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Solute transport in low-permeability media such as clay has not been studied carefully up to present, and we are often unclear
what the proper governing law is for describing the transport process in such media. In this study, we composed and analyzed
the breakthrough curve (BTC) data and the development of leaching in one-dimensional solute transport experiments in low-
permeability homogeneous and saturated media at small scale, to identify key parameters controlling the transport process. Sodium
chloride (NaCl) was chosen to be the tracer. A number of tracer tests were conducted to inspect the transport process under different
conditions. The observed velocity-time behavior for different columns indicated the decline of soil permeability when switching
from tracer introducing to tracer flushing. The modeling approaches considered were the Advection-Dispersion Equation (ADE),
Two-Region Model (TRM), Continuous Time Random Walk (CTRW), and Fractional Advection-Dispersion Equation (FADE). It
was found that all the models can fit the transport process very well; however, ADE and TRM were somewhat unable to characterize
the transport behavior in leaching. The CTRW and FADE models were better in capturing the full evaluation of tracer-breakthrough

curve and late-time tailing in leaching.

1. Introduction

Low-permeability porous media (LPPM) exist extensively in
natural sedimentary deposits such as shale and clay. They
have played critical roles in protecting groundwater re-
sources, affecting the accumulation of petroleum and ore
deposits, and controlling geological processes such as struc-
tural evolution of the crust [1-5]. Contaminant migration in
clay-rich soils may still be important because in several areas
these soils are placed on top of aquifers and along the streams.
It is a little hard to understand the solute transport mech-
anism in LPPM using actual experiments. This is partially
due to the challenges of designing adequate experimental
apparatus for acquiring accurate data of flow and transport
in such media, and partially due to the extremely long time
needed for carrying out such experiments. For example,
Gerke and Kohne [6] carried out bromide tracer tests and
analyzed the preferential flow and bromide leaching with the
dual-permeability method. Gongsheng et al. [7] considered

an actual column test experiment with subclay soils and
addressed the issues of inverse problems of parameter identi-
fication. Konikow et al. [8] presented the column experiments
to address the so-called clay dispersion issue by quantifying
the relations between permeability changes and clay mineral-
ogy, clay content, and initial water salinity.

A large body of literature related to solute transport in
LPPM often involved the so-called “numerical experiments”
or numerical simulations where an imaginary rather than an
actual experiment was conducted. For example, Guimera and
Carrera [9] interpreted the tracer test in low-permeability
fractured media. Guswa and Freyberg [10] discussed a Peclet
number that effectively characterized highly asymmetric
solute transport breakthrough curves (BTCs) within low-
permeability enclosures. In Ozturk and Ozkan [11] the pref-
erential flow phenomena were presented and insights were
provided on the leaching process of salt through large clay
loam and sandy clay loam soil columns. Hsieh and Freckleton
[12] developed a MODFLOW module to efficiently simulate
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the three-dimensional solute transport in thin, vertical, low-
permeability geological media [13], while Chapman et al.
[14] explored the validity of numerical models (e.g., Hydro-
GeoSphere, FEFLOW, and MODFLOW/MT3DMS) in high
resolution models to simulate diffusion into and out of low-
permeability regions. Chambon et al. [15] compared the Dis-
crete Fracture Network (DFN) and Equivalent Porous Media
(EPM) models, in terms of peak concentration and leaching
time for contaminated sites in low-permeability fractured
media. Li et al. [16] proposed a coupled solute transport
model to assess the complicated interaction of the multifields
and their impact on pollutant leakage through landfill lin-
ers. Leij and Bradford [17] presented an analytical solution
for reactive transport in a dual-permeability medium with
reversible and irreversible mass transfer between the aqueous
and the sorbed phases. Barns et al. [18] applied HydroGeo-
Sphere (HGS) to explain small scale tracer tests in a low-
permeability layer, where BTCs were characterized by the
early-time slightly higher concentrations and the features of
flow patterns were equated with the transport behavior of an
inorganic conservative tracer.

Despite the above-mentioned investigations, solute trans-
portin LPPM is still poorly understood in a general sense. For
example, it is still unclear what governing equation to use for
properly describing the transport process in such media and
whether one can use the FicK’s law to describe the transport
process or not. Furthermore, if Fick’s law can be used,
what is the proper range of dispersivity values for LPPM,
and how different are they from those for permeable sandy
aquifers? One can only answer these questions by conducting
the laboratory and/or field transport experiments in such
media. Performance and analysis of controlled experiments
in the laboratory permit the investigation of various flow
phenomena and their parameters on relatively small scales of
distance and time [19].

Tracer tests have been commonly used for several decades
as benchmark experiments for investigating solute transport
in porous media. A main contribution of this study that is
different from previous tracer tests is to characterize trans-
port in subsurface low-permeability media and the validity of
the transport theories at various scales in such media. Ballard
et al. [20] have taken into account radioactive tracers test
to investigate the movement of water and stated that, under
conditions of zero applied pressure, concentration gradients
are the driving mechanism for mass transfer of ionic species
through the shales. Solute transport in porous media was
usually described by the Advection-Dispersion Equation
(ADE) [21, 22]. According to Margolin and Berkowitz [23],
ADE models are based on the assumption that dispersion
behaves macroscopically as a Fickian process [24] with the
dispersivity being assumed to be constant in space and time.
However, sometimes dispersivity exhibits a scale-dependent
feature [25] and ADE is not able to define such solute
transport process effectively. Many researchers (e.g., [26-30])
showed that the measured concentrations were sometimes
higher at the early arrival of breakthrough curves and lower
at the tails of breakthrough curve than those estimated by
ADE. Desbarats [31] reported a series of numerical tracer tests
and found that the longitudinal macrodispersive spreading
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of a form is inconsistent with ADE. In these circumstances,
the dispersion of solute transport with respect to time and
distances was no longer behaving as a Gaussian form.

Cumbie and McKay [32] presented the influence of
particle size on transport in a fractured clay-rich saprolite and
investigated faster diffusion process on colloid distribution.
As pointed out by Bromly and Hinz [33], non-Fickian trans-
port behavior can also be recognized in homogeneous media.
Alternatively, scientists have focused on employing new the-
ories and techniques to study the observed solute transport
behavior in the porous media. Pertinent among them is the
Two-Region Model (TRM) offered by van Genuchten and
Wierenga [34] to consider the nonequilibrium mass transfer
process between the mobile and immobile zones in hetero-
geneous soils. Moreover, it has been established by several
researchers that TRM can successfully simulate the transport
behavior in homogeneous soils [35-37]. Both ADE and TRM
are less satisfactory in describing certain tracer transport
features, particularly in the case of late-time tailing and
decrease in tracer concentration.

The discharge from low-permeability area in the ground-
water can be considered a durable source that often chal-
lenges remediation strategies [38]. As reported by Cortis and
Berkowitz [39], it is important to precisely determine both the
early arrival and late-time tailing behavior for subsurface con-
taminants and for ground water remediation problems. Ben-
son et al. [40, 41] presented the Lévy motion-based theory,
namely, Fractional Advection-Dispersion Equation (FADE),
to define and model these anomalous transports, and spatial
and temporal spreading of solute concentration. FADE is
successful in modeling saturated and unsaturated transport
in porous media [29, 42-45] and is very useful for solute
transport in soils for the separation of scale effects from the
values of dispersion coefficient. Over the years, Continuous
Time Random Walk (CTRW) has been applied to model a
wide range of solute transport problems [46-48] including
both laboratory [39, 49-51] and field tracer tests [52, 53].

On the other hand, Huang et al. [27] reported the con-
taminant transport analysis in homogeneous porous media,
and Xiong et al. [28] modeled the solute transport in one-
dimensional homogeneous soil columns with ADE, CTRW,
and FADE. Gao et al. [54] thoroughly evaluated the appli-
cability of ADE, TRM, CTRW, and FADE in fitting and pre-
dicting BTCs for simulating anomalous tracer transport in a
12.5m long heterogeneous soil column. Kuntz et al. [30]
measured BTCs with ADE, TRM, and CTRW by performing
tracer experiments to interpret solute transport behavior
within bedrock.

The objective of this study is to report a series of carefully
designed tracer test results of low-permeability clay soil
columns. Three set of experiments were conducted: (i) same
column diameter (14 cm) with different sample lengths (3 cm,
5 cm, and 8 cm); (ii) same sample length (5 cm) with different
column diameters (7cm, 9cm, and 10 cm); (iii) columns
with rough inner wall, having the same diameter (14 cm)
with different sample lengths (3cm, 5cm, and 8 cm). Four
different models including ADE, FADE, TRM, and CTRW
were used to simulate the experimental results, and the
transport behavior in LPPM was thorough analyzed.
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TABLE 1: Summary of soils sample diameters and particle size distribution (%).

>0.075mm  0.075mm~0.05mm  0.05mm~0.0lmm  0.0lmm~0.005mm  0.005mm~0.002mm <0.002mm Soil sample name
6.1% 5.9% 20.1% 17.8% 0.6% 49.5% Heavy silty clay
5 ( 5 )
v / v \
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FIGURE 1: Schematic diagram for homogeneous and saturated columns experiments.
2. Methods media. The collected soil samples were air-dried, sieved,

2.1. Column Experiments Preparation. We have conducted a
series of laboratory experiments for one-dimensional solute
transport in low-permeability homogeneous and saturated
soil columns using vertical Plexiglas columns with various
sample diameters of 7-14 cm and various sample lengths of
3-8 cm. The homogeneous columns were filled with clay soil
samples, which were taken from the nearby mountains in
Wuhan, Hubei Province, China. For the clay media (i.e.,
Heavy silty- clay) used in this study hydraulic conductivity
was found to be around 107> cms™" [55]. Approximately,
similar hydraulic conductivity was reported by Neuzil [19] for
clay soil. After the removal of all impurities such as gravel
particles, residual leaves, and roots, then the clay particles
with grain sizes smaller than 0.3 mm were used as testing

and stored at room temperature foregoing the experiments.
Particle size distribution of soils used in the study is shown
in Table 1, which is according to the People’s Republic
of China national standards GB/T50123-1999 “Earthwork
Experimental Technique Standard.” The bulk density and the
total porosity of the soil columns are shown in Table 2.

2.2. Experimental Set-Up. The test installation comprised
primarily of a water-supply device (Mabottle), a Plexiglas col-
umn, and a water outflow installment (steady-flow water
tank); schematic diagram for the experiments is shown in
Figure 1. Three sets of soil columns were prepared to observe
the ground water flow and solute transport characteristics due
to the change in soil column length and diameter: (i) same
column diameter (14 cm) with different column lengths
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(3 cm, 5cm, and 8 cm); (ii) same column length (5 cm) with
different column diameters (7 cm, 9cm, and 10 cm); (iii)
columns with rough inner wall, having the same diameter
(14 cm) with different column lengths (3 cm, 5 cm, and 8 cm).
For above sets of (i) and (ii) the inner walls of the soil columns
are smooth. The inner wall of the soil column in set (iii) is
rough and the roughness is somewhat similar to the grain size
of the sample. The entrance and exit surfaces of packed soil
columns were covered with gravels with particle diameters of
2~3cm.

The column was then filled from bottom with tap water
for 48-72 hours to make the soil fully saturated. During water
saturation process, if the bubbles or cracks appeared within
the soil columns, the soils were extracted from the columns
then refilled and saturated again from the bottom to ensure
that no bubbles or cracks can be found and the soils were
as homogeneous as possible. After establishing steady-state
saturated flow through the column, two conjugate tracer tests
were carried out with each of three sets of soil columns.

During the experiments, the temperature in the labora-
tory was around 25°C, meaning that the viscosity of the water
can be regarded as constant. The electrical conductivity of the
water samples from the tap was measured using a portable
conductivity meter DDBJ-350 which has a precision of +1.0%.
The first test was a tracer introducing test with a constant
NaCl source concentration of 5g L™ (or 0.085mol L™!) and
the subsequent second test was a flushing (or leaching) test
after the exit tracer concentration became stable. A tracer
injection experiment in the homogeneous clay soil column
was done by replacing inflowing tap water with a NaCl
concentration (5g/L) and in leaching experiment the initial
concentration (5g/L) was replaced with the tap water. The
concentration used in the experiment may be higher than
values used in some other experiments but this value should
not affect the conclusion of this study as we were dealing
with the relative concentration (i.e., the ratio of actual
concentration over the constant source concentration). One
benefit of using a higher concentration was for the easy
measurement and likely reduction of relative measurement
errors. NaCl is favorable to estimate ground water flow and
transport properties, and is also environmentally benign.
Similarly high values of NaCl [56] were used by Inoue et al.
[57] which presented the results of soil hydraulic and solute
transport parameters with different NaCl concentrations
(e.g., 0.04, 0.05, 0.06, 0.08, 0.1, 0.2, 0.5, and 1.0 mol/L). The
head difference over the sample was set around 43 cm to
ensure that the hydraulic gradient was much greater than the
threshold hydraulic gradient.

3. Results and Discussion

3.1. Characteristics of the Flow Velocities. The Darcian velocity
is an essential element in solute transport and is calculated
from the following [58]:

_Q
Q= (1)

where g is the Darcian velocity (LT™"), Q is the total discharge
(L*T™") which can be measured during the experiments,

and A is the inner cross-sectional area (L?) of the col-
umn.

In three sets of experiments, Darcian velocity was found
to decrease with time, as shown in Figures 2(a), 2(b), and 2(c).
Three distinctive stages were observed in such a velocity-time
profile for each experimental set-up. The first stage (A) was a
tracer introducing period. The second stage (B) was a flushing
period, which also showed a sharp decline in Darcian velocity,
suggesting the decline of soil permeability. In other words,
the soil samples during the flushing period were not the same
as those for the tracer introducing period, although one did
not change the actual soils in the column. This implied that
at least for tracer tests in LPPM, the transport processes for
the tracer introducing test and tracer flushing test could be
different because the properties of the soil had been inevitably
altered during the switch from tracer introduction to tracer
flushing. The third stage (C) was a stabilized Darcian velocity
after sufficiently long time of flushing, indicating that the
permeability of the soil reached a new stable stage again. The
decline of Darcian velocity might be due to the clay dispersion
and swelling in the saline water, as also pointed in some
previous studies [59-61]. Konikow et al. [8] provided a nice
discussion on the relationship of permeability change and
clay mineralogy, clay content, and initial water salinity.

In the first set-up of our experiment (case (i)), the
same diameter (14 cm) with different column lengths (3 cm,
5cm, and 8 cm) was applied. The Darcian velocities (g) for
the tracer introducing period in 3 cm, 5cm, and 8 cm soil
columns were stable around 0.25cmh™, 0.15cmh™, and
0.02cmh™", respectively, as shown in Figure 2(a). During the
leaching process, the Darcian velocities in 3cm and 5cm
columns were approximately the same which was around
0.05cmh™. It was found that Darcian velocity in the 8 cm
column was less than that in the 3 cm and 5 cm columns and
was relatively stable; that is, it remained nearly the same at the
tracer introducing and flushing periods (Figure 2(a)). This
result suggested that permeability of the 8 cm column was not
obviously altered during the tracer introducing and flushing
periods, not as those observed for the 3 cm and 5 cm columns.
This implied that the so-called clay dispersion and swelling
effect was less in the 8 cm column than that in the 3 cm and
5 cm columns.

Figure 2(b) showed the Darcian velocity for case (ii)
and differences were clearly observed in all three columns.
Furthermore, it also showed that the tracer introducing and
flushing Darcian velocities were reduced compared to their
counterparts in the first set of experiments (Figure 2(a)). It
was also found that the smaller the diameter of soil column,
the slower the Darcian velocity. This may be understood
as follows. For a cylindrical column with an inner radius
of R (or an inner diameter of 2R) and length of L, the
wall surface/volume ratio is 27RL/mR*L = 2/R. Therefore,
a smaller inner diameter of soil column will lead to a
greater wall surface/volume ratio, thus a relatively greater
wall surface resistance to flow, and eventually a smaller
Darcian velocity. A significant difference was found in Figures
2(a) and 2(b), indicating that the bulk permeability of the
soil columns could be very different when the same clay
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FIGURE 2: Darcian velocity versus time for three column experiments: (a) smooth wall soil columns with the same inner diameter (14 cm)
but different lengths; (b) smooth wall soil columns with the same column length (5 cm) but different column inner diameters; (c) rough wall
soil columns with the same inner diameter (14 cm) but different column lengths.

materials were packed into columns with different diameters
and lengths.

At the tracer introducing period in Figure 2(c) for case
(iii) (the rough wall columns), Darcian velocities were slower
than their counterparts of the smooth wall columns in
Figure 2(a). It is interesting to see that the Darcian velocities
in both the 8 cm smooth wall (Figure 2(a)) and rough wall
(Figure 2(c)) columns were relatively stable; that is, they are
nearly independent of time at both the tracer introducing and
flushing periods.

3.2. Simulation Results of BTCs. The mathematical and nu-
merical simulation methods for ADE, FADE, TRM, and

CTRW were provided in Supplementary Material available
online at https://doi.org/10.1155/2017/6390607.

Figures 3(a), 3(b), and 3(c) showed the observed and fitted
BTCs of the smooth wall columns with lengths of 3 cm, 5 cm,
8cm and a diameter of 14 cm, Figures 4(a), 4(b), and 4(c)
showed the results of 5cm column with diameters of 7 cm,
9cm, and 10 cm, and Figures 5(a), 5(b), and 5(c) showed
the results for the rough wall columns with lengths of 3 cm,
5c¢m, and 8cm, all with a diameter of 14 cm. The BTCs
at each soil column length and diameter were individually
fitted with ADE, FADE, TRM, and CTRW. The estimated
parameters were shown in Table 3. As shown in Figures 3-5,
the experimental data can be well fitted by all these four
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FIGURE 3: Three sets of measured breakthrough curves fitted with ADE, FADETRM, and CTRW (based on TPL), for the homogeneous,
saturated, and smooth wall soil columns with the same inner diameter (14 cm) but different column lengths: (a) 3 cm; (b) 5cm; (c) 8 cm.

models with corresponding R* values all over 0.98 and the
small values of the RMSE (see Table Sl in Supplementary
Material).

The values of dispersivity («) in the ADE model as shown
in Table 2 are defined as « D/v when neglecting the
molecular diffusion term. It is worth pointing out that all the
columns used in the experiments were packed and saturated
using the same method with the same clay materials. There-
fore, those columns should have similar values of physical
properties such as permeability, porosity, and dispersivity.
However, the values of dispersivity («) in the ADE model
as shown in Table 3 clearly indicated an increasing trend

with column length. Such a trend was most likely a scale-
dependent effect, rather than an artifact of sample prepara-
tion.

It was found that the dispersion coefficient (D) fitted
using ADE was less than that estimated using FADE, which
was consistent with previous studies [27, 54]. Furthermore,
the estimated A values (the order of fractional differentiation)
in FADE were in the range of 1.81-1.99, which was very close
to 2.00, a value representing Fickian transport. At the 3 cm
and 5cm columns, D, values (generalized dispersion coef-

ficient) fitted using CTRW were around 0.094 cm®h™' and
0.101cm” h™, respectively. The D, value in the 8 cm column
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FIGURE 4: Three sets of measured breakthrough curves fitted with ADE, FADE, TRM, and CTRW (based on TPL), for the homogeneous,
saturated, and smooth wall soil column with the same column lengths (5 cm) but different column inner diameters: (a) 7 cm; (b) 9 cm; ()

10 cm.

was smaller than those at the 3cm and 5cm columns. This
suggested that the CTRW theory used here may only account
for stationary media and it did not reveal the multiple-scale
heterogeneities with a single D, value [54]. The values of
cut-off time (¢,) for the truncated power-law transition-time
distribution function were larger than ¢, (a characteristics
time), indicating that transition to Fickian transport had not
yet occurred. As a result, the transition-time distribution was
primarily controlled by 8 (a dispersion related dimensionless
parameter). It was found that the 3 values in the CTRW
model followed an increasing pattern towards 2.00. This

implied that the transport would eventually evolve into a
Fickian form at a sufficiently long column length.

A slow rise of BTCs was observed in columns with diam-
eters of 7cm and 9 cm compared to the column with a di-
ameter of 10 cm (Figure 4). However, Darcian velocities dur-
ing the tracer introducing period in the 10 cm diameter soil
column were higher than those in 7cm and 9 cm diameter
columns (see Figure 2). Lack of tailing was observed in BTCs
near the inlet in the 10cm diameter column. Immediate
arrival of concentration was observed for the 10 cm diameter
column compared to those for the 7 cm and 9 cm diameter
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saturated, and rough wall soil columns with the same inner column diameter (14 cm) but different column lengths: (a) 3 cm; (b) 5cm; (¢)

8cm.

columns. This implied that the advective solute transport
through the preferential pathways was short, which was con-
sistent with previous studies [28, 54]. This also showed that as
the tracer moved relatively faster, its residence time (RT) was
smaller, and the transport was less Fickian. Similar transport
behavior was also reported by Berkowitz and Scher [50].

As seen in Table 3, there was a significant relationship
between the column diameter and the dispersivity («) fitted
using ADE. A larger column diameter (such as 10 cm) tended
to produce a greater dispersivity («) than columns with
diameters of 7cm and 9cm. This was a reflection of the

greater difficulty in uniformly packing a larger diameter
column in which media heterogeneity was almost inevitable
and would lead to greater (macro) dispersivity. The estimated
values of dispersion coefficient (D) of ADE were smaller
than those of FADE, as evident in Table 3. This agreed with
previous investigations of Huang et al. [27] and Gao et al.
[54]. The order of frictional differentiation (1) value was
within the range of 1.88-1.89 and very close to 2.00, once
again suggesting that breakthrough process at columns with
different diameters was close to Fickian. The TRM estimated
values of mass transfer coefficient (w) decreased with column



Geofluids

C/C,

Time (h)
O Measured --- TRM
...... ADE —— CTRW-TPL
--- FADE

C/C,

1

C/Cy

O Measured --- TRM
...... ADE —— CTRW-TPL
--- FADE

T
0 200

O Measured
ADE

T
400

600
Time (h)
--- TRM
—— CTRW-TPL

(c)

FIGURE 6: Three sets of measured leaching curves fitted with ADE, FADE, TRM, and CTRW (based on TPL), for the homogeneous, saturated,
and smooth wall soil columns with the same inner diameter (14 cm) but different column lengths: (a) 3 cm; (b) 5 cm; (c) 8 cm.

diameter, as shown in Table 3. This suggested a certain degree
of correlation between advective residence time and mass
transfer timescale [62, 63].

Figure 5 showed that the fitting results of all four models
were consistent with the measured BTCs in the rough wall
columns. The increasing trend of f3 values towards 2.00 in
the CTRW model for the rough wall column experiments
was also a piece of evidence supporting the Fickian transport
behavior during the breakthrough process [64].

3.3. Simulation Results of Leaching Curves. The leaching
process (or solute flushing period) was well simulated with

CTRW and FADE in Figures 6-8. It was found that FADE
performed the best for fitting the leaching data. Other than
FADE, CTRW also performed very well with the leaching
data. On the contrary, ADE and TRM did not capture the
leaching process very well. Good performance of CTRW
and FADE in Figures 6-8 was also reflected by the larger
R? values and smaller RMSE values than their counterparts
resulting from the ADE and TRM models (see Table S2 in
Supplementary Material).

Figure 6 compared the observed and fitted leaching
curves for the first set of column experiments (case (i)).
The dispersivity («) variation in Table 4 attributed such a
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FIGURE 7: Three sets of measured leaching curves fitted with ADE, FADE, TRM, and CTRW (based on TPL), for the homogeneous, saturated,

and smooth wall soil columns with the same column length (5 cm) but different column inner diameters: (a) 7 cm; (b) 9 cm; (c) 10 cm.

discrepancy to the specific makeup of heterogeneities in the
columns. The estimated A values for FADE were in the range
of 1.7, which was considerably smaller than 2.00 (Table 4).
The CTRW fitting velocity (v,,) was smaller than the velocity
values in ADE, TRM, and FADE, and D,, values of CTRW
increased with the column length. Similar results about v
and D,, changes were examined by Berkowitz et al. [24] in
short-column experiments. The 8 values in the CTRW model
were between 1.15 and 1.4. All these evidences showed that
the FADE and CTRW fitting results were better in capturing
the leaching process in Figure 5 than ADE and TRM. Similar
conclusion can be drawn for the leaching processes in case
(ii) (see Figure 7) and in case (iii) (see Figure 8).

A slight increase of measured concentration (bump) was
found around 200 hr in Figure 6(b) in case (i) and Figure 8(b)
in case (iii). Actually, the bump in Figures 6(b) and 8(b)
can be explained by checking the feature of the velocities.
As shown in Figures 2(a) and 2(c), one can see that the
velocity decreased around 300 hr (this was the time leaching
or flushing started) to 550 hr (the time of the bump, around
200 hr after flushing). Such a declining velocity feature cannot
be easily incorporated into the analytical models employed
in this study. However, one can reasonably speculate that
decrease of flushing velocity will generally lead to decrease
of flushing efficiency. In other words, the concentration may
not drop as fast as the case when the flushing velocity remains
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and rough wall soil columns with the same inner diameter (14 cm) but different lengths: (a) 3 cm; (b) 5cm; (c) 8 cm.

the same. This may qualitatively explain the slight increase of
concentration (bump) observed in Figures 6(b) and 8(b). A
high resolution numerical model that incorporates the entire
velocity variation spectrum will be desirable to offer a better
quantitative understanding of such a small anomaly during
the flushing phase of the experiment. This is out of the scope
of this study and will be pursued in a future investigation.

4. Discussion

The above experimental results indicate that the hydraulic
conductivity value depends on the clay soil structure and

it might also be changed by the contaminants in the leach-
ing process. On the other hand, Darcian velocity tends to
decrease with time because of the decline of soil permeability
that may be caused by the clay dispersion and swelling in the
saline water. The decline of Darcian velocity is also likely due
to the column wall roughness.

An interesting finding for transport in clay media is
that the leaching process is not a simple reversal of the
breakthrough process, as often assumed for transport in
sandy porous media before. Instead, the leaching process
sometimes exhibits very different behavior from the break-
through process, most likely due to the clay dispersion and
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swelling problem. This implies that when studying transport
in LPPM such as clay, it is advisable to investigate both
the breakthrough and leaching processes, rather than the
breakthrough process alone. Another interesting feature is
that the dispersivity («) for the leaching process (Table 4)
is higher than that in the breakthrough process (Table 3),
which indicates that the pore structure must be changed when
switching from breakthrough process to leaching process, as
o is closely related to the pore structure. This feature also
indicates that the leaching process has a great capability
towards the non-Fickian transport.

It is found that CTRW and FADE models can better
describe the late-time tailing in the leaching process than
ADE and TRM. Therefore, ADE and TRM are not recom-
mended to explain the leaching process, although they are
acceptable in describing the breakthrough process (Figures
3-5).

We have to point out that this study deals with relatively
small scales of columns with lengths ranging from 3 cm to
8 cm and column diameters from 7 cm to 14 cm. Actually, this
study can be regarded as a pilot study and the first attempt of
conducting transport experiments in LPPM to see how differ-
ent transport in LPPM is from transport in other permeability
media such as sand. Such a pilot study and experiment gained
from this study will be very useful steps for more complete,
full scale investigation of transport in LPPM, including
conducting repetitive experiments. Therefore, whether the
findings of this study can be extended to field scales or not
is unknown and needs further investigations. Nevertheless,
this study offers some interesting results about transport in
clay, and, most importantly, it emphasizes the importance of
analyzing both the breakthrough and leaching processes in
clay.

5. Conclusions
The following conclusions can be drawn from this study:

(1) Three stages of Darcian velocity were found when
switching from breakthrough process (or tracer intro-
ducing stage) to leaching process (or tracer flushing
stage), suggesting alternation of soil permeability
during such a process switching, probably due to clay
dispersion and swelling.

(2) For the breakthrough process, the Fickian transport
was evident from the increased pattern of 8 values
towards 2.00 in the CTRW model, A value close to 2.0
in the FADE model, smaller values of w in the TRM
model, and a generally satisfactory fit of ADE with the
experimental data.

(3) For the leaching process, the non-Fickian transport
was noted by the smaller values of  and A (much less
than 2.00) in the CTRW and FADE models, respec-
tively, and generally poor fitting of the experimental
data using ADE and TRM.

(4) For better understanding the transport behavior in
LPPM such as clay, it is important to analyze data
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from both the breakthrough process and leaching
process.
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