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Abstract 
 
Determination of solute transport parameters in the unsaturated zone is of great importance for 
groundwater pollution risk assessment. The subject of this study was Fluvisol soil developed on the 
floodplain of the Sava River. The goal of the study was estimation of longitudinal dispersivity, one of the 
main solute transport parameters. A field experiment using conservative tracer calcium chloride was 
carried out. The investigated site is situated about eight hundred meters from the right bank of the Sava 
River at Kosnica regional well field. Longitudinal dispersivity was estimated by inverse modeling 
chloride concentration using HYDRUS-1D. Due to the collapse of the pedological pit during application 
of the tracer and sampling of percolating solution, the field experiment was not completed. Therefore, 
estimation of longitudinal dispersivity was performed on an incomplete data set. 
 
 

1. Introduction 
 
Solute transport at the field scale can be very complex because of the presence of several 
physical, chemical, and biological soil processes that may vary over space and time. 
Longitudinal dispersivity (λ), which is one of the main solute transport parameters, depends on 
the scale of measurement. This parameter is often determined in the field (e.g., Seuntjens et al., 
2001; Stumpp et al., 2009; Severino et al., 2010). Common tracers are calcium chloride and 
potassium bromide. In this study, calcium chloride was used. The sorption potential of calcium 
chloride is relatively low and its suitability has been demonstrated in the unsaturated zone 
(Akhtar et al., 2003; Heilig et al., 2003; Dişli, E., 2010). Inverse optimization techniques, 
wherein differences between observed and predicted values are minimized, is increasingly used 
to estimate solute transport parameters (e.g., Jacques et al., 2002; Šimůnek et al., 2002; Moradi et 
al., 2005; Jacques et al., 2012). Numerical models for inverse modeling are STANMOD 
(Šimůnek et al., 1999b) and HYDRUS-1D (Šimůnek et al., 2008). STANMOD also includes 
several analytical models for solute transport problems. The CXTFIT code (Toride et al., 1999) 
is the most widely used (e.g., Fonseca et al., 2009; Zhang et al., 2011; Wang et al., 2013). 
 
The goal of the study was estimation of longitudinal dispersivity which is one of the main solute 
transport parameters. 
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2. Materials and Methods 
 
2.1. Site Description and Experimental Design 
 
The study area is located near Zagreb, the capital city of Croatia, in the second zone of sanitary 
protection of the water abstraction site, Kosnica (45°46' N; 16°05' E). The soil is classified after 
FAO classification (FAO, 2006) as a Fluvisol (Horizons: A-AC-C-2C/Cl-3Cl-4Cl/Cr-5Cr). 
Separately, undisturbed and disturbed samples of investigated horizons were taken from the 
pedological pit for laboratory analyses. Undisturbed samples (soil-cores) were analyzed for bulk 
density, porosity, water capacity, air capacity, and sediment density. The soil particle size 
distribution was determined on disturbed samples using wet sieving and sedimentation. Soil bulk 
density was determined using the standard soil-core method. Analytical results are shown in 
Table 1. The texture of this type of soil is mainly loamy, in some parts clayey with loam. Results 
from grain size analysis and bulk densities of soil samples were used for prediction of soil 
hydraulic parameters. Soil hydraulic parameters (θs, θr, α, Ks, n and l) were calculated using 
Rosetta lite (Schapp et al., 2001) software (Table 1). 
 
 

Table 1. Soil texture, bulk density and van Genuchten soil hydraulic parameters (Ružičić et al., 2012). 
 

Soil 
horizons 

Depth 
(cm) 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Bulk 
density 
(gcm-3) 

θs 
(cm3 cm-3) 

θr 
(cm3 cm-3) 

Ks 
(cm day-1) α (cm-1) n 

A 0-19 24 66 10 1.04 0.428 0.055 30 0.0043 1.70 

AC 19-68 14 77 9 1.36 0.466 0.055 36 0.0052 1.70 

C 68-110 57 38 5 1.39 0.371 0.033 61 0.0218 1.44 

2C/Cl 110-140 44 47 9 1.37 0.373 0.041 35 0.0096 1.54 

4Cl/Cr 140-190 38 50 12 1.41 0.372 0.047 24 0.0077 1.58 

5Cr 190-215 56 39 5 1.43 0.362 0.032 51 0.0223 1.444 

 
 

Parameters such as water content, electrical conductivity and soil water tension are essential for 
modeling of solute transport. Therefore, a 2.1 m pedological pit, in which field measurement 
instruments were installed, was dug at the investigated location (Fig. 1). Two TDR (time domain 
reflectrometry) and two EC (electrical conductivity) probes (Fig. 1), as well as two tensiometers, 
were installed at different depths (TDR: 40 and 110 cm; EC: 50 and 120 cm; tensiometers: 40 cm 
and 110 cm). Furthermore, four suction lysimeters were installed at four different depths (40, 80, 
150 and 190 cm). 
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Figure 1. Investigative pedological pit with TDR probes and EC-probes. 
 
The surface of the plot above the lysimeters and monitoring equipment to which the tracer was 
applied is approximately 0.7 m2. Before application, the plot was leveled, cleaned of all 
vegetation and enclosed in order to prevent tracers run off. The plot was irrigated with a 200 l 
tracer solution over two hours. During the experiment, water content (using TDR probes) and 
electrical conductivity (using EC probes) were measured every twenty minutes. Due to 
unexpected problems with the suction lysimeters installed at deeper depths, the percolating 
solution was sampled only at a depth of 40 cm. Chloride concentrations in leachate were 
analyzed using ion chromatography (ICS–1000 Ion Chromatography System, Dionex). 
 
2.2.  Modeling 

 
One-dimensional water flow in an unsaturated zone is based on the modified Richards equation 
(Richards, 1931): 
 

 
( ) ( ) 1h hK h
t z z

θ∂ ∂  ∂  = +  ∂ ∂ ∂  
 (1) 

 
where z is the vertical coordinate (positive upward from water table) [L], t the time (s), h the 
pressure head [L], θ the volumetric water content [L3L-3] and K the hydraulic conductivity [LT-

1]. 
 
An empirical model of van Genuchten (1980) is used to describe the water retention 
characteristics, θ(h): 
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where θr is the residual water content [L3L-3], θs the saturated water content [L3L-3], α [L-1], n 
and m [-] are shape parameters. 
 
In this study, conservative solute transport is described using the convection–dispersion equation 
(CDE) in the following form: 
 

 
c c vcD

t z z z
θ θθ∂ ∂ ∂ ∂ = − ∂ ∂ ∂ ∂ 

 (3) 

 
where C is chloride concentration [M L-3] in soil solution, v the average pore water velocity [LT-

1] and D the hydrodynamic dispersion coefficient [L2 T-1].  
 
Pore water velocity is calculated using Darcy's law: 
 

 qv
θ

=  (4) 

 
where q is the Darcy flux [LT-1] and θ the porosity [-]. 
 
The HYDRUS-1D model (Šimůnek et al., 2008) was used for estimation of the solute transport 
parameter, namely the longitudinal dispersivity. 
 
A pressure head of 145 cm was set as the initial condition for water flow through the model 
domain. This pressure head presents average values from the tensiometer installed at 40 cm 
depth. The model domain is delineated by the water flux on the upper boundary and the known 
pressure head as the boundary condition on the bottom of profile (constant pressure head). 
 
The initial chloride concentration (0.023 mg cm-3) was set as input (tracer) concentration at the 
top of the model domain, while chloride contents through the soil profile were set as chloride 
concentrations in soil water (expressed in mg cm-3). For the upper and lower boundary 
conditions, a third type condition, representing the flux concentration, was used. 
 
 

3. Results 
 
3.1. Field Experiment 
 
Electrical conductivity and water content measured during the experiment are presented in 
Figures 2a and 2b. Electrical conductivity measured at 50 cm depth shows an immediate increase 
from 430 μS cm-1 to 550 μS cm-1 in the 20 minutes after the starting time of tracer application 
(9:00AM). Electrical conductivity measured at a deeper depth (120 cm) shows a slight increase 
from 230 μS cm-1 to 270 μS cm-1 after one hour and forty minutes. Water content measured at a 
depth of 40 cm also shows an immediate increase from 35.0 % to 36.4 % in 20 minutes after the 
starting time of tracer application. Water content measured at a deeper depth (110 cm) shows a 
slight increase from 27.8% to 29.1% after one hour and twenty minutes. Chloride concentrations 
of percolating water samples from the lysimeter installed at 40 cm are shown in Table 2. 
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Figure 2. a) Diagram of water content for period of two hours and forty minutes, b) Diagram of 
electrical conductivity for period of two hours and forty minutes. 

 
 

Table 2. Chloride concentrations of percolating water. 
 

Sampled time (min) Observed concentration (mg cm-3) 

93 0.0212 
98 0.0228 

108 0.0232 
110 0.0278 
114 0.0294 
116 0.0233 
120 0.0262 

 

Pore water velocity was analytically calculated using eq. 4. Table 3 presents estimated saturated 
hydraulic conductivity, porosity, hydraulic gradients, pore water velocities, and dispersivity. 
 
 

Table 3. Estimated saturated hydraulic conductivity, porosity, hydraulic gradients,  
pore water velocities, and dispersivity. 

 
Kavg. (cm day-1) θavg.(-) i (-) v (cm min-1) λ* (cm) 

33 0.46 imin 0.5 vmin 0.025 2 
  imax 4 vmax 0.2  

 
Kavg - average hydraulic conductivity for horizons A and AC, θavg - average porosity for horizons A and 
AC, imin - minimal hydraulic gradient calculated from tensiometer readings, imax - maximal hydraulic 
gradient calculated from tensiometer readings, vmin - minimal pore water velocity for imin, vmax - maximal 
pore water velocity for imax, λ* - estimated dispersivity with HYDRUS-1D. 
 
 



6 
 

3.2. Modeling 
 
The diagram in Figure 3 shows that the calcium chloride concentration of 0.023 mg cm-3 (which 
is applied at the top of the soil) decreased to 0.013 mg cm-3 in 30 minutes. After that period, 
concentration rose to 0.025 mg cm-3 in 120 minutes. A longitudinal dispersivity of 2 cm gave the 
best fitting of simulated and observed values. The time that the lysimeter needed to intake 
enough water for the first sample was 93 minutes (Fig. 3). Due to collapse of the pedological pit 
during application of the tracer and sampling of percolating solution, the field experiment was 
not completed. 
 

 

Figure 3. Diagram of concentration in time. Legend: - N1-predicted curve at 40 cm depth using 
HYDRUS 1D, x D1-observed values from suction lysimeter. 

 
 

4. Conclusions 
 
Longitudinal dispersivity was inversely estimated using data gained by a field experiment in 
Fluvisol using the HYDRUS-1D model. Calcium chloride was used as a conservative tracer. The 
percolating solution was sampled by a suction lysimeter installed at a depth of 40 cm. 
Monitoring equipment was used for input parameters and calculation of dispersivity. Pore water 
velocities were calculated using Darcy's law. Both velocities were used for estimation of 
dispersivity. The HYDRUS 1D model gave a dispersivity value of 2 cm. Due to collapse of the 
pedological pit during application of the tracer, estimation of longitudinal dispersivity was 
performed on an incomplete data set. The value of dispersivity is therefore doubtful. 
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