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Abstract
Knowledge of transport patterns of chemicals in groundwater is essential for environmental assessment of their potential impact. In the present study, the mobility of a chloride tracer injected into three different soils was investigated,
using column experiments. The column tests were performed under steady-state conditions to determine parameters
of chloride migration through soils. Based on breakthrough curves, pore-water velocity, dispersion coefficient and dispersivity constant were calculated for each soil sample using CXTFIT/STANMOD software. Pore-water velocity was
in the range of 0.31 cm/min for fine sand, to 0.35 cm/min for silty sand and to 0.40 cm/min for vari-grained sand. The
highest values of dispersion coefficient and dispersivity constant were observed for silty sand (0.55 cm2/min and 1.55
cm, respectively), while the lowest value was found for fine sand (0.059 cm2/min and 0.19 cm, respectively). Column
experiments for chlorides (conservative tracer) are a preliminary stage for further research which will be undertaken to
investigate migration parameters of selected neonicotinoids (reactive tracers) through different soils.
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1. Introduction
Groundwater is an essential environmental constituent and must be protected for the benefit of
the present and future generations. Nowadays,
an increasing number of substances generated by
waste from residential, commercial, industrial and
agricultural activities are detected in the soil-water environment (Patil & Chore, 2015). The fate
and transport of dissolved chemical substances
in groundwater generates considerable interest in
view of concerns for the quality of the subsurface
environment. These chemicals can enter the groundwater system via a wide range of mechanisms. Once
introduced into an aquifer, they will be transported
by flowing groundwater and may degrade water
quality at nearby wells and streams. Many factors
can affect the transport of contaminants in the aqui-

fer, including media properties and a large number
of physical, chemical and microbial processes, the
most important of which are dispersion, dilution,
volatilization, sorption and biodegradation (Kania
& Witczak, 2011; Witczak et al., 2013).
For improving management and protection of
groundwater resources, it is important to recognise
how the various pollutants migrate in the aquifer
and to identify the possibility of their removal or dilution. There are various methods that can be used
to forecast the migration of contaminants (Fox et al.,
2010; Rolle et al., 2012; Swami et al., 2013; Patil &
Chore, 2014). Apart from defining boundary conditions, analytical and computer simulation methods
require knowledge of flow and transport parameters (Kania & Witczak, 2011). Based on literature
research (e.g., Okońska et al., 2009; Marciniak et al.,
2013; Swami et al., 2013; Sharma et al., 2014; Patil
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& Chore, 2015) an appropriate method for column
experiments was applied.
Here we present the results of column experiments which were used to find parameters of
chloride (conservative) tracer transport in three
different soil types. Parameters of tracer transport
were calculated using a CXTFIT model included in
STANMOD software on the basis of laboratory data
(breakthrough curves of chloride concentrations vs
time).

2. Material and methods
2.1. Material tested
The tests were carried out on samples of different
soils – silty (soil 1), fine (soil 2) and vari-grained
(soil 3) sands, which were prepared in the laboratory. Three types of permeable soil were selected to
investigate the influence of granulation on the values of transport parameters. Identification of particle-size distribution was conducted using the sieve
analysis according to the procedure presented in
the PN-EN ISO 17892-4:2017-01 standard. The contents of particular fractions are illustrated in particle-size distribution curves (Fig. 1). Textural names
of the soils tested were determined on the basis of
the classification according to the PN-EN ISO 14688
standard.

2.2. Column experiments
A soil sample was placed in a steel cylinder with a
length of 15.8 cm and a diameter of 6.4 cm, under
saturated conditions. The column was carefully wetpacked with soils progressively from the bottom to
the top in order to avoid air bubble formation within.
The soil columns were saturated with distillate water from the bottom. Above and below the material
a paper filter and steel wool were placed to avoid
clogging of the inlet and outlet ports. Water/tracer
was provided to the column by a peristaltic pump
with a flow rate of 3.46–3.54 mL/min (Table 1). The
experiment was conducted at room temperature (c.
22°C). The same procedure was applied for all three
soils and for each sample one experiment was conducted. A description of experiment conditions can
be found in Table 1, while a schematic experimental
set-up used in the column experiments and experiment procedures are illustrated in Figure 2.
A solution of 500 mg/L of chloride (conservative
tracer undergoing advection and dispersion processes) was prepared from an appropriate NaCl sample
weight dissolved in deionized water. The tests were
carried out using short-term injection with a volume
of 300 mL of chloride tracer. The outlet solution was
collected every 50 mL (minimum volume required
for laboratory analyses). Chloride concentrations in
the elutes were analysed directly using the titration
method. The experiment ran for 221, 198 and 208
min for soils 1, 2 and 3, respectively.

Fig. 1. Particle size distribution of the soils tested
Table 1. Description of experiment conditions.
Soil sample
Soil 1 – silty sand
Soil 2 – fine sand
Soil 3 – multi-grained sand

Volume of water collected Time of experiment Mean flow rate Water flow velocity
mL
min
mL/min
cm/min
750
221
3.47
0.108
700
198
3.54
0.110
700
208
3.46
0.107
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Fig. 2. Experimental set-up and experiment procedures for testing chloride transport parameters

Column experiments for chlorides rank amongst
research methods for investigating the migration of
selected neonicotinoids in groundwater (Kmiecik et
al., 2017; Pietrzak et al., 2019a, b). The use of chlorides as a conservative tracer made it possible to
check the correctness of initial assumptions (based
on literature data) and the correct technical preparation of the experiment. On this basis, further column studies will be undertaken for neonicotinoids
(reactive tracer) using the previously described
soils first.

2.3. Parameter estimations
To assess the parameters of contaminant transport,
a number of analytical and model tests are commonly used (Rolle et al., 2012; Sharma et al., 2014;
Fernández-Bayo et al., 2015; Kret et al., 2015; Patil
& Chore, 2015; Okońska et al., 2019a, b). Here, CXTFIT/STANMOD software was used for simulating
the transport of chloride tracer in soils.
The CXTFIT program (Toride et al., 1995) may
be used to estimate parameters in several analytical
models for solute transport during steady one-dimensional flow by fitting the parameters to laboratory or field data observed, obtained from solute displacement experiments. The program may
be employed to solve direct or forward problems
to determine concentrations as a function of time
and/or position (Parker & Genuchten, 1992; Toride
et al., 1995). The inverse problem is solved by minimising an objective function, which consists of the
sum of the squared differences between observed
and fitted concentrations. To minimise the objective function a nonlinear least-squares inversion
method, according to Marquardt (1963), is used.
The STANMOD software package (Simunek et al.,
1999) includes a modified and updated version of

the CXTFIT code of Toride et al. (1995) for estimating solute transport parameters using a nonlinear
least-squares parameter optimisation method.
Among the basic parameters that characterise
the process of substance migration in groundwater,
the following initially estimated parameters (with
minimum and maximum values) were introduced
to the numerical model: pore-water velocity (v),
dispersion coefficient (D) and retardation factor (R).
Pore-water velocity was calculated taking into account the effective porosity, determined on the basis of laboratory tests.
CXTFIT/STANMOD software was used to determine breakthrough curves (BTCs) and transport
parameters based on deterministic equilibrium
convection-dispersion equation (CDE) solving the
inverse problem. BTCs were a result of a pulse injection of 500 mg/L chloride solution to initially solute-free saturated soils – one injection for each soil.
The time of injection for soils 1, 2 and 3 was 90, 82
and 86 min, respectively. Data for the inverse problem were entered on the basis of experimental data
and it was position (15.8 cm), time and concentration
of chlorides in samples collected (14–15 samples).
On the basis of all input data, the program estimated pore-water velocity (v) and dispersion coefficient
(D), by fitting one of the analytical solutions to specified experimental data, solving the inverse problem.

3. Results and discussion
In the column experiment, three BTCs were registered. BTCs are plotted in Figure 2 as chloride concentrations (mg/L) vs time (min). In all three cases,
the CXTFIT/STANMOD transport model matched
the experimental data well, with a coefficient of determination R2 equal to 0.99 for soil 2 and 3 and 0.98
for soil 1.
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Table 2. Parameters of chloride transport obtained using
the CXTFIT-STANMOD package
Parameter
Unit
Soil 1 Soil 2
Pore-water velocity (v)
cm/min 0.353 0.309
Dispersion coefficient (D) cm2/min 0.547 0.059
Dispersivity constant
cm
1.55 0.19
Retardation factor (R)
–
1
1

Soil 3
0.399
0.092
0.23
1

Values of pore-water velocity (v), dispersion coefficient (D) and dispersivity constant, calculated in
the program, are presented in Table 2. Pore-water
velocity for soils 1, 2 and 3 were 0.353, 0.309 and
0.399 cm/min, respectively. The highest value of
dispersion coefficient and dispersivity constant
was observed for soil 1 (0.55 cm2/min and 1.55 cm,
respectively), while the lowest value was for soil 2
(0.059 cm2/min and 0.19 cm, respectively).
Based on breakthrough curves obtained, it was
determined that the granulation of soils has an influence on the value of transport parameters and
therefore on the shape of breakthrough curves,
which can be observed in Figure 3. The BTCs for
fine and vari-grained sands have greater width
than for silty sand. In the case of silty sand, there
is a sharp peak followed by a decrease in chloride
concentration, while for the other two soils a longer
transit time of the highest concentrations (4–5 samples) is observed. Soil granulation also influences
the time of total chloride migration through the
column – the greater the content of the thicker
fraction, the faster the transition time. Similar relationships have previously been observed by, for
instance, Marciniak et al. (2013) and Sharma et al.
(2014).

4. Conclusions
Column experiments are an efficient method to
provide input data for numerical modelling of both
non-reactive and reactive tracers transport and fate
in the soil-water system for the purpose of surface
and groundwater protection. In the present study,
an attempt has been made to investigate the behaviour of conservative tracer transport through
different soils using column experiments. On the
basis of these experiments, result migration parameters of chlorides were obtained. Experiments
were conducted for three different soils – silty, fine
and vari-grained sands. The column experiment is
a relatively simple and cheap method that allows
to set easily various input values for further modelling using specific computer software. In this particular case, laboratory data were used to simulate
the transport of a chloride tracer in soils with the
CXTFIT/STANMOD software. By solving the inverse problem the program fits a variety of mathematical solutions of theoretical transport models to
experimental results and estimated solute transport
parameters – pore-water velocity and dispersion
coefficient. As a result, three BTCs were registered
and for all three soils the transport model fitted the
experimental data well, with R2 equal to 0.99. The
calculated pore-water velocity for soils 1, 2 and 3
were 0.353, 0.309 and 0.399 cm/min, respectively.
Dispersion coefficient and dispersivity constant
were also obtained. The highest value was observed
for soil 1 (0.547 cm2/min and 1.55 cm, respectively),
while soil 2 had the lowest value (0.059 cm2/min
and 0.19 cm, respectively).

Fig. 3. Experimental data and fitted breakthrough curves for chlorides
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