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Abstract The pumping of water from a sand box with a
finer layer on the top was studied theoretically and
experimentally. The sand box, saturated at its lower
portion and initially in hydrostatic equilibrium, was
pumped at constant rate. The results show that significant
negative air pressure can be generated in the vadose zone
during pumping. The negative air pressure increases
quickly in the earlier stage of pumping, reaches a
maximum, and then gradually becomes zero. The initial
water-table depth has a significant effect on the generated
negative air pressure. The shallower the initial water table,
the larger the vacuum, and the longer the time to reach the
maximum vacuum. A transient, three-dimensional model
was constructed using TOUGH2-MP to simulate the air-
water two-phase flow processes in the sand box. The
reasonable match between the numerical solutions and the
experimental data indicates that the numerical model can
reproduce the dynamic process of air and water flows. The
study has implications in pumping test analyses. If the air
pressure in the two-layer system is ignored, the drawdown
in the system will be underestimated, especially when the
upper layer has low permeability and the initial water table
is close to the interface of the two layers.
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Introduction

In analyzing pumping test results in unconfined aquifers,
the unsaturated zone is usually ignored and the aquifer is
assumed to be homogeneous (e.g., Dagan 1967; Neuman
1972, 1974, 1975; Streltsova 1973; Kroszynski and Dagan
1975). However, many researchers found that the unsat-
urated zone has a certain effect on the response of
unconfined aquifers to pumping (Nwankwor et al. 1992;
Akindunni and Gillham 1992; Narasimhan and Zhu 1993;
Halford 1997; Moench et al. 2001; Moench 2004; Endres
et al. 2007; Narasimhan 2007; Bunn et al. 2010; Mao et
al. 2011). Various analytical solutions (Kroszynski and
Dagan 1975; Mathias and Butler 2006; Tartakovsky and
Neuman 2007; Mishra and Neuman 2010, 2011) and
numerical models (e.g., Cooley 1971; Akindunni and
Gillham 1992; Narasimhan and Zhu 1993; Halford 1997;
Moench 2003, 2008; Bunn et al. 2010; Mao et al. 2011)
have been developed to interpret the pumping test data by
considering the unsaturated zone flow processes.
Furthermore, the test results can be influenced by
heterogeneity (Akindunni and Gillham 1992; Moench
2004, 2008; Mao et al. 2011) and airflow (Bouwer and
Rice 1978; Jiao and Guo 2009).

Airflow may have a significant impact on pumping test
results under some conditions. For example, if the
unsaturated zone contains a layer with low air permeabil-
ity, then movement of air through this zone is restricted by
this low-permeability layer (Vachaud et al. 1973; Bouwer
and Rice 1978). This restricted air movement will produce
negative air pressures in the unsaturated zone with respect
to atmospheric pressure during pumping (Bouwer and
Rice 1978). Jiao and Guo (2009) found that the generated
negative air pressures have significant effects on draw-
down-time curves and subsequent aquifer parameter
estimation.

Many researchers investigated the effects of air on the
drainage processes in vertical sand columns (Behnke and
Bianchi 1965; Watson and Whisler 1968; Vachaud et al.
1973; Bouwer and Rice 1978; Kuang et al. 2011). Behnke
and Bianchi (1965) investigated the effects of air on
pressure distributions in layered sand columns during
drainage. Watson and Whisler (1968) studied the impact
of air on the relationship between water content and
pressure head for the coarse sand in a stratified sand
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column during drainage to a water table. In the
drainage of a vertical three-layered sand column with
fine sand over coarse sand over fine sand, Vachaud et
al. (1973) found that the soil air pressure differs
significantly from the external atmospheric pressure
and there is a lag in the drainage of the coarse sand
due to restricted air flow from the soil surface into the
layer. In a vertical two-layered column with glass
beads overlying medium sand, Bouwer and Rice
(1978) found that the calculated specific yield before
the air entry value of the glass beads is reached is
significantly lower than that obtained from the homo-
geneous sand column. Kuang et al. (2011) investigated
theoretically and experimentally the drainage of a
vertical sand column with a finer layer on the top.
Significant negative air pressure was observed in the
vadose zone of the column during drainage and the
cumulative outflow is significantly smaller than that of
the homogeneous sand column during most of the
drainage process.

The effects of air on unconfined aquifer pumping test
results were first studied quantitatively by Jiao and Guo
(2009). An unconfined aquifer with a low-permeability cap
was pumped at a constant rate and the drawdown and air
pressure in the unsaturated zone were observed. Results
show that drawdown obtained from the capped aquifer is
much greater than that obtained from the homogeneous
aquifer because the water is sucked by the negative air
pressure and the drainage from the pores is hampered. If the
pumping induced airflow is neglected, the hydraulic con-
ductivity of the aquifer will be overestimated and the specific
yield of the aquifer will be underestimated.

The objective of this paper is to investigate theoretically
and experimentally the negative air pressure induced by
pumping in an unconfined aquifer overlain by a low-
permeability layer. A large sand box was designed to
understand the air pressure induced by pumping. The sand
box contained a two layer aquifer system with a low-
permeability layer on the top. Water was pumped with a
constant rate and the drawdown in the aquifer and the air
pressure in the unsaturated zone were recorded. A numerical
model was used to interpret the experimental data and the
implication of the test results on field aquifer pumping test
data analyses is discussed.

Mathematical model

Governing equations
The physical model is a sand box in which a thin silt layer
overlies a thick medium sand layer (Fig. 1). The initial
water table is within the medium sand layer and the low-
permeability layer is above the water table. A partially
penetrating well which can pump water at constant rate is
located in the lower part of the aquifer as shown in Fig. 1.

The basic mass and energy balance equation
describing the isothermal air-water two-phase flow
problem in the sand box can be written in the
following general form (Pruess et al. 1999)

d

dt

Z
V n

MκdV n ¼
Z

Γ n

Fκ⋅ndΓ n þ
Z

V n

qκdV n ð1Þ

The integration in Eq. (1) is over an arbitrary
subdomain Vn of the flow system, which is bounded by
the closed surface Γn. The quantity M appearing in the
accumulation term (left-hand side) represents mass or
energy per volume, with κ labeling the mass component
of air or water. F denotes mass flux of air or water and q
denotes sinks and sources. n is a normal vector on surface
element dΓn, pointing inward into Vn.

The total mass of component κ is obtained by summing
over the fluid phases and can be written as

Mκ ¼ ϕ
X
β

SβρβX
κ
β ð2Þ

where ϕ is the porosity, Sβ is the saturation of phase β
(i.e., the fraction of pore volume occupied by phase β), ρβ
is the density of phase β, and Xβ

κ is the mass fraction of
component κ present in phase β.

Advective mass flux of a component (air or water) is a
sum over phases, which takes the form

Fκ ¼
X
β

X κ
βFβ ð3Þ

and individual phase fluxes are given by a multiphase
version of Darcy’s law:

Fβ ¼ ρβuβ ¼ −k
krβρβ
μβ

∇Pβ−ρβg
� � ð4Þ

where uβ is the Darcy velocity (volume flux) for phase β,
k is the absolute permeability, krβ is the relative
permeability of the porous medium to phase β, μβ is the
viscosity of phase β, Pβ is the fluid pressure of phase β,
and g is the vector of gravitational acceleration. The
pressures of liquid phase (Pl) and gas phase (Pg) are
related via the capillary pressure Pc (≤0):

Pc ¼ Pl−Pg ð5Þ

Constitutive relationships
The soil-water retention curve for both the medium sand
and the silt is chosen as the van Genuchten model (van
Genuchten 1980), which can be written as

Pc ¼ −P0 S
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where P0=ρwg/α, in which ρw is density of water, and g is
the gravitational acceleration, α is related to the inverse of
the air entry pressure, m=1−1/n, in which n is a measure
of the pore size distribution (van Genuchten 1980), and
Sew=(Sw−Srw)/(Ssw−Srw) is the effective water saturation,
in which Srw and Ssw are the residual and saturated water
saturation (Sw=θw/ϕ, where θw is the volumetric water
content), respectively.

The relative permeability to water is chosen as the van
Genuchten-Mualem model (Mualem 1976; van Genuchten
1980)
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The relative permeability to air is chosen as the Corey
model (Corey 1954; Pruess et al. 1999)

kra S�ew
� � ¼ 1−S�ew

� �2
1−S�2ew
� �

; Sra > 0ð Þ ð8Þ

where Sew
∗=(Sw−Srw)/(1−Srw−Sra), in which Sra is the

residual air saturation.

Experiments

Experimental setup
The physical system is a two-layered sand box with a thin
finer layer on the top (Fig. 1). A photo of the arrangement
of the apparatus for the experiments is shown in Fig. 2.
The length of the sand box is 396 cm and the width of the
sand box is 76 cm. The thickness of the lower layer is
97 cm and the thickness of the upper finer layer is 3 cm.

The lower layer material is uniform medium sand and the
upper layer material is well-graded silt. Figure 3 shows the
pore-size distributions of these soils. There is a water tank
on each side of the sand box which can supply water to
the aquifer during pumping. The dimensions of the left
water tank are 26 cm in length and 76 cm in width and the
dimensions of the right water tank are 18 cm in length and
76 cm in width (Figs. 1 and 2). In addition, there are two
adjustable small constant-head water reservoirs connected
to the two water tanks which can supply water to the two
water tanks (Fig. 1). There is a valve between the left
constant-head reservoir and the left water tank but there is
no valve on the right. A partially penetrating well with an
inner diameter of 4 cm is located at x=207 and y=38 cm
as shown in Fig. 1. The screen length is 20 cm and the
bottom of the screen is 20 cm above the base of the
aquifer.

Three U tubes are used to measure the negative air
pressures in the unsaturated zone generated by pumping.
These U tubes are numbered as U1–U3 in Fig. 1 and their
detailed locations are listed in Table 1. The radial distance
r in Table 1 is measured from the pumping well and the
vertical coordinate z is measured from the surface of the

Fig. 1 Schematic of the model domain

Fig. 2 Arrangement of the apparatus for the experiments
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silt. Figure 2 also shows the placement of the U tubes. The
fluid in the U tubes is water, which is the same as that
used to perform the pumping experiments.

Eleven piezometers are used to measure the drawdown
in the aquifer (Fig. 1) and their exact positions are shown
in Table 2. All these piezometers are located at the same
elevation, which is 5 cm above the bottom of the aquifer.
Figure 2 presents a photo of the arrangement of these
piezometers. In Table 2, the negative sign before the radial
distance r means that the piezometer is located at the left-
hand side of the pumping well. The preliminary results of
the experiments were reported by Huang et al. (2012).

Experimental procedure
Prior to pumping, the sand box is first saturated from
below very slowly until water appears at the surface of the
silt. This is accomplished by raising the two constant-head
reservoirs and adding water to them. Then, the two
constant-head reservoirs are slowly lowered to a specified
position. The water table is held at this position for several
hours so that the sand box is in hydrostatic equilibrium
and then the valve between the left constant-head reservoir
and the left water tank is closed. During the pumping
tests, negative air pressures (U tubes U1–U3) and
drawdown (piezometers P1–P11) are recorded manually
at specified time intervals. The pumping test is stopped
when the air pressure in the vadose zone recovered to
atmospheric pressure.

For the base case, the position of the initial water table
is set to be s0=18.6 cm below the surface of the silt. Two
other initial water-table depths, s0=11.2 and s0=15.2 cm,
are also chosen to compare the effects of initial water-table
depth on the generated negative air pressure. The
experimental procedures for these initial water-table
depths are the same as that of s0=18.6 cm.

A magneto-drive circulation pump (model MP-15R) is
used to pump water out of the sand box. The pumping rate
is measured manually a short time after the beginning of

the pumping test and near the end of the pumping. For all
the pumping tests, the first pumping rate is slightly larger
than the second one. For example, when s0=11.2 cm, the
first measured pumping rate is Q=3.08 m3/day and the
second measured pumping rate is Q=3.03 m3/day. The
average pumping rate Q=3.06 m3/day is then used as the
pumping rate for this initial water-table depth. The
average pumping rates for s0=15.2 and s0=18.6 cm are
Q=3.08 and Q=2.91 m3/day, respectively.

Numerical simulations

Model discretization
The numerical simulations of the experiments are
conducted using the EOS3 module in TOUGH2-MP
(Zhang et al. 2008) under isothermal condition.
TOUGH2-MP is a massively parallel (MP) version of
the TOUGH2 code (Pruess et al. 1999), which is designed
for computationally efficient parallel simulation of iso-
thermal and nonisothermal flows of multicomponent,
multiphase fluids in multidimensional porous and frac-
tured media (Zhang et al. 2008). The model is assumed to
be in hydrostatic equilibrium before pumping. The
pressure head distribution is set to be hydrostatic. The
four vertical sides and the base of the model are no-flow
boundaries. The upper surface of the model is set to be a
no-flow boundary for water and a constant atmospheric
pressure boundary for air. The constant atmospheric
pressure is set to be 101.3 kPa. The pumping process is
represented by a sink and source term with a constant
mass removal rate. The temperature during the pumping
tests is measured to be 7 °C and this temperature is used
throughout the simulations.

A three-dimensional (3D) Cartesian X-Y-Z mesh is
used for the discretization of the model. In the x direction,
variable mesh sizes are used for discretization of the
model. The first node is located at the left water tank and
the last node is located at the right water tank. The mesh
size of the first grid block is Δx = 26 cm. For the right
water tank, because it is connected to the right constant-
head reservoir, its mesh size depends on the volume of
water in the right constant-head reservoir and the initial
water table depth s0. The volume of water in the right
constant-head reservoir is added to the right water tank
according to s0. Then the width of the right water tank
becomes larger than 18 cm. Hence, for s0=11.2, s0=15.2,
and s0=18.6 cm, the mesh size is Δx = 21.6, Δx = 21.8,
and Δx = 22 cm, respectively. The pumping well is
represented by a grid block with Δx = 4 cm. The thickness
of the well wall is set to be Δx = 0.2 cm. The mesh size of
the grid block adjacent to the well wall is set to be
Δx = 0.8 cm. The mesh size of the other grid blocks is set
to be Δx = 2 cm. In the y direction, variable mesh sizes
are also used. The pumping well is also represented by a
grid block with Δy = 4 cm. The well wall thickness is the
same as that in the x direction and Δy = 0.2 cm. The mesh
size of the grid block adjacent to the well wall is set to be
Δy = 1.8 cm. The mesh size of the other grid blocks is

Fig. 3 Grain-size distributions of the medium sand and the silt.
For the medium sand, d50=0.5 mm; for the silt, d50=0.26 mm
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also set to be Δy = 2 cm. In the z direction, the mesh size
is set to be Δz = 1 cm. The constant atmospheric pressure
boundary is implemented by the large-volume method
(Pruess et al. 1999; Wu et al. 2002; Zhang et al. 2008). A
very large volume (1050 m3) is assigned to the grid blocks
adjacent to the boundary and a very small value is
specified for the nodal distance of such grid blocks (i.e.,
Δz=2.0×10−9 m; Pruess et al. 1999). Hence, there are
204, 39, and 101 grid blocks in the x, y, and z directions,
respectively. The discretization results in 803,556 grid
blocks and 2,378,169 connections between them.
Furthermore, automatic time step control is used in all
the simulations.

Soil hydraulic properties
The soil-water retention curve of the medium sand is
determined using the approach described by Lei et al.
(1988) due to its coarse texture. When the experiment
reaches equilibrium, the sample is then weighed and
oven-dried to determine the water content. The
measured water content is converted to volumetric
water content by the bulk density. The bulk densities
of both the medium sand and the silt are determined
by the method described by Tan (2005). The deter-
mined bulk densities of the medium sand and the silt
are 1.49 and 1.11 g/cm3, respectively. Equation (6) is
then converted into the equation in terms of volumetric
water content (van Genuchten 1980) and fitted to the
experimental data using the Marquardt-Levenberg
algorithm (Marquardt 1963; Glantz and Slinker 1990).
The determined parameter values are shown in
Table 3. For the silt, a set of parameters is assumed
according to its texture. The parameter values are also
shown in Table 3, which are modified from the fine
sand in Kuang et al. (2011). Figure 4 shows the
measured and fitted soil-water retention curves of the
medium sand and the silt. The hydraulic conductivities

(Ks) of both the medium sand and the silt are also
shown in Table 3. The pore compressibilities for the
medium sand and the silt are set to be 3.3×10−8 and
1.0×10−7 Pa−1 (e.g., Freeze and Cherry 1979), respec-
tively. In the numerical simulations, both the medium
sand and the silt are assumed to be homogeneous and
isotropic.

A material with a very high hydraulic conductivity of
5.42×106 m/day is assigned to the pumping well interior.
Linear relative permeability model is chosen for this
material. The relative permeability to water krw increases
from 0 to 1 in the range 0.21≤Sw≤1.0. The relative
permeability to air kra increases from 0 to 1 in the range
0.0≤Sa≤0.79. The same material is also assigned to the
two water tanks. A material with zero permeability is
assigned to the impermeable well casing. For both the
well interior and the well casing materials, no soil-water
retention curve is assumed.

Results and discussion

Negative air pressure
Significant negative air pressures were observed during
pumping of the sand box. The variation of negative air
pressure with time at U1–U3 when s0=18.6 cm is shown
in Fig. 5. The negative air pressure is expressed by water-
column height at the temperature when doing the
experiment. It can be seen that the negative air pressure
increased very fast after the start of pumping and reached
a maximum, then gradually returned to zero. This
behavior of negative air pressure is similar to that based
on theoretical study (Jiao and Guo 2009) or one-
dimensional (1D) column test (Kuang et al. 2011). As
the radial distance increases, the maximum negative air
pressure value becomes smaller and the time to reach the
maximum value is longer. Figure 5 also shows the
negative air pressures given by TOUGH2-MP. A reason-
able fit can be found between the measured and simulated
data. However, the curves given by TOUGH2-MP for U2
and U3 show a sudden drop at about 1.94 min and the
recovery part of the curves shows some kind of zigzag
pattern.

Figure 6 shows the variation of negative air
pressure with time at U1 for different initial water-
table depths. As expected, the shallower the water-
table depth, the larger the negative air pressure. The
maximum negative air pressures when s0=11.2, 15.2,
and 18.6 cm are −10.6, −7.6, and −5.3 cm, respec-
tively. The times to reach the maximum negative air
pressure value for these initial water-table depths are
13, 4.57, and 2.25 min, respectively. Figure 6 also
shows that the shallower the initial water-table depth,
the faster the recovery of the negative air pressure
after the maximum value was reached. Although a
good fit is obtained for s0=18.6 cm, the fit between
experimental and theoretical values for s0=11.2 and
15.2 cm is not so good. The numerical solutions
overestimated both the maximum negative air pressure

Table 1 Locations of the U tubes

U tubes Radial distance (r) (cm) Vertical coordinate (z) (cm)

U1 39.0 −9.0
U2 90.5 −9.0
U3 156.0 −9.0

Table 2 Locations of the piezometers

Piezometers Radial distance
(r) (cm)

Vertical coordinate
(z) (cm)

P1 −198 −95
P2 −177.5 −95
P3 −137 −95
P4 −98 −95
P5 −58 −95
P6 −21 −95
P7 19 −95
P8 80.5 −95
P9 120.5 −95
P10 159.5 −95
P11 181.5 −95
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values and the negative air pressure values during the
recovery period.

Drawdown
A comparison of observed and calculated drawdown at
piezometers P4–P6 for different initial water-table depths
is shown in Fig. 7. It can be seen that the drawdown-time
curves are very similar to that of a real unconfined aquifer
in the field. The experimental data clearly show that the
shallower the initial water table, the larger the drawdown.
This is due to the fact that the negative air pressure in the
case of the shallower initial water table is larger in
magnitude than that of the deeper initial water table
(Fig. 6). A larger negative air pressure will suck more
water in the unsaturated zone. Hence, the drawdown will
be larger when the initial water-table depth is shallow.
Figure 7 also shows that the simulated results
underestimated the drawdown, especially at the interme-
diate and late stages of pumping. However, the differences
between experimental and theoretical data tend to be
smaller at later times.

At the times when the maximum negative air pressure
values are reached, the corresponding maximum draw-
down for s0=11.2, 15.2, and 18.6 cm are 13.5, 10.1, and
7.5 cm, respectively. The ratios of maximum negative air
pressure to maximum drawdown are 78.5, 75.2, and
70.7%, respectively. This means that the maximum
negative air pressure is very significant considering the
magnitude of the maximum drawdown. Hence, this
significant negative air pressure may have important
impact on the drawdown-time curve. This conclusion is
also similar to that of Jiao and Guo (2009) in their
discussion on pumping induced airflow in an unconfined

aquifer with a low-permeability cap based on hypothetical
models.

A comparison of drawdown-distance curve recorded by
the piezometers P1–P11 for different initial water-table
depths is shown in Fig. 8. It can be seen that the shape of
the cone of depression at different times is clearly depicted
by these piezometers. It can also be seen that the
drawdown is larger for shallower initial water tables than
for deeper initial water tables. The times chosen to
compare the drawdown-distance curves are very close to
each other for different initial water-table depths.
However, they are not exactly the same because the
drawdown values are measured manually. Figure 8 also
shows the calculated drawdown-distance curve at the
specified times. A good match is obtained at earlier stages
of pumping for all the cases with different initial water-
table depths. However, as discussed previously, the
simulated results underestimated the drawdown values at
intermediate and later stages of pumping.

Implications and limitations
This study has important implications in pumping-test
data analyses in unconfined aquifers. The results show that
due to the negative air pressure in the vadose zone, the
drawdown is larger than that in a homogeneous aquifer.
When the initial water table becomes shallower, the
negative air pressure becomes larger and the drawdown
is even larger than that in a homogeneous aquifer. As a
result, the estimated aquifer parameters based on tradi-
tional models with the negative air pressure ignored will
contain errors. The errors are expected to become more
significant when the initial water table is close to the
interface of the aquifer and the low-permeability layer.

Table 3 Hydraulic properties for the medium sand and the silt

Soil name Ks (m/day ) ϕ van Genuchten (1980)
θsw θrw α (cm−1) n

Silt 3.71 0.398 0.398 0.065 0.034 3.01
Medium sand 53.2 0.392 0.392 0.063 0.062 4.56

Fig. 4 Soil-water retention curves of the medium sand (circles and
bold line) and the silt (dashed line)

Fig. 5 Comparison of observed and calculated negative air
pressures in the vadose zone of the aquifer when initial water table
s0=18.6 cm
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Although reasonable match is obtained between theo-
retical and experimental data, there are several limitations
in the present study. Due to numerical error, the theoretical
curves are not smooth and show some kind of zigzag
pattern. In addition, due to parameter uncertainty and
probably air leaking, the calculated negative air pressures
are larger than that of the experimental data especially
when the initial water table is close to the interface of the
two layers. The air leaking is expected to be more serious
when the initial water table is closer to the interface
because the negative air pressure becomes larger, enhanc-
ing air leakage. Hence, the larger differences between the
observed and simulated results exist.

Summary and conclusions

Experimental and theoretical studies were conducted to
investigate the negative air pressure when pumping in a sand
box with a finer layer on the top. Pumping tests with different
initial water-table depths were conducted. Numerical simula-
tions of the pumping tests were carried out using TOUGH2-
MP. The negative air pressure and drawdown given by
TOUGH2-MP were compared to the experimental data.

The results show that significant negative air pressure
can be generated in the vadose zone of the sand box
during pumping. The negative air pressure increases
quickly at the earlier stage of pumping, reaches a
maximum, and then gradually returns to zero. Results
also show that the initial water-table depth can signif-
icantly affect the generated negative air pressure. As the
initial water-table depth decreases, the negative air
pressure becomes larger and the time to reach the
maximum value becomes longer, but the recovery of the
pressure becomes faster after the maximum value is
reached. The initial water-table depth also has a significant
effect on drawdown. The drawdown becomes larger when
the initial water-table depth decreases. The maximum
negative air pressure is very significant considering the
magnitude of the maximum drawdown. This significant
negative air pressure may have important impact on the
drawdown-time curve. Reasonable match is obtained

Fig. 6 Comparison of observed and calculated negative air
pressures at U1 for different initial water-table depths

Fig. 7 Comparison of observed and calculated drawdown-time
curves at piezometers a P4, b P5 and c P6 for different initial water-
table depths
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Fig. 8 Comparison of cone
of depression at specified
times for different initial wa-
ter-table depths a 11.2 cm, b
15.2 cm, and c 18.6 cm.
Symbols with dashed lines are
experimental data and the sol-
id lines are theoretical results
calculated by TOUGH2-MP
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between theoretical and experimental data, which in-
dicates that the numerical model can capture the air-water
two-phase flow processes in the system.

This study has implications in unconfined aquifer
pumping test analyses. If a model which ignores the negative
air pressure induced by the low-permeability layer is used to
predict the drawdown, the drawdown in the system will be
underestimated. Consequently, errors will be contained in
the estimated aquifer parameters and the errors are expected
to becomemore seriously when the initial water table is close
to the interface of the two layers.
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