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Abstract. The effect of water content on NaCl transport in unsaturated porous media
was investigated under steady state flow conditions for water contents ranging between full
saturation and 15% by volume. The experiments were conducted in a 25 cm column
packed with homogeneous sand. Results of the experiments indicate that solute transport
in unsaturated porous media is subject to greater velocity variations and slower solute
mixing than one in saturated media. As a result, NaCl breakthrough curves (BTCs) show
earlier initial arrival and greater tailing and variance as the average water content
decreases. These results suggest that transport processes in our experiments have not fully
developed to the Fickian regime at lower water contents. Because the classical convection-
dispersion equation does not adequately describe the movement of solutes under the pre-
Fickian regime, a mobile-immobile model was employed to reproduce the BTCs obtained
under unsaturated conditions. In general, the results indicate that at lower water contents
the medium has a greater fraction of immobile water, higher dispersion, and slower mass
transfer between the mobile and immobile regions. A power law relationship between
dispersion and water content–normalized velocities was found to exist for our experiments
and other experiments reported in the literature using different porous media. Thus we
suggest dispersivity is not only a function of properties of the media but also of water
content.

1. Introduction

In classical groundwater hydrology the velocity of solutes
moving through unsaturated porous media is commonly de-
fined as the average velocity for all flow paths over a repre-
sentative elementary volume (REV). This average velocity
therefore does not describe velocity variations caused by het-
erogeneities at scales smaller than the REV. The effect of
these velocity variations on solute transport has generally been
incorporated in the transport equation using the concept of
hydrodynamic dispersion. That is, deviations in concentration
fluxes resulting from velocity variations are expressed as a
dispersive flux. Analogous to the classical representation of
molecular diffusion process, Fick’s law is employed to relate
this flux to the concentration gradient C/ z , where C is the
solute concentration and z is the spatial coordinate. For one-
dimensional solute transport in homogeneous isotropic porous
media under steady flow with a uniform water content and
constant velocity the governing equation can be written as

R
C
t 5 D

2C
 z2 2 v

C
 z . (1)

Equation (1) is often referred to as the convection-dispersion
equation (CDE), in which v is pore water velocity (v 5 q/u ,
where q is the Darcy flux and u is volumetric water content), t
is time, and R is the retardation coefficient accounting for
equilibrium linear sorption processes. The hydrodynamic dis-
persion coefficient D is often defined as the sum of effective
molecular diffusion Dwtw and mechanical dispersion Dh:

D 5 Dwtw 1 Dh Dh 5 hvn, (2)

where Dw is the diffusion coefficient in bulk water, tw is a
tortuosity factor, h is dispersivity, and n is an empirical coef-
ficient. The tortuosity factor is thought to account for the
shape and length of the molecular path and depends on water
content but not on velocity [Nielsen et al., 1986]. The disper-
sivity is generally considered to be an intrinsic property of
porous media under fully saturated conditions; however,
greater values have been reported for the same media when
unsaturated flow conditions are imposed in the system [De
Smedt et al., 1986; Maraqa et al., 1997; Matsubayashi et al.,
1997]. The constant n has been found to range between 1 and
2 [Bear, 1972].

It has generally been accepted that the CDE is the funda-
mental equation for describing transport of solutes in porous
media [e.g., Bear, 1972]. This equation, however, is valid only
when the transport of a solute has reached the Fickian regime
in which the rate of solute spread grows linearly with time
[Fischer et al., 1979] and the dispersive flux becomes linearly
proportional to the concentration gradient. The Fickian re-
gime occurs only after sufficient “forgetting” time has elapsed
(i.e., the solute has been able to sample the whole field of
velocities and the solute velocity is independent of its initial
velocity). This means that a solute plume must travel over a
large distance, or for a long enough time, to interact with many
small-scale heterogeneities of the porous medium before the
CDE can be applied. For solute transport in a uniformly
packed sand column under fully saturated conditions the dis-
tance is of the order of several thousands of sand grains [Yeh,
1998], which is much smaller than the length of a sand column
in general. As a consequence, this requirement is often satis-
fied, and the CDE is considered adequate for the analysis of
solute transport in the sand column under fully saturated con-
ditions. However, as the sand column desaturates, the number
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of flow paths decreases, and velocity variations increase. A
solute plume in an unsaturated sand column must then travel
a greater distance to attain complete mixing and to reach the
Fickian regime than one in a saturated column. In many cases
this distance may greatly exceed the length of the column. As
a result, solute breakthrough is often characterized by multiple
peaks, early initial arrival, and long effluent tailings that cannot
be adequately described by the CDE [Yeh, 1998].

In the absence of a theoretical framework to define the
relationship between dispersive flux and concentration gradi-
ent for the pre-Fickian regime many researchers have used the
dead-end pore model [Coats and Smith, 1964] to describe the
transport of solutes exhibiting long effluent tailing in labora-
tory experiments. A similar conceptual model, the mobile-
immobile model (MIM), has also been applied to describe this
solute transport behavior in unsaturated porous media [Bond
and Wierenga, 1990; De Smedt and Wierenga, 1984; Gaudet et
al., 1977; van Genuchten and Wierenga, 1976]. The approach
leads to a two-region convection-dispersion equation with a
first-order solute exchange process between the mobile and
immobile regions [van Genuchten and Wierenga, 1976;
Wierenga and van Genuchten, 1989]:

umRm

Cm

t 1 u imRim

Cim

t 5 umDm

2Cm

 z2 2 umvm

Cm

 z
(3a)

u imRim

Cim

t 5 a~Cm 2 Cim! , (3b)

where the subscripts m and im refer to mobile and immobile
liquid phases, respectively, Dm 5 Dh/b 5 (D 2 Dwtw)/b
(where b is the mobile water fraction um/u ), vm is mobile pore
water velocity (where vm 5 q/um), and a is a first-order mass
transfer coefficient that accounts for diffusion between the
mobile and immobile water regions. Values for um and vm are
assumed constant in space and time. Values of b have been
reported to decrease as water content decreases in unsaturated
systems [De Smedt and Wierenga, 1984; De Smedt et al., 1986;

Gaudet et al., 1977; van Genuchten and Wierenga, 1976]. The
mass transfer coefficient has been related to the interfacial
area between the two regions, volume and geometry of the
immobile water, and velocity [e.g., Armstrong et al., 1994; Ba-
jracharya and Barry, 1997; De Smedt and Wierenga, 1984; Rao et
al., 1980a, b; van Genuchten and Wierenga, 1977]. Notice that if
u im 5 0, equation (3) reduces to the CDE (equation (1)) and
will be referred to as the CDE equilibrium model; otherwise, it
is referred to as the nonequilibrium or MIM model.

Few laboratory experiments have attempted to investigate
systematically solute transport through porous media under
various degrees of saturation, although numerous experiments
have been conducted in the past to study solute transport in
unsaturated porous media. Furthermore, little attention has
been given to the validity of Fick’s law in unsaturated porous
media under different water contents. Therefore the objective
of this study was to explore experimentally the effect of water
contents on the solute transport in unsaturated porous media.

2. Experimental Setup, Materials, and Methods
The experimental setup used in this study is illustrated in

Figure 1. The system includes a stainless steel (SS) column,
4.78 cm ID and 25 cm long, packed with silica sand. SS porous
plates (Mott Metallurgical) with average pore diameters of 100
and 0.5 mm were placed at the top and bottom ends of the
column, respectively. Two tensiometers with SS porous cups
(1.52 cm long, 0.48 cm OD, and average pore diameter of 2
mm) were mounted on opposite sides of the column at 7.5 cm
from each column end. The tensiometers were connected to
pressure transducers (Micro Switch 236PC-15GW) to monitor
soil-water tension within the column. The inlet of the column
was connected to high-performance liquid chromatography
(HPLC) pumps (SSI Acuflow Series II Pump), which delivered
the liquid phase at constant flow rates. A venting port was
placed near the inlet to allow the movement of air in and out
of the column while establishing water flow equilibrium. The
column was placed vertically on a top-loading balance (Mettler

Figure 1. Experimental apparatus for transport experiments in unsaturated porous media.
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PM 6100), and the outlet was connected to a vacuum chamber.
The balance was used to monitor the average water content of
the column throughout the experiments. The vacuum chamber
established a constant head boundary for water flow at the
column bottom and achieved specific soil-water tensions and
water contents in the sand for given water flow rates. Effluent
solute concentrations were monitored throughout time using a
flow-through conductivity detector (Wescan Conductivity De-
tector, model 213).

The sand used in the column was primarily composed of
quartz grains and contained very little organic carbon (fraction
of organic carbon (foc) ;0.009%). A particle size distribution
ranging between 53 and 425 mm with an average particle size of
250 mm was obtained by wet sieving the sand with purified
water. The sand was fairly homogeneous and well sorted, with
over 80% of the particles falling between 149 and 300 mm.
Brunauer-Emmett-Teller (BET) analysis yielded a total spe-
cific surface area of 0.738 m2 g21 and an internal pore area of
0.112 m2 g21 [Brunauer et al., 1938]. Although the external
surface area contributed largely to the total specific surface
area of the sand (;85%), the BET analysis reflected the pres-
ence of some internal porosity in the sand grains. Soil-water
retention curves were determined using a “hanging column”
procedure similar to that described by Danielson and Suther-
land [1986] and Klute [1986] to determine the pore size distri-
bution of porous media. Soil-water retention curves were an-
alyzed using the parametric model of van Genuchten [1980],

Sw 5
uw 2 u r

u sat 2 u r
5 ~1 1 u}h unp!2m, (4)

where h is the soil-water tension, np and } are shape param-
eters related to the pore size distribution, m 5 1 2 1/np, ur

is the residual water content, usat is the saturated water con-
tent, and Sw represents the degree of water saturation. The
measured soil-water retention curve for draining conditions is
well represented by ur, a, and np values of 0.076, 0.027 cm21,

and 4.74, respectively, showing a root-mean-square error of
0.0236 cmw

3 cmTotal
23 on volumetric water content.

The column was uniformly packed to a dry bulk density of
1.49 g cm23 and a total porosity of ;0.45 cm3 cm23. After
packing, the column was saturated from the bottom with
deaired solution. A pore volume of 204.5 cm3 was measured by
subtracting the column dry weight from that of the saturated
column. This measurement suggested that the dead volume of
the endcaps contributed ,2% of the total pore volume of the
media.

A total of 16 water-advecting transport experiments were
conducted, three of which were performed under saturated
flow conditions (Table 1). Prior to each experiment, steady
state flow conditions were established using a background 2.0
mM aqueous NaCl solution. Unsaturated transport experi-
ments were conducted by draining the column to specified
water contents by lowering flow rates at the top of the column
and/or adjusting the suction in the vacuum chamber. Once
steady state flow rates, water contents, and soil-water tensions
were reached, a 4.0 mM NaCl solution was introduced as a
displacing fluid. The relatively similar solution concentrations
were chosen to minimize any changes in hydraulic properties.
The influent solution was switched back to the background
solution after the NaCl concentration of the column effluent
reached the inlet concentration C0. Effluent concentrations
were plotted versus time to establish the solute breakthrough
curves (BTCs).

3. Data Analysis
The method of moments for temporal concentration distri-

butions was used to characterize the NaCl breakthrough data.
The absolute nth moment is defined as

Mn 5 E
0

`

tnC~ z , t! dt . (5)

Table 1. Experimental Conditions and Moment Analysis of Breakthrough Data

Run

Measured Parameters Moment Analysis of Breakthrough Data

Q,
cm3 min21

u,
cm3 cm23

v,a

cm min21
DP/
Dzb

Pulse,c

T
ue,

cm3 cm23
v,d

cm min21
s

min2
Skewness,

min3/2

Saturated
NC 20 1.031 0.45 0.128 20.913 1.524 0.46 0.126 228 6.7
NC 21 1.032 0.45 0.129 20.863 1.513 0.46 0.126 357 5.00
NC 23 0.264 0.45 0.033 20.796 1.419 0.46 0.032 — —
Unsaturated
NaCl 1 1.030 0.31 0.184 20.626 2.191 0.32 0.183 868 4.35
NaCl 2 1.038 0.31 0.188 20.575 2.231 0.31 0.186 950 5.63
NaCl 3 1.028 0.32 0.182 20.739 2.174 0.32 0.181 866 5.65
NaCl 4 0.775 0.20 0.214 0.017 2.587 0.20 0.215 939 3.16
NaCl 5 0.525 0.18 0.164 20.059 2.647 0.18 0.157 8102 8.04
NaCl 6 0.313 0.16 0.107 20.160 4.245 0.16 0.107 4536 1.97
NaCl 7 0.209 0.15 0.078 20.097 5.422 0.15 0.075 66043 16.95
NaCl 8 0.523 0.19 0.151 20.185 4.181 0.20 0.145 1132 1.71
NaCl 9 0.895 0.24 0.206 20.677 3.219 0.26 0.192 3025 10.04
NaCl 10 0.771 0.22 0.196 20.446 4.493 0.23 0.187 861 7.96
NaCl 12 0.312 0.18 0.095 20.050 5.025 0.18 0.095 8261 1.17
NaCl 21 1.043 0.27 0.213 20.189 3.476 0.29 0.202 3950 12.19
NaCl 22 0.887 0.25 0.201 20.067 4.861 0.25 0.193 4236 13.40

a Pore water velocity determined from volumetric flow rates, column cross-sectional area, and water contents.
b In cm H2O cm21, where the reference elevation ( z 5 0) is the bottom of the column and the gradient is calculated in the direction of flow.
c In pore volumes (T 5 tpv/L), where tp is the step duration time.
d Pore water velocity determined from mean arrival time of the NaCl center of mass.
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Experimental absolute moments Mn were obtained through
numerical integration of the breakthrough data using the trap-
ezoidal rule. The total mass of solute passing through the
system was verified with the M0 of the BTC. The first normal-
ized absolute moment of the input pulse and the effluent
concentration signal were used to estimate the mean arrival
time of the center of NaCl mass (m):

m 5
Ml

II

M0
II 2

Ml
I

M0
I , (6)

where the I and II superscripts refer to the moments of the
input and output signals, respectively. The mean arrival time
was used in conjunction with the column length L to calculate
the pore water velocity (v 5 L/m). An effective water content
ue was then estimated from the Darcy flux divided by the
moment-derived pore water velocity. Using normalized central
moments,

M*n 5

E
0

` S t 2
M1

M0
D n

C~ x , t! dt

M0
, (7)

the variance of the breakthrough curve is calculated by

s 5 M*2II 2 M*2I (8)

In general, this variance represents the spread of the concen-
tration distribution and is influenced by mechanical dispersion
and molecular diffusion.

The influence of molecular diffusion on the spreading of the
BTC data was evaluated by calculating the effective molecular
diffusion where Dw ; 8 3 1024 cm2 min21 for NaCl [Welty
et al., 1984] and tw was assumed to be linearly related to the
degree of saturation of the media (S),

tw 5 t sat

S 2 Sr

1 2 Sr
, (9)

where tsat is the tortuosity factor when the media is fully
saturated and Sr is the “irreducible” saturation [Burdine, 1953].
A value of tsat 5 0.85 was chosen as a representative value for
sandy soil [Ma and Selim, 1994]. The value of Sr 5 0.17 was
obtained from soil-water retention curves of the sand used in
these experiments.

The skewness of the BTC is a measure of the degree of
asymmetry of the curve around its mean and is given by

SK 5
M*3
s3/ 2 . (10)

A positive value of skewness signifies a distribution with an
asymmetric tail extending out in time. For a conservative tracer
the BTC is slightly skewed even though the transport process
has reached the Fickian regime and fully conforms to the CDE.
This skewness is attributable to the combined effect of convec-
tive and dispersive processes, similar to the physical concept of
the Doppler effect. Any additional asymmetry of the solute
concentration distribution may then reflect incomplete spatial
averaging and non-Fickian transport processes.

Employing an approach similar to Leij and Dane [1992] and
Valocchi [1985], the moments calculated for the NaCl break-
through data were used to determine transport parameters for
(3). The details of this approach are given by Padilla [1998].

For BTCs measured at the column outlet the retardation of the
solute was estimated by the first moment.

In addition to the above moment analysis, a nonlinear least
squares optimization code for estimating transport parameters,
CXTFIT [Toride et al., 1995], was employed to estimate values
of parameters in (1) and (3). For (1), two transport parameters
(D and v) were estimated, while four transport parameters (v ,
D , a , and um) were determined for (3). Pore water velocities
were fitted to give more flexibility in the estimation procedure
[Toride et al., 1995], and the retardation coefficient was fixed at
1.0 since the mean arrival time indicated that NaCl eluted at 1
pore volume. A first-type inlet condition was used since our
experiments involved flux-averaged concentrations [van Ge-
nuchten and Parker, 1984]. A zero concentration gradient at
infinity and an initial solute concentration CI were assumed.

We recognize that the CXTFIT model assumes uniform
velocity along a column. However, for some of our experiments
the water content was nonuniform, and the velocity varied
along the column (as indicated by the pressure gradients; Ta-
ble 1). Consequently, we used the average water content and
assumed constant velocity over the length of the column. Er-
rors due to this assumption are presumed small because the
column is short and pressure gradients were smaller than 1.
Furthermore, De Smedt and Wierenga [1978], Porro et al.
[1993], and Selim et al. [1977] found that despite nonuniform
water content distributions, BTCs of solutes moving through
unsaturated porous media under steady water flux conditions
can be predicted using an average water content and an aver-
age dispersion coefficient.

4. Results
Results of our experiments show that breakthrough curves

of NaCl exhibit earlier initial arrival and a higher degree of
tailing under unsaturated flow conditions than under fully sat-
urated conditions (Figure 2). Such behavior was quantified by
analyzing initial and mean solute arrival and spread and skew-
ness of the BTCs. To indicate the initial arrival of NaCl, an
initial breakthrough pore volume (IBPV) was defined as the
fraction of a pore volume eluted when the effluent concentra-
tion reaches 1% of the influent concentration. A plot of IBPV
versus water content (Figure 3) shows that similar to b, the
IBPV is lower under unsaturated conditions and tends to de-
crease as water content decreases.

The pore water velocities obtained from NaCl mean arrival
times were in good agreement with the measured pore water
velocities (determined from the column cross-sectional area,
volumetric flow rates, and water contents), with an averaged
error ,3%. The deviations were all attributed to experimental
error in water content measurements. As a result, the effective
water contents were used for the remaining analysis of the
data.

Generally, it can be observed in Table 1 that the variance for
the BTCs tends to increase with decreasing water content. The
variances of the BTCs also tend to increase with velocity for
water contents above 20% by volume. Note that second and
higher central moments for the slower saturated experiment
(run NC 23; Table 1) were excluded because of incomplete
data acquisition of the BTC. Although no correlation is ob-
served between BTC variance and pressure gradients in the
column, the higher variances for lower water contents (,20%
by volume) are generally associated with smaller pressure gra-
dients because pressure gradients tend to decrease as water
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content decreases. It is therefore assumed that spatial varia-
tions in soil-water tension do not affect velocity variations to a
great extent in these experiments.

The BTCs tend to reflect a slight decrease in skewness with
decreasing water contents below 26% (Table 1). The skewness
of the BTCs also seems to increase slightly with increasing pore
water velocity. These trends, however, are associated with a
large uncertainty because the calculations may involve large
errors [Fahim and Wakao, 1982; Leij and Dane, 1992; Sardin et
al., 1991]. Greater BTC skewness with increasing velocity has
also been reported by Rao et al. [1980b] for transport experi-
ments conducted with saturated aggregates. They attribute this
behavior to slower mixing resulting from preferential flow and
slower rate-limited processes.

Attempts to estimate the transport parameters using the mo-
ments calculated from our experimental data were not successful
[Padilla, 1998]. It appears that this method is highly sensitive to
the accuracy of the moment estimate; a slight error (especially,
in the skewness) can lead to erroneous parameter values.

The transport parameters obtained from CXTFIT by fitting
the experimental results to the CDE equilibrium and nonequi-
librium (MIM) models are given in Table 2. For saturated
conditions both the CDE equilibrium and MIM models ade-
quately simulate the BTCs. For unsaturated flow conditions,
however, the coefficients of determination (r2) for the regres-

sion of observed versus fitted concentrations [Toride et al.,
1995] show that the MIM yields a better overall fit (r2 ranges
between 0.999 and 1.000) than the CDE equilibrium model (r2

ranges from 0.994 to 1.000). Plots of measured versus simu-
lated relative concentrations show that MIM-simulated C/C0

fall on a 458 line, whereas those from the CDE equilibrium
model are scattered about this line (Figure 4). This suggests
that the relative concentrations (C/C0) measured under un-
saturated flow conditions were better represented by the MIM-
simulated C/C0 values than those from the CDE equilibrium
model. In addition, a plot of residuals shows that the MIM model
provides a better description of the solute early arrival and break-
through tailing for unsaturated conditions than the CDE equilib-
rium model (Figure 5). Small standard deviations of the fitted
pore water velocities, and their excellent agreement (.97%) with
those obtained from the first-moment analysis and experimental
measurement, indicate that both models are able to predict cor-
rectly the mean travel time of the BTCs. Although the models
yield similar fitted dispersion coefficients for the saturated cases,
the CDE equilibrium model yields higher values for unsaturated
flow conditions than does the MIM model (Figure 6). In general,
both models indicate that dispersion tends to increase as velocity
increases and as water content decreases (Figure 6). Also, the
MIM model values of b for unsaturated flow conditions decrease
with decreasing water content (Figure 3). Similar to these results,
Griffioen et al. [1998] indicate that mobile water fractions re-
ported for unsaturated porous media range between 0.6 and 1
and tend to increase as water content increases. Furthermore, it
was observed that under unsaturated conditions, b tends to in-
crease slightly with increasing pore water velocity above 23%
water content but decreases with increasing velocity for lower
water contents. Although somewhat scattered, the results suggest
that the fitted a values tend to increase with water content and
pore water velocity for unsaturated conditions (Figure 7). Figure
8 shows the means and associated standard deviations (shown in
error bars) of the fitted parameters as a function of water content.
The standard deviations suggest that the dispersion coefficient is
the most variable parameter, whereas a is the least variable.

5. Discussion
For solute transport under fully saturated flow conditions

our experiments show that BTCs conform to the CDE solu-
tion, suggesting that the Fickian regime has been established.

Figure 2. (a) Arrival and (b) elution limbs of experimental breakthrough curves for NaCl column effluent
under different flow conditions.

Figure 3. (a) Initial breakthrough pore volumes (IBPV) and
(b) mobile water fraction b dependency on water contents.
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Conversely, our experiments of solute transport under unsat-
urated flow conditions reveal that the BTCs exhibit early initial
arrival and long tailing, indicating that transport processes still
remain at the pre-Fickian stage. These results appear to sup-
port the conjecture by Yeh [1998] that as a sand column be-
comes unsaturated, the number of flow paths decreases and

velocity variations increase. Consequently, a plume moving in
an unsaturated medium must travel a greater distance to attain
complete mixing and to reach the Fickian regime than one in
a saturated medium. These results are also consistent with
findings of recent stochastic analysis of solute transport in
large-scale heterogeneous vadose zones, which show that as

Table 2. Results of the CXTFIT Parameter Optimization Model

Run

CDE Equilibrium Model MIM Model

umu21,
cm3 cm23

a,
min21 3 1023

v,
cm min21

D,
cm2 min21

v,
cm min21

D,
cm2 min21

Saturated
NC 20 0.126 0.0042 0.126 0.0038 0.99 1.582
NC 21 0.126 0.0043 0.126 0.0038 0.99 1.172
NC 23 0.032 0.0014 0.032 0.0011 0.99 0.126
Unsaturated
NaCl 1 0.184 0.0275 0.183 0.0110 0.93 1.944
NaCl 2 0.188 0.0281 0.187 0.0117 0.94 1.917
NaCl 3 0.183 0.0265 0.182 0.0081 0.93 1.869
NaCl 4 0.215 0.1052 0.213 0.0314 0.86 1.932
NaCl 5 0.166 0.0818 0.164 0.0240 0.85 1.326
NaCl 6 0.107 0.0502 0.106 0.0161 0.87 0.649
NaCl 7 0.078 0.0376 0.077 0.0132 0.88 0.372
NaCl 8 0.143 0.0605 0.143 0.0224 0.88 1.443
NaCl 9 0.195 0.0416 0.196 0.0145 0.92 1.886
NaCl 10 0.185 0.0443 0.186 0.0193 0.92 1.647
NaCl 12 0.095 0.0279 0.095 0.0111 0.91 0.564
NaCl 21 0.207 0.0360 0.208 0.0155 0.95 1.168
NaCl 22 0.197 0.0546 0.197 0.0216 0.92 1.717

CDE is convection-dispersion equation.

Figure 4. Measured versus simulated relative concentration using the (a) convection-dispersion equation
(CDE) equilibrium and (b) mobile-immobile model (MIM) models for 18% water content and the (c) CDE
equilibrium and (d) MIM models for 32% water content.
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the vadose zone becomes drier and more heterogeneous, the
ensemble mean plume becomes highly skewed, and Fick’s law
no longer applies [Harter and Yeh, 1996].

To describe the non-Fickian behavior (early initial arrival
and long tailing of BTCs) in stratified aquifers, a modified
convection-dispersion equation has been proposed by several
researchers [e.g., Gelhar et al., 1979; Matheron and de Marsily,
1980]. This equation includes higher-order spatial and tempo-
ral derivatives of concentration in addition to the dispersion
and convection terms in the CDE. While the convection term
represents the movement of a tracer due to the average veloc-
ity over the heterogeneous aquifer, the dispersion term cap-
tures the effect of velocity deviations due to stratification and
mixing among layers. The higher-order temporal/spatial deriv-
ative terms then define the slow release of solutes entrapped in
low-permeability beds in the aquifer during the pre-Fickian
regime. These researchers further suggested that to allow the
solute migration to reach the Fickian regime, a solute plume
must travel over distances much greater than the thickness of
stratification such that the effect of velocity variations due to
stratification is balanced by local transverse dispersion among
layers. Matheron and de Marsily [1980] further demonstrated
that the Fickian regime can be reached over a short distance if
the direction of groundwater flow is at an angle to the strati-
fication so that large transverse mixing between layers is cre-

ated. Results of all these studies simply suggest that a better
mixing is the key to the development of the Fickian dispersion
process.

Although the above-mentioned theories were developed to
explain effects of large-scale heterogeneity, the same course of
reasoning applies to the effects of pore-scale heterogeneity,
manifested in results of our laboratory-scale experiments. It is
therefore postulated that the above-mentioned modified con-
vection-dispersion equation and the MIM model are concep-
tually similar. In other words the high and low conductive
layers in the stratified aquifer correspond to the mobile and
immobile regions of the MIM, respectively, and the transverse
mixing across layers is then analogous to the local mixing or the
mass transfer between the mobile and immobile waters. The
MIM is thus considered to be an appropriate model for de-
scribing the pre-Fickian behavior of a solute plume at the
column-scale tracer experiments.

It is important to point out that in contrast to our results,
some laboratory tracer experiments in undisturbed soil col-
umns have demonstrated earlier initial arrival and greater tail-
ing of BTCs for saturated than for unsaturated flow conditions
[Gaber et al., 1995; Seyfried and Rao, 1987]. This difference can
be attributed to the difference in pore-size distribution of po-
rous media. In a matrix with a highly skewed pore size distri-
bution (such as a medium embedded with macropores, cracks,
and aggregates), the distribution of solute velocity under fully
saturated conditions is likely to be highly skewed as water
moves rapidly through these features and slowly in the soil
matrix. This skewed velocity distribution thus induces early
initial breakthrough and greater BTC tailing and asymmetry.
As water content decreases from saturation, these macropores
drain first, and water flows through a less skewed pore-size
distribution with a smaller mean value. Consequently, the dis-
tribution of flow velocity becomes less skewed, the velocity
variations decrease, and the asymmetry of the BTC is reduced
as the medium desaturates [Seyfried and Rao, 1987]. On the
other hand, in a medium with a less skewed pore size distri-
bution (such as the uniformly packed sand column used in this
study) the velocity distribution under fully saturated conditions
is expected to be less skewed and to show less tailing. There-
fore solute breakthroughs in fully saturated homogeneous me-
dia conform to the Fickian behavior. As the medium desatu-
rates, however, flow takes place in fewer flow channels, and
velocity variations become greater. Consequently, as reflected
in our experiments, BTCs exhibit earlier initial arrival and

Figure 5. (a) Residuals from the MIM and CDE equilibrium
models for (b) a NaCl breakthrough curve obtained at 18%
water content.

Figure 6. Fitted dispersion coefficient for the MIM and CDE equilibrium models as a function of (a) water
content and (b) pore water velocity.
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greater tailing, thus becoming less symmetric with decreasing
water content.

Although the MIM model adequately reproduced the less
symmetric BTC observed under unsaturated conditions, the
MIM model parameters are obtained by optimization, and
unique solutions may not be obtained because the parameters
are often correlated [Bajracharya and Barry, 1997; Koch and
Flühler, 1993]. Our analysis, however, indicates that the param-
eter values are within realistic estimates. For instance, the
excellent agreement between fitted and measured pore water
velocities suggests that the model is able to predict correctly
the mean velocity of the solute. Furthermore, the MIM-fitted
b and a parameters obtained from our BTCs fall within the
range of many published estimates [Griffioen et al., 1998]. We
also want to point out that although the CDE does not cor-
rectly describe the NaCl initial arrival and BTC tailing under
unsaturated conditions, the dispersion coefficients estimated
using the CDE equilibrium model (one-parameter optimiza-
tion) yield similar trends as those estimated from the MIM
model (Figure 6).

The dispersion term in (3a) is primarily influenced by mo-
lecular diffusion, fluid velocity, and medium characteristics
[Bear, 1972]. Molecular diffusion under unsaturated flow con-

ditions accounts for ,6% of the mobile dispersion coefficients
in our experiments and becomes less important as water con-
tent decreases (due to lower tw) and pore water velocity in-
creases. The dependence of the dispersion coefficient on ve-
locity has been well documented for saturated and unsaturated
flow conditions [Bear, 1972; De Smedt and Wierenga, 1984;
Khan and Jury, 1990] and is attributable to greater velocity
variations at higher pore water velocities. In addition, our
results show that the fitted dispersion coefficients are inversely
related to average water contents and tend to increase as water
contents decrease (Figure 6). Although the fitted dispersion
coefficients did not show a strong relationship with pore water
velocity (r2 5 0.30), they showed a strong relationship with
the ratio of the mobile water velocity to average mobile water
content (Figure 9) given by an empirical power law:

Dm 5
Dh

b
5

D 2 Dwtw

b
< hS vm

um
D n

5
h

um
n vm

n 5 jw~um!vm
n ,

(11)

where n is an empirical constant and jw(um) is saturation-
dependent dispersivity. This relationship applies to the fitted
dispersion coefficients from both MIM and CDE equilibrium
models. Best fit values for n and h are 1.50 and 0.022, respec-

Figure 7. Influence of (a) water content and (b) pore water velocity on the MIM first-order mass transfer
coefficient a.

Figure 8. Means and standard deviations of MIM model parameters: (a) pore water velocity, (b) dispersion
coefficient, (c) mobile water fraction, and (d) mass transfer coefficient.
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tively, for the MIM model (r2 5 0.98) and 1.99 and 0.085 for
the CDE equilibrium model (r2 5 0.94). Our proposed
power law relationship (equation (11)) suggests that dispersiv-
ity is not only a characteristic of the porous medium but de-
pends also on water content. Under saturated flow conditions,
jw(um) is a constant and (11) reduces in form to the classic
expression for the dispersion coefficient (equation (2)). For
unsaturated flow conditions the inverse relationship between
the dispersion coefficient and water content in (11) further
suggests that the saturation-dependent dispersivity increases as
water content decreases. Physically, this can be attributed to a
smaller number of flow channels, more tortuous and smaller
flow paths, and greater small-scale variations in water content
as the medium desaturates. According to Bear [1972], the con-
stant n is assumed to fall between 1 and 2, depending on the
role played by transverse (perpendicular to flow) molecular
diffusion. In pore channel systems in which mixing results from
the combined effect of velocity distribution and transverse
molecular diffusion, n is close to 2. Where mixing occurs only
at junctions connecting pore channels, however, n is near 1.
When applying the MIM model to describe our experimental
data, n is 1.5, and solute mixing appears to occur from the
combined effect of the different mechanisms. Other reported
data for different porous media show similar relationships be-
tween dispersion and the ratio of mobile pore water velocity to
water content (Figure 9) and yield similar values of n (1.1 and
1.3 for De Smedt and Wierenga [1984] and Maraqa et al. [1997],
respectively).

Our results are also consistent with previous findings that
relate dispersivity to particle size. In our analysis the lowest
dispersivity constant (h 5 0.004) was obtained for the medium
used by De Smedt and Wierenga [1984] of which the particle
diameter ranges from 88 to 125 mm. An intermediate value
(h 5 0.022) was obtained for our sand (diameter range 53–425
mm), and the highest value (h 5 0.26) was obtained for the
coarser media (diameter range 250–500 mm [Maraqa et al.,
1997]). In accordance with other investigations [Harleman and
Rumer, 1963; Rose and Passioura, 1971] the data show that
dispersive properties of the media increase as the particle size
distribution increases.

The mobile water fraction obtained from fitting experimen-
tal data to the MIM model shows that b is lower for unsatur-
ated flow conditions and tends to decrease with water content

(Figure 3). Lower b with decreasing water content is attributed
to faster initial movement of the solute as it travels through a
decreasing number of faster flow paths. As a result, b values
are related to the initial arrival of the solute. In fact, Gaudet et
al. [1977] and Selim and Ma [1995] observed that the mobile
water fraction parameter affects the time of initial appearance
of the solute. Similar trends between IBPV and b as a function
of water content in our experiments (Figure 3) also indicate
that the values of the two parameters are closely related. In
general, the initial breakthrough time increases as b increases.
A regression analysis of IBPV versus b yields an excellent
linear relationship (b 5 0.55 IBPV 1 0.50 and r2 5 0.94),
suggesting b can be used to predict the time of initial arrival of
a solute given average water contents and velocities. Moreover,
IBPV can be used to estimate values of b for solute transport
predictions in unsaturated sand. An explicit expression for
IBPV was developed in terms of experimentally determined
systems parameters. This expression (IBPV 5 1.09 uw

0.27 and
r2 5 0.92) indicates that IBPV is mainly a function of water
content and, because of the linear relationship between IBPV
and b, further supports that b is a function of water content.
Although it is recognized that the above given empirical rela-
tionships are limited to porous media similar to that used in
our experiments, such relationships point out that MIM model
parameters for conservative tracers are related to water con-
tent. Similar to other hydraulic and transport parameters (e.g.,
saturated hydraulic conductivity, soil water retention charac-
teristics, dispersivity), however, the mobile and immobile water
fractions depend on the medium [Bajracharya and Barry, 1997]
and must be evaluated for different porous media.

Variations of b with water content and pore water velocity
appear to reflect the system’s degree of departure from the
Fickian regime. For instance, greater b with increasing pore
water velocity at higher water contents (above 23%) denotes a
more uniform velocity field and suggests that transport condi-
tions are closer to the Fickian regime. At lower water contents,
however, decreasing b values with increasing velocity suggest
greater velocity variations and the possible existence of pref-
erential flow paths. Lower b values may therefore indicate a
lower degree of solute mixing and a greater departure from the
Fickian regime.

The extent of solute mixing can also be assessed from the
fitted a values. The results presented herein show that al-
though somewhat scattered, a tends to increase with water
content and pore water velocity (Figure 7). Qualitatively, it can
be speculated that greater water contents may also result in a
greater contact area for solute exchange between the mobile
and immobile regions and a shorter, less tortuous path within
the immobile region. Consequently, solute mixing occurs at a
faster rate at high water contents. Lower water contents, on the
other hand, may result in limited contact areas and longer,
more tortuous diffusion paths. Solute exchange between water
regions therefore occurs at a slower rate, and the solute must
travel longer distances or times to achieve complete mixing.

Greater velocities enhance mass transfer rates by causing
faster mixing between the two regions [van Genuchten and
Wierenga, 1977; De Smedt and Wierenga, 1984]. This mass
transfer mechanism is analogous to the transverse dispersion in
stratified aquifers as analyzed by Matheron and de Marsily
[1980], i.e., when mean groundwater flow is at an angle to the
stratification, greater transverse dispersion occurs at high ve-
locities. These results indicate that higher pore water velocities
and water contents enhance solute mixing so that complete

Figure 9. Log-log relationships between solute dispersion
coefficient and the ratio of mobile velocity to water content.
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spatial averaging is approached. In other words, the greater a
values at higher water contents and velocities may indicate that
the system will reach the Fickian regime faster.

From the above discussion it becomes clear that although
solute transport in unsaturated porous media is likely under
pre-Fickian conditions, better solute mixing can enhance the
development of Fickian conditions. Results from recent trans-
port experiments under unsaturated conditions using trichlo-
roethene (TCE) [Padilla, 1998] further support this inference.
These experiments show that BTCs for TCE are generally
more symmetric than those for NaCl under the same unsatur-
ated condition, suggesting that gas phase diffusion of TCE can
enhance solute mixing. Padilla [1998] therefore concluded that
TCE transport in unsaturated porous media attains Fickian
conditions at shorter distances than transport of nonreactive
solutes.

Finally, we want to point out that while the MIM model
appears to provide a good fit to our data, it may not be an
adequate representation of the underlying physics of solute
transport processes in unsaturated porous media. Experimen-
tal and numerical studies of laboratory and field-scale hetero-
geneous aquifers have shown solute breakthrough with multi-
ple peaks at early times of the transport process [Sudicky et al.,
1983; Wheat and Dawe, 1988]. These results suggest that, for
some heterogeneous porous media, solute mixing between
preferential flow paths and the rest of porous media is limited,
particularly during the very early stages of the pre-Fickian
regime. Under these circumstances, the MIM model would not
be appropriate. It is also logical to postulate that the necessity
of using the MIM model may diminish as the solute travels
over great distances. This is because solute concentrations in
the mobile and immobile zones may approach equilibrium
(i.e., the Fickian regime) due to better mixing. Due to non-
uniform distribution of mobile and immobile water zones, the
fitted parameters of the MIM model may vary with the length
of the experiment until the Fickian regime is fully established.
While the above discussion is speculative, we hope it will lead
to more experiments in the future to investigate the evolution
of the solute spread at different distances under unsaturated
conditions.

6. Conclusions
Analysis of the BTCs indicates that solute transport in ho-

mogeneous porous media is subjected to non-Fickian condi-
tions under unsaturated flow, but it conforms to Fickian con-
ditions under saturated flow. In general, lower water content
results in greater velocity variations and less mixing of the
solute. As a result, solutes must travel longer distances to
achieve better mixing and complete spatial averaging so that
Fickian conditions can be attained. It is therefore concluded
that greater deviations from the Fickian regime occur as water
content decreases. This behavior, however, may vary with the
pore size distribution of the soil.

In view of the inadequacy of the classical CDE to describe
the movement of solutes under pre-Fickian conditions the
MIM model was needed to reproduce the BTCs obtained
under unsaturated flow conditions. It is found that the MIM
parameter values (dispersivity, mass transfer coefficient, and
mobile water fraction) in unsaturated porous media vary with
water content. Furthermore, it is shown that dispersivity is not
only a function of porous media but also inversely proportional
to water content.
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