transport model

Water movement in the unsaturated soil can be
cribed by Richard’s equation as follows:

Þ@ h

@ t
¼ @

@ z
K hð Þ @ h

@ z
� 1

� �� �
� ETR

Zevap
(3)

h C hð Þ ¼ d u
d h the capillary capacity of soil (L�1), h is the

 water pressure (L), u is the volumetric water content
L�3), K is hydraulic conductivity (L T�1), z is the spatial
rdinate, positive downward (L), t is time (T), ETR is the
ual evapotranspiration (L T�1), and Zevap is the depth
cted by evaporation (Zevap = 10 cm).

The transport of an interactive and non-conservative
te in the vadose zone is described on the basis of the

ection–dispersion equation assumed in the model. It
 incorporates a homogeneous reaction, i.e., pesticide

degradation described by first-order kinetics:

R u
@ C

@ t
¼ @

@ z
u Da uð Þ @ C

@ z

� �
� qz

@ C

@ z
� muC (4)

R ¼ 1 þ rKd
u and m ¼ mw þ

rKd
u ms, (5)

where R is the retardation factor, a dimensionless
quantity, C is the solute concentration (M L�3), Da is the
apparent hydrodynamic dispersion coefficient (L2 T�1), qz

is the Darcian water flux (LT�1), m is the degradation
coefficient (T�1), r is the bulk density of the porous
medium (M L�3), Kd is the distribution coefficient (L3 M�1).
mw and ms are the degradation constants in the solid and
the liquid phase, respectively.

Before the beginning of the experiment, we measured
the water contents for each soil profile, since we are
dealing with a homogeneous soil. Consequently, we can
define an initial uniform water content profile with an
average value of u0 = 0.11 cm3/cm3. The solute is not
present initially in the field. The initial conditions are
expressed as:

h t; zð Þ ¼ h u0ð Þ ¼ h 0:11ð Þ ¼ �161:3 cm t ¼ 0 and 0

� z � zmax (6)

C t; zð Þ ¼ 0 t ¼ 0 and 0 � z � zmax (7)

At the upper boundary of the flow model, we applied a
Neuman type flux boundary condition:

q0 ¼ K h t; 0ð Þð Þ 1 � @h

@z

����
z¼0

� �
t > 0 and z ¼ 0 (8)

with: q0 = PI (9)where PI is the precipitation and/or
irrigation.

At the upper boundary of the transport model, the total
advective and dispersive mass fluxes of solutes were
prescribed as functions of time:

J0 tð Þ ¼ q t; 0ð ÞC t; 0ð Þ � l q t; 0ð Þj j@C

@z

����
z¼0

(10)

where J0(t) is the mass flux of solute injected in form of slot,
q(t, 0) the water flux density at the soil surface, and l the
dispersivity.

For the lower limit, we consider a gravity flow
condition:

q t; zmaxð Þ ¼ K h t; zmaxð Þð Þ (11)

The solute convective flux is, in this limit, expressed by:

J t; zmaxð Þ ¼ q t; zmaxð Þ � C t; zmaxð Þ (12)

Richard equations and advection–dispersion equation
(ADE) (Eqs. (3) and (4)) accompanied by their initial and
boundary conditions were solved by a numerical finite
difference scheme (Crank–Nicolson). Once all discretisa-
tions were established, a tridiagonal, and symmetric linear
system of equations is obtained, which was resolved by the
(SOR) algorithm. The non-linearity of equation (3) was
resolved by initializing, at each time step ti, the c(h) term at
time ti, and then doing as many iterations as necessary to
reach an invariable solution.
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At each time step, we resolved first equation (3), and
then we used its solution in equation (4) to resolve it.

Parameters Hg, n, ks and h were calibrated by comparing
the simulated and measured water contents. Parameter l
was calibrated by comparing the simulated and measured
bromide concentrations, while kd, ms and mw were
calibrated by comparing the simulated and measured
concentrations of carbofuran.

The calibration was done by minimizing the RMSE error
between measurement and simulation:

RMSE ¼ 1

Omoy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

Xn

1

Si � Oið Þ
2

vuut (13)

where Si is the model prediction, Oi is the observation, Omoy

is the observation average and n is the total number of
observations.

3. Results and discussion

3.1. Retention curve u (h) and hydraulic conductivity K (h)

After several infiltrometer measurements at different
pressures, we were able to reconstruct a part of the
retention curve u (h) (Fig. 2), the value ur was taken equal to
zero, since the soil is very sandy and has a very low
capacity to retain water in dry-state conditions. In Fig. 2,
the experimental points are aligned with the fitted curve,
hence justifying our choice of Van Genuchten’s model (Van
Genuchten, 1980). The results of this adjustment are
presented in Table 2.

The measured K (h) during infiltration (Fig. 3) has a less
dispersed curved shape. Table 2 shows the values of Ks and
h obtained by fitting the Brooks and Corey model (Brooks
and Corey, 1964) onto the measurement points; these
values are close to the average values measured at Mnasra
(Saâdi and Maslouhi, 2003).

It should be noted that the adjustment of Figs. 2 and 3
was carried out following the Levenberg–Marquardt
Algorithm (LMA). The shape parameter h is often
estimated in the literature as (2 + 3L)/L, where
0.2 < L < 3 (Løvoll et al., 2011); in our case, the L value
was 0.7. The h value estimated in this study, comprised
between 5.8 and 7.4, is very close to the results of Saâdi
et al. (1999) and Tamoh and Maslouhi (2004) in the coastal
part of Mnasra.

3.2. The water movement

Solving Richard’s equation yields solutions in h, which
are converted into water content via relation u (h).
Simulations show that the water content of the soil could
never mathematically go below its residual value ur, even if
the internal evaporation phenomenon is taken into
consideration. This confirms our consideration of an
almost null residual water content (Bagarello and Iovino,
2012; Coppola et al., 2009; Mubarak et al., 2009; Saâdi and
Maslouhi, 2003; Tamoh and Maslouhi, 2004). Moreover,
considering the residual water content as null when it is
very small allows us to cut down the number of parameters
to be calibrated, and therefore to avoid over-parameter-
ization. We performed a sensitivity analysis of the model
results with respect to different values of the residual
water content assigned to ur = 0.02, 0.04, 0.06. We found
that the variation of the residual water content has only a
very limited impact on the mass balance of carbofuran
effect.

We measured and simulated water content profiles
during three months at three soil depths, i.e., 0–20, 20–40,
and 40–60 cm. The volumetric water content is character-
ized by small variations, especially in the lower depths. It is
due to the soil sandy texture, characterized by low
retention capacity, a potential drainage, and low initial
volumetric water content (see Fig. 4). Fig. 4A shows that
the model simulations are in good agreement with the

Fig. 2. Suction curve for the studied soil.

Table 2

Values and standard deviation of the parameters of the Van Genuchten

model u (h) and the Brooks–Correy model K (h) adjusted to fit the

experimental values.

Value Standard deviation

us (cm3/cm3) 0.431 0.007

m 0.156 0.032

n 2.36 0.09

hg (cm) –2.73 0.96

Ks (cm/s) 0.0089 0.0005

h 5.9 0.9

Fig. 3. K (h) curve for the studied soil.
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erimental observations. In Fig. 4 B and C, the observed
ues are simulated with only a slight overestimation for

 last sampling dates, probably due to the heterogeneity
he soil or error-related measurements.
The calibration error of hg, m and h parameters (RMSE)
es a satisfactory value of 0.09 (Table 3). The ks variation,
hin the limits of possible values for a soil like ours, does
 affect the simulation results and, therefore, the value of
SE. This allows us to consider that the hydrodynamic
ameters are well represented. Furthermore, we find out
t the model gives good predictions of the water content
ues, especially on the 0–20-cm profile.

 Bromide transport

Fig. 5 shows the temporal evolution of bromide
centrations for the three soil horizons studied. There-
, the dispersivity value l is 0.115 m (Table 3). The fact

t the value of l seems high may be due to physical

phenomena neglected during modelling, including the
three-dimensional nature of the flow across the field, the
soil heterogeneity along the vertical profile, and the
presence of preferential flows.

However, such a l value is not surprising (Saâdi and
Maslouhi, 2003), since according to the work of Nielsen
et al. (1986), l can take values ranging from 0.05 cm in a
laboratory test, to 10 cm and higher for field conditions.

Table 3 shows an irrelevant l = 0.48 value of the
calibration error (RMSE), which is due to a slight
fluctuation of the calculated values in the soil layers,
especially in the lower ones. Nevertheless, the model
yields results consistent with the observations. The
calibration method seems therefore qualitatively accep-
table, even for a heterogeneous soil.

3.4. Carbofuran transport

Simulated and observed concentrations of carbofuran,
for levels 0–20 cm, 20–40 cm, and 40–60 cm are shown in
Fig. 6. A few days after application, and after 25 days of
leaching, carbofuran is practically distributed throughout
the soil matrix, and the maximum rate of recovery is in the
0–20 cm layer. This observation suggests the existence of
important phenomena of dispersion on the sandy sub-
strate, which appear more pronounced on the topsoil
horizon. The adsorption process is probably related to a
slight increase in the organic matter content in this level
(Table 1).

In addition, the model provides satisfactory results in
terms of pesticide dynamics, except for the increase of the
RMSE calibration error to 0.54 (Table 3). This increase is
probably due to changes in distribution coefficients Kd and
to m degradation in each layer. Bearing in mind that we

4. Water content numerical simulations and experimental data at

rent soil depths.

le 3

es of calibrated hydrodynamic parameters and parameters l, Kd, ms,

 mw, with calibration errors.

Value Calibration error (RMSE)

(cm) –2.9

2.34 0.09

7.2

(cm) 11.5 0.48

(cm3/g) 0.21

s (s�1) 2�10�7 0.54

w (s�1) 2�10�7

Fig. 5. Bromide concentration numerical simulations and experimental

data at different soil depths.
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considered a homogeneous soil as the modelling approach,
the physicochemical characteristics of the pesticide were
the same in all soil profiles, whereas the soil is actually
heterogeneous. The values of the rate of degradation (ms

and mw) inferred by calibration, and those calculated by
the equation (ms = mw = ln2/t1/2 = 0.693/t1/2) (Sparks, 1989)
show some similarities, as the half-life (t1/2) of carbofuran
derived from a previous study for a sandy soil similar to our
soil gave a similar carbofuran half-life (El Mrabet, 2002).

Differences observed between simulated and measured
concentrations are probably due to the following reasons:

� errors in experimental measurements;
� influence of other physical phenomena related to

transport not considered in modeling;
� we considered 1D model approach, whereas the real

phenomena are in 3D.

It is appropriate to specify that the volatilization is not
considered, since carbofuran has low volatility and is
characterized by a low vapor pressure (3.41 � 10�6 mmHg
at 25 8C). According to Lardier (Lardier, 1987), the
volatilization of carbofuran is limited to 0.5% for sandy
soils after two months of treatment.

A sensibility analysis shows little influence of ur on the
water movement, and to a lesser degree, on carbofuran
mass balance, especially on the carbofuran leaching flux.

Therefore, we used the model developed to simulate the
transport of carbofuran for two different irrigation
regimes, i.e., 222 mm and 350 mm. Fig. 7A and B present
the simulation results of carbofuran transport in the
unsaturated soil down to a 1-m depth in both irrigation
schemes (222 mm and 350 mm) area. Fig. 7 shows the

distribution of the pesticide 3, 26, 31, and 63 days after
application.

According to both irrigation regimes, the maximum
carbofuran concentration in soil reaches 300 mg/L and
84 mg/L, respectively. These peaks appear three days after
carbofuran surface application. We can observe a decrease
in the maximum concentration and a slight advance of the
concentration front according to the increase of irrigation
amount. The same phenomenon is observed for these
concentration profiles 26 days after treatment.

The two profile graphs of carbofuran concentrations
appearing 31 and 63 days after application are flat and
wide, including the largest irrigation system (Fig. 7B). The
curves show that the dispersive transport is enhanced by
irrigation. The analysis of the results shows some
migration of carbofuran down into in soil. The downward
movement of carbofuran is more pronounced in Fig. 7B,
which coincides with the increase in irrigation, i.e.,
350 mm in total. The carbofuran mobility is also facilitated
by its high solubility in water, i.e., 700 mg/L, and the large
amounts of water provided by the irrigation system.

4. Conclusion

We carried out an experimental and numerical study in
order to improve our knowledge and understanding of the
mobility of a pesticide in a soil, namely carbofuran, which
has a broad application spectrum. The study is focused on
the mobility of carbofuran in soils with strong hydraulic
permeability and characterized by a weak organic matter
content. The model developed for this study favorably
reproduced the magnitude and the general trend of the
spatio-temporal evolution of water content and carbo-
furan concentration in the soil. It was therefore used to
simulate the transport of carbofuran in the same experi-
mental conditions using higher irrigation level, i.e.,

Fig. 6. Carbofuran concentration numerical simulations and

experimental data at different soil depths.

Fig. 7. Simulations of carbofuran distribution in the soil following two

irrigation regimes (A: 222 mm; B: 350 mm).
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 mm in total. The results of such simulations high-
ted the importance of irrigation methods on the
hing of carbofuran especially to shallow groundwater:

ters will be exposed to higher contamination for huge
gation systems or during rainy periods. The migration of
bofuran residues and degradation products will be
roved in the case of intensive crops treatment, which
vily depends on irrigation water such as gardening,
ana plantation, etc., leading to faster and larger
sports.

Overall, these data indicate that aquifers with an
erlying unsaturated sandy zone characterized by a

 clay content and soil organic matter are particularly
nerable to carbofuran contamination. This is particu-
y true for drinking water after heavy rainfall or
gation, and all the more after unsound repetitive
ticide applications. This problem requires in the future
ore detailed study of carbofuran leaching on other soil
es. It is also important to integrate the entire crop cycle,

 effect of land-use change that may affect soil content in
 (Cornu et al., 2012) and, consequently, the leached
ntity of carbofuran and the effect of pesticide dose. In
ition, the contamination by the major metabolites
sed by the carbofuran degradation, i.e., carbofuran
nol, 3-hydroxy-carbofuran, and 3-keto-carbofuran will
e to be evaluated in details in the future. They are
wn to have similar toxicity to the original compound,
 their solubility in water is greater than that of

bofuran (El Mrabet, 2002).
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2011. Pesticide adsorption in relation to soil properties and soil type
distribution in regional scale. J. Hazard. Mater. 186, 540–550.

Krishna, K.R., Philip, L., 2008. Adsorption and desorption characteristics of
lindane, carbofuran and methyl parathion on various Indian soils.
J. Hazard. Mater. 160 (2–3), 559–567.

Kuntz, D., Grathwohl, P., 2009. Comparison of steady-state and transient
flow conditions on reactive transport of contaminants in the vadose
soil zone. J. Hydrol. 369, 225–233.

Laftouhi, N., Vanclooster, M., Jalal, M., Witam, O., Aboufirassi, M., Bahir,
M., Persoons, E., 2003. Groundwater nitrate pollution in the Essaouira
Bassin (Morocco). C. R. Geoscience 335, 307–317.

Lardier, P., 1987. De la synergie entre insecticide et herbicide : cas du
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Løvoll, G., Jankov, M., Måløy, K.J., Toussaint, R., Schmittbuhl, J., Schäfer, G.,
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Saâdi, Z., Maslouhi, A., Zeraouli, M., Gaudet, J.-P., 1999. Analyse et mod-
élisation des variations saisonnières des concentrations en nitrates
dans les eaux souterraines de la nappe de Mnasra, Maroc. C. R. Acad.
Sci. Paris Ser. IIa 329, 579–585.

Soil Survey Staff, 1999. Soil taxonomy 436 p. In: A Basic System of Soil
Classification for making and interpretating Soil Surveys. US Dep. of
Agriculture, Agriculture Handbook, Washington.

Sparks, D.L., 1989. Kinetics of soil chemical processes. Academic Press, San
Diego, CA. USA.

Tamoh, K., Maslouhi, A., 2004. Mesures in situ par infilrométrie des
propriétés hydrodynamiques des sols de Mnasra-Maroc. C. R. Geosci-
ence 336, 535–545.

Teijón, G., Candela, L., Tamoh, K., Molina-Dı́az, A., Fernández-Alba, A.R.,
2010. Occurrence of emerging contaminants, priority substances
(2008/105/CE) and heavy, metals in treated wastewater and ground-
water at Depurbaix facility (Barcelona, Spain). Sci. Total Environ. 408,
3584–3595.

Tirumalesh, K., 2008. Simultaneous determination of bromide and nitrate
in contaminated waters by ion chromatography using amperometry
and absorbance detectors. Talanta 74, 1428–1436 doi:10.1016/j.
talanta 09-021.

USDA-SCS, 1975. Soil Taxonomy: A basic system of soil classification for
making and interpreting soil surveys. U S Department of Agriculture,
Soil Conservation Service, Soil Survey Staff, Agriculture Handbook
No 436, Washington, DC.

Van Genuchten, M.T., 1980. A closed-form equation for predicting the
hydraulic conductivity of unsaturated soils. Soil Sci. Soc. Am. J. 44,
892–898.

Worral, F., Kolpin, D.W., 2004. Aquifer vulnerability to pesticide pollution-
combining soil, land-use and aquifer properties with molecular
descriptors. J. Hydrol. 29 (1–4), 191–204.

http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0005
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0005
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0010
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0010
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0015
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0015
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0020
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0020
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0020
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0025
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0025
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0025
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0025
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0030
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0030
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0030
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0035
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0035
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0040
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0040
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0040
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0040
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0045
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0045
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0050
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0050
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0050
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0055
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0055
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0055
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0060
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0060
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0065
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0065
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0065
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0070
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0070
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0070
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0075
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0075
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0080
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0080
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0080
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0085
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0085
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0085
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0090
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0090
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0090
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0095
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0095
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0100
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0100
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0105
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0105
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0105
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0110
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0110
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0115
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0115
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0120
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0120
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0120
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0130
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0130
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0130
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0125
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0125
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0125
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0125
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0135
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0135
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0135
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0140
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0140
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0145
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0145
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0145
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0150
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0150
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0150
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0150
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0155
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0155
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0155
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0155
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0160
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0160
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0160
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0160
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0165
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0165
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0165
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0170
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0170
http://refhub.elsevier.com/S1631-0713(14)00033-9/sbref0170

	Experimental monitoring and numerical study of pesticide (carbofuran) transfer in an agricultural soil at a field site
	Introduction
	Materials and methods
	Study area
	Description of experiments
	Hydrodynamic characterization
	Flow and transport model

	Results and discussion
	Retention curve &theta; (h) and hydraulic conductivity K (h)
	The water movement
	Bromide transport
	Carbofuran transport

	Conclusion
	References


