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Solute Channeling in Unsaturated Heterogeneous Porous Media

Jens Birkholzer and Chin-Fu Tsang

Abstract

Numerical simulations have been performed to study flow and solute transport phenomena in
strongly heterogeneous porous media. Different saturation scenarios were applied varying from
fully saturated to highly unsaturated conditions, corresponding to different infiltration rates into
the soil. It was found that the solute travels along preferred flow paths, which may be called
channels. This is the case in saturated as well as in unsaturated media. However, the degree of
channeling, the location of channels and the hydraulic properties along channels are very much
dependent on the mean saturation in the flow domain. Strong channeling effects were obtained in
both fully saturated and in low saturation cases. With fully saturated conditions channels develop
along zones of high permeabilities; in the case of low saturation we find channels in zones of low
permeabilities. Within intermediate saturation ranges, channeling effects are less significant and
the system exhibits a more homogeneous flow pattern. The dispersion of solutes as shown in the
calculated tracer breakthrough curves essentially reflects the degree of channeling and thus is
saturation dependent; in cases when flow channeling is less evident we observe much smaller
dispersion than in cases with strong channeling.

1 Introduction

The variation of permeability in a strongly heterogeneous porous medium causes strong varia-
tions in the fluid velocities. The fluid seeks to flow in the least resistive paths (channels), and
solute traveling along those paths may be transported many times faster than solute traveling in
an equivalent homogeneous medium. In practical problems concerning the transport of radio-
active or toxic waste, this earlier arrival of contaminants may be of vital importance.

In the last decade channeling phenomena have been intensively studied with regard to satura-
ted media. Tsang & Tsang [1987], Moreno et al. [1988, 1990] and Moreno & Tsang [1991]
investigated the effects of channeling in single fractures with variable apertures. It was found that
the hydraulic properties of the channels are different from those of the global porous medium.
Also they appeared to be invariant regardless of the actual location of the channels and the over-
all direction of flow. It was concluded, then, that the characteristics of the entire flow field can be
described by the properties of the channels only. Tsang & Tsang [1989] and Moreno & Tsang
[1994] extended their studies to flow and solute transport in two- and three-dimensional porous
media with strongly variable hydraulic properties, finding that flow channeling also occurs in
such systems. They pointed out that the form of tracer breakthrough curves obtained for pulse
injection tests is strongly dependent on the degree of channeling. With increased channeling
effects the main peak shifts to much earlier arrival times, indicating that solutes in the channels
are transported with much greater velocities than the average velocity of the fluid.

In this paper we focus on flow and solute channeling in unsaturated porous media. Due to the
different hydraulic properties we expect the degree of channeling and the location of channels to
be very different from the saturated case, where channels develop along areas of large permeabi-
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lity. In unsaturated soil large permeabilities are correlated to large pore volumes, which drain
faster than the smaller pores. This can lead to strongly reduced flow rates along zones of high
permeabilities, and might completely change the hydraulic structure of the system.

A number of large-scale tracer experiments conducted in the last decade have demonstrated
the complexity of flow and transport in unsaturated soil, observing transport phenomena which
indicate the existence of flow paths forming a complex network [e.g. Schulin et al., 1987; Roth et
al., 1991; Hills et al., 1991; Hills & Wierenga, 1991; Flury et al., 1994]. Roth [1995] performed
numerical simulations of fluid flow in a two-dimenstonal heterogeneous medium to study pos-
sible relations between the saturation of a heterogeneous soil and the phenomenology of the flow.
His results show that the structure of the flow network is governed by the degree of saturation in
the domain. He was able to identify two states, one with high mean domain saturations, one with
low mean domain saturations, which show very different flow characteristics. The two states are
separated by a critical saturation at which the flow system becomes almost homogeneous. High-
flux regions of one state become low-flux regions of the other state, and vice versa.

In our paper we complement Roth’s work by performing a detailed study of flow and solute
channeling phenomena in variably saturated media. In particular, we are interested in three ques-
tions: (1) Is it possible to find channel properties for given degrees of saturations, which can cha-
racterize flow and transport in the entire system ? (2) How do these channels properties compare
to the properties of the entire porous medium ? (3) How does the degree of channeling in unsatu-
rated flow affect the transport of contaminants, e.g. with regard to earlier arrival times of solutes
and to the dispersion in the system ? To answer these questions numerical simulations of fluid
flow and solute transport are performed in a two-dimensional vertical cross-section of a strongly
heterogeneous porous medium. Different saturation scenarios are applied varying from fully satu-
rated to highly unsaturated conditions, corresponding to different infiltration rates into the soil.

2 Methodology

Fluid flow and solute transport simulations are carried out for a two-dimensional vertical cross
section of a strongly heterogeneous medium (Fig. 1). The model area is 20.0 m wide and 10.0 m
deep, representing part of the vadose zone of a porous groundwater system. (However, it may as
well represent an area in a vertical single fracture with strongly varying aperture distribution.)
Fluid flows with gravity from top to the bottom, the right and left boundaries are closed. Diffe-
rent saturation scenarios are simulated by imposing different capillary pressure values at the
upper boundary of the model area. The lower boundary at z=0.0 m coincides with the ground-
water table. A steady-state flow field is assumed. The flow field is solved with the multi-compo-
nent, multi-phase flow simulator TOUGH2 [Pruess, 1987 and 1991; Moridis & Pruess, 1995],
and then a particle tracking procedure is applied to model the transport of contaminants.

The heterogeneity is introduced by dividing the area in 80 x 40 quadratic cells. A permeability
value is assigned to each element from a lognormal permeability distribution, with a geometric
mean of 10"? m® and a standard deviation in logio of 1.737 (i.e. 4.0 in natural log). Permeability
correlation in space is isotropic with a correlation length of 0.5 m and is imposed using an expo-
nential autocovariance model. Then, the characteristic length of regions with similar hydraulic
properties is in the range of 1.5 m (effective correlation range). The random permeability fields
are calculated with the numerical code COVAR which uses the covariance matrix decomposition
method [Williams and El-Kadi, 1986]. Three different realizations of random fields are genera-
ted. The porosity in the model area is constant, with a value of 0.35.



Solute Channeling in Unsaturated Heterogeneous Porous Media 3

Precipitation

(177777777707 777777777777

Model Area

Vadose Zone

N

Prescribed

Random Permeability
Field (20.0 m x 10.0 m)

Geometric Mean: 10" m

Standard Deviation:

1.737 (in log,) | ' _
4.0 (in natural log) ‘ Gravity

No-flow Bo.undary
No-flow Boundary

Correlation Lenth: 0.5 m
(isotropic) .

80 x 40 Cells

Groundwater Table

Fig. 1: Model area , -

2.1 Flow Simulation

The flow simulations are performed with the numerical simulator TOUGH?2, developed at the
Berkeley Laboratory [Pruess, 1987 and 1991, Moridis & Pruess, 1995]. TOUGH?2 is a widely
used code for nonisothermal flow of multicomponent, multiphase fluids in porous and fractured
media. The governing equations are integrated in space using an integral finite difference formu-
lation. In our study only a small part of TOUGH2’s capabilities are used, since only one phase
(liquid) and one component (water) under isothermal conditions is taken into account. It is
assumed that the air phase is immobile, so only the movement of water has to be calculated. The
pressure in the air phase is constant (reference pressure P;). Under the assumption of constant
porosity, liquid density and liquid viscosity, the flow of water in the unsaturated zone can be
described by a liquid mass balance equation as follows

N

q>p -V kl(LpV[P+pgz] =0 ' )]
ot i ] /
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Here ¢ is porosity, S is saturation, p is density, k is permeability, k; is relative permeability, p
is viscosity, P = Py + Py, is pressure (sum of reference pressure P; and capillary pressure Pcyp),
and g is gravitational acceleration. The z-coordinate axis points vertically upwards. Note that Eq.
(1) represents a form of Richards’ equation; however, the notation used is slightly different since
it is based on multi-phase flow concepts [Oldenburg & Pruess, 1993].

Both capillary pressures and relative permeabilities depend on the saturation, and characteris-
tic functions are used to describe these relations. In our study, we use the well-known van
Genuchten-Mualem capillary pressure and relative permeability model, given as [van Genuchten,
1980; Mualem, 1978] :

" —n/(n— /o
Pp(S)=—P{(s.)™"" 1] 2)

k,(S,)=(s, )0'5{1 ~ (1= (s )" )H/n }2 | (3)

with the effective saturation defined as

S.=(S-S,)/(1-5,). @)

Here S; is the residual saturation, P” is a scaling factor for the capillary pressure function and
n characterizes the distribution of pore sizes within each grid element (1 < n < <o).

In a heterogeneous porous medium, the characteristic functions of capillary pressure and rela-
tive permeability may not be spatially constant. As already mentioned, areas of high permeability
are expected to drain faster, due to large pore sizes and less capillary strength. Likewise, areas of
low permeability are expected to maintain larger water saturations, due to smaller pore sizes and
stronger capillary suction. Consequently, areas with different permeabilities in our model region
have to be assigned different capillary pressure functions. This is done by using spatially varying
scaling factors P* for the capillary pressure function in Eq. (2). Leverett [1941] proposed a model
to calculate the scaling factor P at a given location with permeability k as follows

P =P (k/k)" )

where k and P” are reference values for the permeability and the scaling factor, respectively. A -
number of workers have shown that relationship in Eq. (5) holds for a variety of different soils
[e.g. Davies, 1991; Wang, 1992].

A special TOUGH?2 version was developed to simulate the heterogeneity in capillary suction
[Finsterle et al., 1994]. For each cell of the model region the scaling factor P~ is calculated from
Eq. (5) according to the particular permeability value in the cell. After introducing the different
values of P" into Eq. (2) a different capillary pressure function is assigned to each cell, and Eq.
(1) can finally be solved considering the spatial variation in capillary suction.

In our study the reference values for the scaling law in Eq. (5) are given as 10'? m? for per-
meability k (equal to the geometric mean) and 10,000 Pa for the scaling factor P~ . For the sake
of simplicity we assume that the spatial variability of pore sizes does not change from cell to cell
within the model area. Then, the pore size distribution coefficient n is not modified, and this
allows the relative permeability function in Eq. (3) to be constant over the whole model area. We
choose a pore size distribution coefficient of 2.0 and a residual saturation of 0.2. All values
represent parameter ranges which are typical for data observed in field experiments.

Figure 2 shows three different capillary pressure functions for permeability values of 10° m?,
102 m? and 10" m?, respectively, calculated using Eqs. (2) and (5). It is immediately evident
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that regions with different permeabilities show significant differences in their hydraulic behavior.
For example, in a cell with the mean permeability of 102 m? a capillary pressure of -25,000 Pa
is associated with a water saturation of 0.5. However, in a low permeability cell (k = 10" mz),
the same capillary force is associated with almost full water saturation. For high permeabilities
(k = 10”° m?), the saturation drops to almost the residual saturation, the cell is drained.

Figure 3 shows the relative permeability function, calculated using Eq. (3). It represents the
typical hydraulic behavior of unsaturated soils, with the relative permeabilities rapidly decreasing
when saturation is close to the residual saturation. As already mentioned, the relative permeabi-
lity function is the same for the whole mode]l area.

The relation between relative permeability and capillary pressure is depicted in Figure 4, again
presented for permeabilities of 10® m?, 10" m? and 10"° m?, respectively. Comparison of the
three curves shows that for a given capillary suction the relative permeability in high permea-
bility zones is much smaller than in low permeability zones. As shown in Figure 5, this has a
strong effect on the product of permeability k and relative permeability k, which gives the effec-
tive value of permeability for unsaturated flow. To clearly distinguish between the different
terms, we like to introduce the term “absolute permeability” for the permeability k of the soil.
The product of absolute permeability k and relative permeability k; is referred to as “effective
permeability”. For small values of capillary suction, which correspond to almost saturated soil,
the effective permeability in high absolute permeability zones is higher than the effective per-
meability in low absolute permeability zones. However, this changes when the capillary suction
increases as the soil is desaturating. Because of their larger pores, high absolute permeability
zones drain earlier, and the effective permeability drops to negligible values. As a consequence,
the hydraulic structure of a heterogeneous soil may be totally reversed. High flux zones in nearly
saturated soil become low flux zones in highly unsaturated conditions, and vice versa.

2.2 Solute Transport Simulation

After solving the flow field and calculating particle velocities in each cell, a particle tracking
procedure is performed to model the transport of contaminants through the porous medium. A
total number of 300 particles is released at the inflow cells of the upper boundary. Some simula-
tion runs have been performed with two or three times the number of particles to check the sen-
sitivity of the model results. It has been shown, however, that a total number of 300 particles is
sufficient to provide stable results. The number of particles to be introduced in each inflow cell is
proportional to the specific discharge into that cell. Within each inflow cell, particles are ran-
domly distributed along the upper boundary. Each particle is then followed from these inflow
cells through the model area until it reaches the bottom.

We use a particle tracking technique implemented in the interactive plotting software
TECPLOT [TECPLOT, 1995] which features a predictor-corrector integration scheme to trace
particles through a vector field. First, the velocity at the current particle location is linearly inter-
polated from the adjacent data points. A step is taken in the direction of the velocity vector to a
tentative new point. A minimum step size of 2.5 % of the actual cell size and a maximum step
size of 25 % of the actual cell size is used in our study. TECPLOT chooses an appropriate step
size within these limits according to the velocity gradient. Then, new velocity components are
interpolated at the new tentative point. Now using the average of the velocities at the new and the
original point, the step is redone from the original point and this corrects the first estimate. No
local dispersion is considered in this scheme.
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During the particle tracking process, a number of parameters are recorded along the trace,
such as absolute and relative permeabilities or saturations. These data are used to calculate statis-
tics of the flow path properties and compare them to the statistics of the entire porous medium.
Eventually particles are collected at the bottom boundary, and the travel time for each particle is
calculated to derive tracer breakthrough curves. Following Moreno & Tsang [1994], all these
calculations are based on the fastest 90 % of particles. This is reasonable (1) because from the
contamination point of view the early arrival and the main part of solute are more significant, (2)
because contaminants may decay within long travel times, and (3) because the slowest part of
solute is often several orders of magnitude slower than the main part and will often not be mea-
sured in any practical field situations.
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3 Simulation Runs and Results

Five saturation scenarios are used to study solute channeling in heterogeneous media. Four of
them represent different unsaturated flow conditions (Cases Ul, U2, U3 and U4), one represents
fully saturated flow conditions (Case S). The fully saturated case is mainly included for the sake
of comparison. In this case, we apply a zero pressure difference between the top and the bottom
boundary; i.e. gravity is the driving force for water flow.

The unsaturated scenarios are simulated with uniform capillary pressures applied along the top
boundary of the model area. Different values of capillary pressures at the boundary correspond to
different infiltration rates into the model area: large capillary suctions are associated with low
saturation values and low infiltration rates, small capillary suctions are associated with high satu-
ration values and high infiltration rates. Note that a uniform capillary pressure along the top
boundary gives rise to a non-uniform distribution of infiltration rates, i.e. the flow into the model
area is distributed according to the actual effective permeability and gradient at each boundary
cell. Thus, with the uniform capillary suction boundary, flow channels originate right at the sur-
face while with a uniform flux boundary they could only form at some distance from the surface.
The latter does not coincide with the conceptual model of the flow region which represents a part
of a large natural flow system, with the inflowing water following preferred flow paths.

The numerical treatment of the upper boundary condition needs some attention. Assigning
capillary pressure values at the upper boundary would mean that the average infiltration into the
model area comes out as a simulation result. As a consequence, the infiltration rates cannot be
assigned prior to a simulation run, and the values calculated for different realizations of the ran-
dom field might vary significantly although the same capillary suction boundary condition is
applied. However, we want to discuss our simulation results with regard to the infiltration rate,
i.e. prescribed infiltration rates should be imposed for the different realizations. To realize that in
the numerical simulation, we add a new layer of elements at the periphery of the top boundary
cells with an absolute permeability equal to the geometric mean of the flow domain. We artifi-
cially assign a large horizontal flow capacity to these additional cells and impose a uniform infil-
tration rate at the new element layer. Then, the large horizontal flow capacity of this layer allows
the infiltrated water to be distributed to the cells of the top boundary according to the actual
effective permeability and gradient in each cell. Having specified the infiltration rate, this proce-
dure guarantees that the upper boundary is associated with a uniform capillary suction and a non-
uniform (“channeled”) distribution of fluxes.

The bottom boundary condition at z = 0.0 m corresponds to the groundwater table, i.e. S =1.0 .
and P, = 0.0 Pa. We are mainly interested in shallow groundwater systems, and in the variably
saturated zone close to the groundwater level. According to findings of Faybishenko [1995] the
phenomenon of entrapped air can significantly influence the hydraulic behavior in areas where
water saturations are very large. Thus, the assumption of a passive air phase may not be justified
close to the lower boundary of our model region, in particular when simulating transient flow
processes and studying the transition between different saturation scenarios. However, as we
limit our study to steady-state flow conditions we do not address the problem of entrapped air.

Table 1 lists the infiltration rates Qjns chosen for the four unsaturated cases. They are given as
relative values, i.e. the actual infiltration rate Qj is divided by a flow rate Qi which denotes
the theoretical water flow between the top and bottom boundary under fully saturated conditions,
assuming that the model area is homogeneous with k = 102 m?. Case U1, with the lowest infil-
tration rate, represents a highly unsaturated flow field. Then, with increasing infiltration rates,
Cases U2, U3 and U4 represent scenarios with intermediate to high mean domain saturations.
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102

sat

Table 1: Infiltration rate for different scenarios (with Q™ =k p*g/p)

Starting with initially uniform saturations, TOUGH2 flow simulations are performed until a
steady-state flow condition is reached. To check the sensitivity of our results we used three grid
sizes of the finite difference mesh: 80 x 40 cells, 160 x 80 cells and 240 x 120 cells, with the cor-
relation length covered by two, four and six cell lengths, respectively. Our simulations indicate
that the results are not very sensitive to the discretization. Local saturation and capillary pressure
values show minor differences, while the location and statistics of channels are not affected at all.

An important point in finite difference modeling of heterogeneous fields is the choice of
weighting schemes for flow between two adjacent blocks of different permeabilities. For single-
phase flow, the appropriate weighting scheme for absolute permeability is harmonic weighting.
For two-phase flow (or unsaturated flow), a second weighting scheme has to be chosen for the
relative permeabilities. Pruess [1991] recommends upstream weighting of both absolute and rela-
tive permeabilities in case of transient flow; for steady-state flow, however, a harmonic weigh-
ting of the effective permeabilities is favored. In order to check the sensitivity of the model
results, we performed TOUGH2 runs with both weighting schemes. It was found that the diffe-
rences between the two weighting schemes were minor and much smaller than the differences
between realizations. All results presented in this paper are calculated with a fully harmonic
weighting scheme.

3.1 Flow Field

As we mentioned above, calculations were carried out for three different realizations of the
random absolute permeability field. One particular realization is chosen here to present spatial
distributions of saturation, capillary pressure, hydraulic head, flow rate, and effective permeabi-
lity for the different test cases, with Ul, U2, U3 and U4 labeling the four unsaturated cases and
Case S being the fully saturated case. The spatial distribution of absolute permeabilities for the
particular selected realization is depicted in Figure 6.

11 X J—
8.0

6.0

z [m]

40F

2.0}

0.0

20 40 60 80 10.0 120 140 160 18.0
x[m]

Fig. 6: Spatial distribution of absolute permeability (in log;o m?)
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Note that the actual geometric mean and standard deviation of the generated absolute permea-
bility field in Figure 6 does not exactly match the input for the random field generator COVAR
[Williams & El-Kadi, 1986]: The actual values of the random field are log)g K =-12.05 m* and
s = 1.616 versus input values of logjo kK = -12.00 m® and s = 1.737. The contour values are
chosen to cover eight orders of magnitude, with the mean contour level equal to the geometric
. mean of absolute permeability.

Spatial Distribution of Hydraulic Variables

We will first discuss the results of the fully saturated Case S, which form the basis for compa-
rison with the results of the four unsaturated scenarios. Figure 7 shows the magnitude of water
flux in the model area. This allows for a visual interpretation with regard to the degree of chan-
neling and the location of channels. All values are relative flow rates, defined as the magnitude
of water flux divided by the infiltration rate Q™. The contour intervals are defined by dividing
the full range of values into equal steps.

As expected from previous studies regarding channeling phenomena in saturated media [e.g.
Tsang & Tsang, 1989; Moreno & Tsang, 1994], the majority of ﬂovi/ takes place in a few selected
pathways while a major part of the model area exhibits very low flow rates. It seems reasonable
to refer to these preferred flow paths as tortuous one-dimensional channels, and to describe the
flow field in the model area based on the properties of those channels rather than on the proper-
ties of the entire porous medium. A comparison of Figure 6 and Figure 7 indicates that the chan-
nels develop along interconnected zones of high absolute permeabilities; the fluid seeks to flow
in the least resistive pathways.

10.0

8.0

6.0

z [m]

40

20}

100 120 4.0 160 18.0
x [m]

003540 60 80

Fig. 7: Spatial distribution of relative flow rate for the saturated Case S

In the following section, we present simulation results for the unsaturated flow scenarios. Let
us first discuss the hydraulic properties of the four test cases in a more general manner to identify
the differences resulting from the different infiltration rates Q. Figures 8, 9 and 10 show the
vertical distribution of saturation, capillary pressure and hydraulic head, respectively. All values
are averaged over the width of the model area. (The reference pressure P; is chosen to 0.0 Pa.)
Case Ul, with the lowest infiltration rate, is associated with a low saturation, strong capillary
suction and a relatively small gradient of hydraulic head. In contrast, high infiltration rates as in
Case U4 lead to a high saturation and small capillary suction. Here, the gradient of hydraulic
head is larger; it essentially reflects the effect of gravity. The arithmetic mean of saturation is
0.52 for Case Ul, 0.60 for Case U2, 0.70 for Case U3 and 0.84 for Case U4.
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All curves in Figures 8, 9 and 10 are obviously affected by the groundwater table at z = 0.0 m,
with prescribed variables of S = 1.0 and P.,, = 0.0 Pa along the bottom boundary. For Cases U2,
U3 and U4 this effect vanishes at a certain distance from the groundwater table; the saturation
and capillary pressure values are macroscopically uniform outside of this boundary region, and
the gradient of hydraulic head is almost constant. Thus, the upper region of the model area may
represent the vadose zone of a hydrogeological system which is not influenced by the groundwa-
ter table. In Case U1, however, both saturation and capillary pressure vary over the whole depth
of the model area, and the gradient of hydraulic head increases with the distance from the
groundwater table. Here, the whole flow domain is sensitive to the lower boundary and hence is
completely located in a transition zone between the groundwater table and the vadose zone. At
the end of this paper, we will briefly demonstrate that the main findings of our numerical study
also hold for deep groundwater systems where the area of interest is not influenced by the
groundwater table. ’

The saturation profiles of all test cases in Figure 8 show very strong local variations while the
capillary pressure profiles in Figure 9 and the hydraulic head profiles in Figure 10 are much
smoother. This is a typical observation in unsaturated flow systems, originated in the physics of
unsaturated flow [Roth, 1995]. The gradient of hydraulic head, essentially determined by capil-
lary pressure and gravity effects, is the driving force for water flux, and this flux has the tendency
to minimize the gradient. The saturation S has no function as a driving force; it is basically deter-
mined by the capillary pressure at a certain location, with the relation between S and P, given
by the capillary pressure function in Eq. (2). Since Py, varies only slowly in space, the spatial
variation of S reflects the spatial variation of the capillary pressure function, given by the scaling
law in Eq. (5). Note that all saturation profiles shown in Figure 8 have a similar pattern of local
variation, due to the fact that the same heterogeneous field is used.

Figure 11 shows the spatial structure of the saturation fields for Cases Ul, U2, U3 and U4. As
already observed in Figure 8, the impact of the different infiltration rates Qs is immediately evi-
dent: Case Ul 1s associated with a low mean domain saturation, showing large areas close to the
residual saturation. In contrast, Case U4 has a high mean domain saturation, with major parts of
the model area fully saturated. In all cases the spatial structure of the calculated saturations re-
flects the heterogeneity of the absolute permeability field in Figure 6. Zones of low absolute
permeability correlate with high saturation values while high absolute permeability zones exhibit
low saturations. The observed saturation values cover almost the entire possible range between
the residual saturation S; = 0.2 and the maximum saturation S = 1.0. Even in Case U4, with a
high mean domain saturation, the minimum value is S = 0.21, indicating a strong heterogeneity
of the saturation field.

As the relative permeabilities in unsaturated media are strongly dependent on saturation, we
may expect major changes in the hydraulic structure of the system. Figure 12 shows the spatial
distribution of effective permeabilities in the model area. The contour intervals are identical in all
cases to allow for a comparison between the different permeability fields. We choose the same
contour intervals as used in Figure 6 for the absolute permeabilities; the contour values cover
eight orders of magnitude, with the mean contour level equal to the geometric mean of the effec-
tive permeability.

Let us first discuss Case Ul, the low saturation case. The effective permeability field appears
to be as heterogeneous as the absolute permeability field shown in Figure 6. However, the
hydraulic structure is completely reversed. Due to their low saturation, zones of high absolute
permeability now have the lowest effective permeability, and vice versa. Apparently, the relative
permeability values according to Eq. (3) drop so rapidly with decreasing saturation that even-
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tually the effective permeabilities of low saturation zones become almost negligible, despite of
their high absolute permeability values.

In Case U2 we observe a similar spatial distribution of the effective permeabilities as in Case
U1, the two cases seem spatially correlated. For example, both cases show a very typical pattern
of low effective permeability zones in the center of the model area. However, the hydraulic field
in Case U2 seems less heterogeneous than in Case Ul. Apparently, the degree of heterogeneity
decreases with increasing saturation. This trend is even more evident in Case U3. Here, most of
the effective permeabilities seem to be in a small range around the geometric mean, as it is
typical for homogeneous media. Cases with an intermediate degree of saturation seem to display
a natural smoothing effect with regard to the fluctuations in effective permeability values.

The results for Case U4, however, show that a further increase in infiltration rates and mean
domain saturation does not lead to a further homogenization. On the contrary, the variation of
effective permeabilities in Case U4 seems slightly larger than in Case U3. Another interesting
- point is the spatial structure of the effective permeability field: some parts of the model area
show a correlation with the other unsaturated cases (i.e. areas with low saturation); in other parts,
however, the hydraulic structure is more similar to that of Case S (i.e. areas with high saturations,
e.g. close to the left boundary of the model area). Obviously, Case U4 represents a transition
scenario between predominantly unsaturated conditions as in Cases Ul, U2, U3 and fully satura-
ted conditions as in Case S. .

Figure 13 shows the flow fields calculated for the different unsaturated cases. As in Figure 7
for Case S, we present relative values for the magnitude of flux, with the actual value divided by
the infiltration rate Q¢ of the particular test case. In all cases we define the contour values by
dividing the range of actually occurring flow rates into equal intervals.

The distribution of flow rates reflects the heterogeneity of the effective permeability fields, as
presented in Figure 12. For Case Ul, with low mean domain saturation and strongly varying
effective permeabilities, channeling effects are very obvious: Only a few selected pathways
develop in the model area. Here, the degree of channeling seems similar to that of the fully satu-
rated Case S (compare to Fig. 7). However, the location of channels is very different. In Case S
preferred flow paths correlate to high absolute permeabilities, while in Case Ul channels develop
along interconnected zones of higher saturation which now correspond to zones of low absolute
permeabilities. '

In Cases U2, U3 and U4, with a higher degree of saturation and less variation in effective per-
meability, the ratio between maximum and minimum flux is much smaller than in Case Ul.
Especially in Cases U3 and U4 we observe an almost homogeneous flow pattern. Also, the
direction of flow is predominantly vertical, indicating that the conducting zones are well con-
nected. This is different in cases with pronounced channeling effects as in Cases Ul and S. In the
latter two cases, the flow paths are very tortuous and include parts with predominantly horizontal
flow, apparently because low-permeability zones block the direct vertical connection.
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'+ Statistics of Hydraulic Variables

In the next section we will analyze the statistics of effective permeabilities to support the more
visual interpretation presented in the last paragraphs. Figure 14 shows the frequency distributions
for the different test cases, Figure 15 presents the respective standard deviations. To get a more
complete picture we include results of all three realizations. In both figures, the differences bet-
ween realizations appear to be much smaller than the differences between particular test cases.

Naturally, the frequency distributions in Figure 14 are strongly dependent on the infiltration
rates and the mean domain saturation. The lowest effective permeabilities are obtained in Case
Ul, associated with a very low infiltration and a low degree of saturation. Then, with increasing
infiltration, the frequency distributions shift to higher effective permeabilities, with the maxi-
mum values found for the fully saturated Case S. Note that in the latter case the effective
permeability distribution is equal to the absolute permeability distribution.

An interesting point is the shape of the frequency curves. In Case Ul and Case S we find very
broad distributions, indicating the strong heterogeneity of the hydraulic fields. In the other cases,
the frequency distributions are more narrowly peaked, corresponding to a less heterogeneous
medium. Almost all distributions appear asymmetric, with the peak frequency in the upper range
of values and a tail of small frequencies in the lower range of values. Only the effective permea-
bility distributions of Case S are symmetric since they essentially represent the lognormal distri-
bution provided by the random field generator.
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Fig. 14: Frequency distribution of effective permeability, for three realizations of the hetero-
geneous field

The standard deviations presented in Figure 15 summarize the results of the statistical analy-
sis. The standard deviations of the low saturation Case Ul and the fully saturated Case S are in
the same high range, both representing very heterogeneous fields. Resulting from these heteroge-
neities are the strong channeling effects for both scenarios, as shown in Figures 7 and 13, respec-
tively. In cases with intermediate saturations, however, the standard deviations drop significantly;
the flow system becomes more homogeneous. In particular, Cases U3 and U4 represent an inter-
mediate range of heterogeneity where, according to previous studies, channeling effects are less
evident [Moreno & Tsang, 1994]. These findings are essentially consistent with the results of
Roth [1995]; minor differences are mainly due to differences in the parameters chosen for the
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simulation runs. In our study the heterogeneity and spatial correlation of the random field is
much higher; further differences occur in the characteristic functions, boundary conditions and
numerical solution techniques used.
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Fig. 15: Standard deviation of effective permeability (in log;o m?) as a function of the infiltration
rate, for three realizations of the heterogeneous field

An interesting question is whether, in addition to the mean and standard variation, the spatial
correlation of effective permeabilities also changes with the infiltration rate. Figure 16 presents
semi-variograms for the different cases and the three realizations of the random field. The dotted
curves show the semi-variograms calculated in x-direction, and the dashed curves show the semi-
variograms calculated in z-direction. Cases U3, U4 and S have an isotropic spatial correlation
while in Case Ul and, less obviously, in Case U2 the variances in z-direction are higher than in
x-direction. This is due to the lower “groundwater table” boundary condition; in Cases Ul and
U2 its impact is stronger than in the other cases (compare to Fig. 8, 9 and 10).

The semi-variogram for Case S represents the spatial correlation of the absolute permeability
fields, as provided by the random field generator. It reaches its sill at about 1.5 m which coin-
cides with the effective correlation range chosen for the random fields. A similar range of spatial
correlation is obtained in the low infiltration Case Ul (x-direction). However, in cases of inter-
mediate saturation the correlation in space seems much smaller. For example, in Case U3 the
effective range of correlation is about 0.6 m which is almost three times smaller than the initial
spatial correlation chosen for the absolute permeability field. Apparently the infiltration rate-not
only changes the heterogeneity of the effective permeability field, but also the spatial correlation.
In cases of intermediate domain saturation, the flow system becomes more homogeneous and
features smaller correlation ranges.
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3.2 Solute Transport Field

In this section we present results of particle tracking simulations performed for the different
infiltration rates. These results are carefully analyzed and studied to obtain (1) a better under-
standing of the phenomenology of channeling in variably saturated flow fields and (2) a better
understanding of the impact of heterogeneity and mean domain saturation on particle arrival
times or the dispersion phenomenon. As already mentioned, we consider a steady-state flow
situation, and the tracking procedure is performed with steady-state particle velocities.

Particle Tracks

Figures 17, 18, 19, 20 and 21 show particle traces calculated for the different test cases. For
the sake of a better visualization, we present only 50 particles which are chosen randomly out of
the 300 released at the top boundary of the model area. The number of particles introduced at
each location is proportional to the infiltration rate at that point, i.e. we assume that the infiltrated
water has a uniform concentration value. We follow the particles through the model area, collect
them at the bottom boundary and record the travel time taken by each particle. For each of the
five scenarios with different infiltration rates, we present a sequence of three time periods,
chosen to be 10 %, 40 % and 100 % of tmean, With tmean defined as the mean travel time of the
fastest 90 % of the 300 particles. The traces of particles that have been transported in these time
periods are drawn as black lines. Only one particular realization of the random absolute permea-
bility field is chosen for all these figures; it is the same realization as presented in section 3.1.

The low saturation Case Ul (in Fig. 17) and the fully saturated Case S (in Fig. 21) clearly
indicate the existence of solute channeling. Particles (or solutes) travel mainly along preferred
flow paths while large parts of the model area are not affected. In both cases we observe three
major channeling zones each containing a number of particle traces. These zones would be asso-
ciated with a high contaminant concentration. The other parts of the model area, which bardly
contain any particle traces, can only be contaminated through molecular diffusion processes, and
thus would be associated with very low contaminant concentration values. Consequently, field
tracer tests have to be designed in a way that the heterogeneity of the solute transport is recorded,
for example by performing line measurements rather than highly localized (“point”) measure-
ments [Moreno et al., 1990]. As already stated in previous paragraphs, the degree of channeling
appears to be similar for Cases Ul and S; however, the locations of the channels are very diffe-
rent.

For infiltration rates higher than that of Case Ul we observe a different picture. Especially
Case U3 (in Fig. 19) and Case U4 (in Fig. 20) exhibit widely spread particle paths where chan-
nels can hardly be identified. The particles cover almost the entire model area, indicating a fairly
homogeneous concentration field.

A comparison of the results for different time intervals within a time sequence indicates that
the transport along preferred flow paths can be much faster than the average transport in the
entire area. In Case Ul, for example, some particles have almost reached the bottom boundary of
the model area after a time period 0.4 x tmean. At the same time, other particles are still close to
the input cross section since they are apparently moving in low velocity zones. A similar picture
can be observed in Case S. Then, with increasing saturation levels as in Cases U2, U3 and U4,
the differences between fast and slow flow paths decrease; an almost spread-out solute front is
moving through the model area and the channeling effect is much less pronounced.
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These results have some interesting implications for solute transport in heterogeneous fields,
in that the location of particle paths changes with the infiltration rate. For example, contaminated
soil can be cleaned by imposing large flow rates to dilute the water. However, when the area of
concern has been contaminated during a low precipitation period this dilution process can be
much less effective than expected because the hydraulic structure of the system reverses comple-
tely with larger infiltration rates. As a consequence, in-situ remediation strategies for variably
saturated media have to consider the mean domain saturation to avoid failure. Moreover, inten-
tionally modifying the hydraulic structure of flow systems might offer new clean-up possibilities:
Low-flux zones which have been contaminated mainly due to diffusion processes may directly be
cleaned when converted into high-flux zones by changing the infiltration rate [Roth, 1995].
Another implication is related to retardation of radionuclides from a nuclear waste repository in a
variably saturated geologic medium. As saturation changes, major flow paths also change, thus
making new rock surface areas accessible for chemical reactions and retardation.

Statistics of the Channel Properties

In this section we present the hydraulic properties of the channels and compare them to the
hydraulic properties of the entire porous medium. First, we are interested in the correlation bet-
ween the absolute permeabilities as an intrinsic characteristic of the geologic system and the
preferential particle paths obtained for the different mean domain saturations. The absolute
permeability values along the particle traces of the 90 % fastest particles are collected and plotted
as a frequency distribution (the channel distribution). The mean and the standard deviation of this
distribution are calculated and compared to the respective values of the entire flow domain.

Figure 22 shows the frequency distributions obtained for the different test cases. All three
realizations of the random permeability field are included. The heavier solid lines give the chan-
nel frequency distributions, the dashed lines give the frequency distributions for the entire flow
field, as provided by the random field generator. It is obvious from Figure 22 that (1) the absolute
permeabilities along channels are different from the properties of the entire flow domain and (2)
the absolute permeabilities along channels strongly depend on the degree of saturation. In Case S
the majority of the absolute permeability values along the channels is much higher than the mean
absolute permeability of the entire flow domain. This is reasonable since channels in fully satura-
ted media develop along interconnected zones of high absolute permeabilities. Then, for the
cases with smaller infiltration rates, the absolute permeabilities measured along channels
decrease significantly; the frequency distributions shift to lower values. This is also reasonable
since areas of large absolute permeability drain first with decreasing saturation and do not contri-
bute anymore to the main flow and transport processes. All channel distributions are more nar-
rowly peaked than the distributions of the entire flow field, indicating a smaller heterogeneity
along the channels. This exemplifies the fact that channels choose the least resistive paths in the
flow field; thus the variation of absolute permeabilities along channels is naturally smaller than
the variation in the entire domain. -
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Figures 23 and 24 provide a summary picture of the absolute permeability distributions by
giving the geometric mean and the standard deviation. Again, all realizations are included. The
heavier lines with symbols represent the channel properties and the horizontal lines represent the
properties of the entire flow domain. Note that the actual mean and standard deviation of the
entire flow domain for the three realizations do not exactly coincide with the input values for the
random field generator.

Figure 23 shows that for Cases U3, U4 and S the mean absolute permeability of the channels
is higher than the mean absolute permeability of the entire flow domain, indicating that in all
these cases the maximum values of effective are found in areas of intermediate to high absolute
permeabilities. This changes when the mean domain saturation decreases further. For Cases Ul
and U2 the hydraulic structure of the flow field is completely reversed. Here, the mean absolute
permeability along channels is smaller than the mean absolute permeability of the entire flow
domain. The least resistive paths are now those along low absolute permeability zones which are
associated to small pore sizes and strong capillary suction. Hence, these zones maintain higher
saturations than areas of large absolute permeabilities, and eventually their effective permeability
values become higher.
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Fig. 23: Mean absolute permeability (in log;o m?) for the channels and the entire flow domain as
a function of the infiltration rate, for three realizations of the heterogeneous field

Figure 24 demonstrates that the channels distributions of absolute permeability have smaller
standard deviations than the distributions for the entire flow domain. It is interesting that the
channel standard deviations of all cases very similar, despite of the fact that the hydraulic struc-
ture of these cases is very different.
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Now let us study the effective permeability measured along the particle traces. Under partial
saturation the effective permeability distribution defines the flow rate through channels as well as
the variation of flow along the channels. In Figure 25 we compare the mean log effective per-
meability of the channels with the mean log effective permeability of the entire flow field.
Remember that for Case S the effective permeability is equal to the absolute permeability. It is
obvious that (1) channels are more (effectively) permeable than the entire flow domain, and that
(2) cases with intermediate saturation exhibit the smallest differences between the channel distri-
bution and the distribution of the entire flow domain. This is consistent with the earlier observa-
tion that the degree of channeling is smaller for Cases U2, U3 or U4 than that of Cases Ul and S.

Figure 26 presents the standard deviations of the effective permeability distributions for the
channels and for the entire flow field, respectively. The latter have previously been presented in
Figure 15. While all channel distributions have smaller standard deviations than the global distri-
butions, the statistics of the channels follow the same trend as the statistics of the entire flow
domain, i.e. the smallest standard deviations are found in cases of intermediate infiltration rate.
The differences between the channel standard deviations and the global standard deviations,
however, appear to decrease with increasing mean domain saturation. As a result, the unsaturated
cases exhibit a smaller variety of effective permeabilities along the channels than the saturated
case. In particular, in Case Ul we observe the channel standard deviations to be in the range of
0.8, whereas in Case S we observe values around 1.2. This is in contrast to the statistics of the
entire flow domain, which indicates that the standard deviations in Case Ul are slightly higher
than in Case S. Apparently, the statistical properties of the entire flow domain may not provide
a good estimate for the characteristics of flow and transport along channels. This will be further
discussed when analyzing the tracer breakthrough in such systems.
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Fig. 25: Mean effective permeability (in log;o m?) for the channels and the entire flow domain as
a function of the infiltration rate, for three realizations of the heterogeneous field
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Let us finally study the statistics of the water saturation, presented in Figure 27 (arithmetic.
mean) and Figure 28 (standard deviation). The mean saturation values show that channels tend to
follow the higher saturated zones of the flow field. The lower is the infiltration rate, the larger is
the difference between the mean saturation of the channels and the mean saturation of the entire
domain. The channel saturations are more homogeneous than the saturation values in the entire
flow field, indicated by smaller standard deviations. Naturally, Case S is exceptional because of
its uniform saturation value of 1.0, resulting in a zero standard deviation.

A common characteristic of all figures presented in this section is the fact that the three reali-
zations exhibit very similar statistical results for the channel properties, with only minor diffe-
rences in mean values and standard deviations. Essentially, these minor differences in the chan-
nel statistics are in the same range as the differences in the statistics of the entire flow field for
the three realizations. Thus, we may conclude that they mainly originate from the random pro-
cedure to generate the absolute permeability fields. '

‘The similarity of the three realizations with regard to the channel statistics is interesting when
considering that the actual locations of channels can be totally different for the realizations of a
particular test case. Only the degree of channeling is similar. Thus, the statistical properties of the
channels are independent of the specific locations and geometry, and may be an intrinsic charac-
teristic of the heterogeneous medium and the degree of saturation. Then, it seems possible to
characterize the flow and transport processes in a variably saturated medium by providing the
statistical properties of the channel distribution only [Chesnut, 1992 and 1994].

Case U1 Case U2 Case U3 Case U4 Case S
1.00 —r—r——r——————r————7 T T 4y -

0.90
0.80 |-
! Channels Only
.......... -

& wssuansmasesnely prat st e
« e e F*
O i
E .
= Entire|Flow Field :
= o5 ' _
h : -
< i

0.40 — _

0.30 - ;

0.20 [ L o S ]

. -5.0 -4.0 -3.0 2.0 10 o

I0910 (Qinfl Q, sat) [-]

inf

Fig. 27: Mean saturation for the channels and the entire flow domain as a function of the infiltra-
tion rate, for three realizations of the heterogeneous field
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Tracer Breakthrough Curves

- In this section we study the characteristics of solute transport in terms of tracer breakthrough
curves, by collecting the fastest 90 % of the particles, calculating their travel times from the top
to the bottom boundary and grouping them into specified intervals of arrival times. The results
represent tracer mass versus arrival time curves from a pulse tracer injection test. Figure 29
shows the simulated curves for all cases and three realizations of the random field. The dashed
.curves correspond to the particular realization shown in Figures 6-13 and 17-21. The travel time
on the horizontal axis is presented as a dimensionless variable, with the actual travel time divided
by the mean travel time of all particles. The numbers on the vertical axis denote the relative
number of particles arriving at the bottom boundary within a certain time interval; i.e. the actual
number of particles is divided by the total number of particles. Note that in Figures 17-21 only 50
particle traces are presented while the curves in Figure 29 are calculated with 300 particles. This
gives rise to minor discrepancies.

Let us first discuss some results of a previous study on solute transport in saturated media of
variable heterogeneity [Moreno & Tsang, 1994]. It has been found in this study that for small
standard deviations of absolute permeability most particles travel with the mean particle velocity;
i.e. tracer breakthrough curves would present a peak at t/tygan = 1.0, with values around the peak
value spreading out as the standard deviation increases. However, for very large standard devia-
tions, a new peak at much earlier times emerges, indicating the strong effect of channeling in
very heterogeneous media. Particles traveling in channels are transported many times faster than
particles traveling in homogeneous media. Moreno & Tsang refer to this as the “fast channeling
effect”. At the same time, some particles are traveling at least part of their way in low absolute
permeability zones, and then their travel time is much larger than tygan. This results in the typi-
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cal long tail of the breakthrough curves. For intermediate standard deviations an interesting tran-
sition is observed: The tracer breakthrough is wide and diffused; a distinct peak value can hardly
be identified. '

As a matter of fact, all of the above presented characteristics can be found in the tracer break-
through curves shown in Figure 29. However, in our study the absolute permeability fields have a
uniform degree of heterogeneity with a large standard deviation of 1.737 (in log;o m?) which,
according to the findings of Moreno & Tsang, gives rise to strong channeling effects. Thus, the
differences between the test cases are not originating from different degrees of heterogeneity in
the absolute permeability field, but only from the different degrees of saturation.

In Cases Ul and S we obtain tracer breakthrough curves which are typical for solute transport
in heterogeneous flow fields with strong channeling effects. The peak travel times are very short,
meaning that a significant part of the solute is transported many times faster than the mean time
for the bulk of the fluid. Some of the curves exhibit two or three early peaks, indicating that par-
ticles are transported in two or three fast channels. The tracer breakthrough curves would be
smoother for larger model areas when more channels were included.

For cases with an intermediate degree of saturation the tracer breakthrough curves are very
different. In particular, Case U3 represents the typical curve of a homogeneous porous medium
with low dispersion. The peak travel time almost corresponds to tyean, and the differences bet-
ween first and last arrival are smaller. Also, the shape of the curves is smoother than in the early
peak cases; apparently the solute is now transported by many near-vertical channels.

Case U4 exhibits very wide and dispersed tracer breakthrough curves, with a significant num-
ber of particles arriving at both early and late times. Also, the peak values are smaller than in the
other cases. According to Moreno & Tsang this behavior is typical for intermediate degrees of
heterogeneity. Note that in Figure 13 we observed a similar degree of channeling for Case U3
and Case U4. Moreover, the standard deviations of effective permeabilities in the entire flow
domain were about in the same range for both cases (see Fig. 15). Thus we would expect the
tracer breakthrough curves of these two cases to be similar as well; however, there are very
obvious differences. Then, since the degree of channeling is the same, we may conclude that the
flow along the channels is more heterogeneous in Case U4 than in Case U3. Indeed Figure 26
shows that the standard deviations of effective permeabilities along the channels are higher in
Case U4. We assume at this stage that this behavior is caused by the structure of the saturation
field: Case U4 represents a transition scenario between predominantly unsaturated flow and fully
saturated flow; thus it features characteristics of both types of flow. However, this aspect needs
further study and consideration.

Our results have some implications with regard to the analysis of field tracer tests in variably
saturated media. It is apparent that the characteristics of solute transport are strongly dependent
on the saturation of the soil. Thus, the dispersivities derived for a certain level of saturation may
be completely meaningless for a case of a different level of saturation. In particular, the transport
behavior under predominantly unsaturated conditions cannot be simply estimated from tracer
breakthrough curves of predominantly saturated flow, and vice versa. A thorough interpretation
of field tracer tests is thus not possible without taking the actual saturation of the flow field into
account. :
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Sahimi et al. [1986a and 1986b] used a percolation approach to study tracer dispersion in two-
phase flow systems with random heterogeneity. Their results indicate that the heterogeneity of
the flow system constantly increases as the mean saturation level decreases; i.e. a “smoothing”
effect within intermediate saturation ranges, as found in our study, is not obtained. These diffe-
rences may be due to the different conceptual models used. While our study (and the study of
Roth [1995] which gives similar results) follows the continuum concept of unsaturated flow, and
describes the porous medium with effective continuum parameters such as saturation and relative
permeability, Sahimi et al. use a pore scale model which simulates the soil as a network of ortho-
gonal stream tubes with random radii. The capillary pressure value corresponding to the pore
radius of a tube determines if it is occupied or not by the wetting phase. Thus, with decreasing
saturation, more and more tubes drain and become completely inactive for flow. The remaining
network of conductive tubes becomes very sparse and tortuous, and finally approaches a state
where only isolated clusters of connected tubes exist (percolation threshold). This procedure
gives rise to a strong increase in dispersivity with decreasing saturation. With continuum models,
on the other hand, the entire model area is always conductive, although the conductivity may be
almost negligible for low saturations. Thus the connectivity of flow paths is not an issue. Another
reason for the differences might be that Sahimi et al. use non-correlated distributions of tube
radii. As a consequence, the probability of tubes with similar radii forming long conductive
channels is rather small. On the other hand, we use a correlated heterogeneous field generated by
recently developed methods. ’

3.3 Dependence of Results on Type'of Lower Boundary Condition

Up to now it was assumed that the lower boundary of the model area coincides with the
groundwater table, i.e. S = 1.0 and P, = 0.0 along this boundary. This conceptual model repre-
sents shallow groundwater systems where the area of interest is adjacent to the saturated zone.
However, in particular cases one might be interested in deep geologic systems with a very exten-
ded vadose zone. Then, the groundwater level might be much lower than the area of interest, and
does not affect the hydraulic variables in the model area. To study such cases, we perform simu-
lation runs with a different lower boundary condition; i.e. for each saturation scenario we impose:
the same capillary pressure value along the lower boundary as that chosen for the upper boun-
dary. Then the saturation and capillary pressure values are macroscopically uniform in the model
area, and such is the gradient of hydraulic head. Figures 30, 31 and 32 show vertically distribu-
tions of saturation, capillary suction and- hydraulic head, calculated for the new set of boundary -
conditions and presented for one particular realization of the random field. All values are aver-
aged over the width of the model area (compare to Fig. 8, 9 and 10 for the original set of boun-
dary conditions).
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Our simulation results show that the general findings of the previous sections hold for the new
boundary condition as well. Naturally, the main differences between the two types of boundary
condition occur for Case Ul which is strongly influenced by the “groundwater table” at the bot-
tom of the model area. However, even in Case Ul the characteristics of flow and solute chan-
neling are essentially similar for the two different boundary conditions. As an example for the
results of the new simulation runs, Figure 33 depicts the standard deviations of the effective per-
meability distribution for the channels and the entire porous medium. The solid lines give the
results obtained with the new capillary pressure boundary condition, and the dashed lines show
the results calculated with the original lower “groundwater table” boundary condition, as presen-
ted in Figure 26.

It is obvious from Figure 33 that the most promment features of the effective permeability
distribution are preserved; e.g. the reduction of the effect of heterogeneity for intermediate satu-
ration levels, and the fact that the heterogeneity of flow along the channels is higher for flow
fields with almost full saturation. The latter phenomenon is even more pronounced with the new
boundary condition; apparently because the flow field is not influenced by a certam trend of
hydraulic properties in vertical direction.
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3.4 Implications for Field Observations

The existence of flow and solute channeling in heterogeneous, variably saturated media is
consistent with a number of experimental findings, such as the high spatial variability in solute
concentrations found in some soils [e.g. Schulin et al., 1987; Flury et al., 1994], or the very slow
dilution of salts from saline soils [Thomas & Phillips, 1979]. A detailed discussion of different
experimental studies is given in Roth [1995]. However, one of the main conclusions of this study,
the dependence of the grade of channeling (and the respective grade of heterogeneity in flow and
transport) on the mean domain saturation, has to our knowledge not yet been demonstrated in
laboratory or field experiments. Schulin et al. [1987] observed significant differences in the
spreading pattern of two almost ideal tracers, bromide and chloride, which were applied in
different seasons of the year. These differences might partially be caused by the changing flow
structure with changing mean domain saturation. -

The results of the present investigation point out a new perspective of understanding data
obtained in experimental studies. Thus it will be very useful to reanalyze the field observations of
transport in unsaturated media keeping in mind the saturation dependence of the flow structure.
Moreover, new experiments should be performed, with the focus on the characteristics of flow
and transport while different infiltration rates are applied.

The observed dependence of the flow and transport behavior on the mean domam saturation
requires a very careful design and interpretation of field tracer tests, in particular in zones with
periodic fluctuations of the groundwater table, or in areas with significant differences between
dry and wet seasons. Changes in the mean domain saturation might completely reverse the flow
structure, they influence the spatial correlation of permeabilities, and they significantly affect the
heterogeneity of the flow field, the degree of solute channeling, and the location of channels. As
a consequence, dispersivities derived from tracer tests under one set of conditions may be mean-
ingless for another set of conditions. Another aspect is that in-situ remediation strategies have to
be designed under consideration of this saturation dependence to avoid failure. As saturation
changes, major flow paths also change, and large areas of the flow domain might be less acces-
sible for dilution processes than expected. On the other hand, the possibility of modifying the
structure of flow paths by intentionally changing the infiltration rate might offer a new perspec-
tive for the clean-up of soils: Low-flux zones which have predominantly been contaminated
through diffusion processes may be accessed directly under a different set of conditions. This
aspect deserves further attention in future studies.
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4  Summary and Conclusions

Numerical simulations have been performed to study flow and solute channeling in a two-
dimensional vertical cross-section of a strongly heterogeneous porous medium. Different satura-
tion scenarios were applied varying from fully saturated conditions to highly unsaturated condi-
tions, reflecting different infiltration rates into the flow domain. Three realizations of random
absolute permeability fields were generated in our study. The simulation was done with the
multi-component, multi-phase simulator TOUGH?2 developed at the Berkeley Laboratory. Since
we assumed a steady-state flow field we did not address the transient phenomenon of flow
fingering at the interface between two phases, which is a different subject of research, studied by
a number of other authors.

It was found that the degree of channeling, the location of channels and the hydrauhc proper-
ties along channels are very much dependent on the mean domain saturation. Strong channeling
effects were obtained in both fully saturated and in low saturation cases. However, while with
fully saturated conditions channels develop along zones of high absolute permeabilities, in the
case of low saturation we find channels only in zones of low absolute permeabilities. Within
intermediate saturation ranges, channeling effects are less significant and the system exhibits a
more homogeneous flow pattern. Here, the strong heterogeneities in the flow field are dampened,
and the standard deviation of the effective permeabilities drops significantly compared to the
standard deviation of the absolute permeabilities. Also the spatial correlation changes; the corre-
lation length of the effective permeability field is much smaller in cases of intermediate satura-
tion than in the other cases.

Generally, the mean saturation and mean effective permeability along channels were found to
be larger than the respective values for the entire domain. At the same time, the variability of
these variables was much smaller when measured along the channels. The specific location and
geometry of channels appeared to be very different from realization to realization. However, we
found that the hydraulic properties of the channels were independent of the particular realization,
provided that the same saturation scenario was considered. Thus, it seems possible to describe
flow processes in a variably saturated medium by providing the statistical properties of the chan-
nel distribution only. <

The characteristics of solute transport in such systems essentially reflect the degree of chan-
neling. In cases when flow channeling is less evident we observed much smaller dispersion
effects than in cases with strong channeling phenomena. However, some discrepancies from this
general trend were found for cases with predominantly saturated flow. Here, the breakthrough
curves were more diffused than the curves obtained for the unsaturated cases, even when a simi-
lar degree of channeling and a similar degree of heterogeneity in effective permeability was
observed. Apparently, this is originated in the fact that the heterogeneity of flow along the chan-
nels is higher for flow fields with almost full saturation. Thus, the variability of hydraulic para-
meters in the entire flow domain does not necessarily reflect the dispersive behavior in variably
saturated media. Additional information is needed, e.g. the degree of saturation or the variability
of the channel properties. This aspect needs further attention in future studies.

The saturation dependence of flow and transport characteristics in variably saturated media
has important implications, ranging from the design and interpretation of field experiments to the
in-situ remediation of contaminated soils.
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