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RÉSUMÉ

Un modèle à deux phases d'un milieu géologique saturé a été mis au point avec la vitesse d'écoulement
des eaux souterraines (plutôt que la conductivité hydraulique) comme paramètre principal. Le modèle
décrit l'écoulement des eaux souterraines, les processus de transport des contaminants et la structure du
milieu géologique à l'échelle locale d'une représentation continue et relie quantitativement la structure du
milieu aux processus de transport. Dans ce modèle, l'hétérogénéité du milieu est décrite soit en termes
de variabilité dans l'espace de la densité apparente des sédiments et du fluide (à l'échelle locale), soit en
termes de variabilité du diamètre réel des grains et.de la porosité à l'échelle locale. Les équations de
continuité à l'échelle locale résultant de ces propriétés sont dérivées pour les deux phases. Le diamètre
réel des grains sert à quantifier la structure géologique. La vitesse d'écoulement sert à quantifier le
processus de transport. Comme la structure régit le processus, on observe une forte corrélation entre le
diamètre réel des grains et la vitesse d'écoulement. Une telle observation mène à une nouvelle
formulation de la Loi de Darcy qui fait abstraction du concept de vitesse fictive (de Darcy). L'équation
représentant l'écoulement des eaux souterraines à l'échelle locale est élaborée à partir de cette nouvelle
formulation.
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ABSTRACT

A two-phase model of a fluid-saturated geologic medium is developed with groundwater
velocity (rather than the hydraulic conductivity) as the primary model parameter. The model
describes the groundwater flow, contaminant transport processes, and geologic medium
structure at the local-scale of a continuum representation and relates structure to processes
quantitatively. In this model, the heterogeneity of a geologic medium is characterized either
in terms of the spatial variability in the bulk (local-scale) fluid density and sediment density,
or in terms of variability in the local-scale porosity and effective grain diameter. The
local-scale continuity equations resulting from these properties are derived for both phases.
The effective grain diameter is employed to quantify the geologic structure. Velocity is
employed to quantify the transport process. Since structure controls process, a high
correlation is observed between the effective grain diameter and velocity. The observed
correlation leads to a new formulation of Darcy's law without invoking the concept of a
fictitious (Darcy's) velocity. The local-scale groundwater flow equation is developed on the
basis of the new formulation.
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1. INTRODUCTION

Reliable predictions of groundwater flow and contaminant transport in a geologic medium
require quantitative data on the medium structure. Traditional geological methods such as
borehole logging and outcrop analysis provide semi-quantitative data on structure which are
not sufficient for the quantitative prediction of continuous processes of flow and transport.
Geophysical methods provide continuous measurements (quantitative data) of medium physical
properties, but they are used as the supplementary information to geologic data rather than an
independent means for groundwater flow and transport predictions.

The combination of techniques of quantitative geology and in situ isotope tracing provides a
new alternative. With this combined approach, the local geologic structure is correlated with
the nonlocal process of transport [Moltyaner and Wills, 1993; Pfleiderer and Moltyaner,
1993]. Grain size analysis [Leeder, 1982] is employed as a quantitative geological technique
for estimating the effective grain diameter. The effective grain diameter is used then as a
field variable for establishing lithostratigraphic correlations [Tipper, 1988], tracing continuity
of sedimentary units and characterizing dimensions of a sedimentary layer [Pfleiderer and
Moltyaner, 1993].

A natural-gradient tracer test with a radioactive tracer [Killey and Moltyaner, 1988] is
employed for characterizing the transport process and tracing groundwater motion relative to
sedimentary layers. The radiotracer concentrations and tracer time-of-travel data are used
then in establishing hydrostratigraphic correlations [Moltyaner and Wills, 1993] and to
complement grain size analysis data in organizing sedimentary layers in mappable lithological
units.

The combination of geological and tracer measurement techniques allows the analysis of
collected lithological and hydro-geological data on the basis of a new two-phase model of
aquifer heterogeneity developed here. The main idea of the model is to derive lithological
and hydrogeological parameters from the same information base. This is achieved by
measuring parameters in a way that the loss of information/degrees of freedom associated
with the averaging/measurement of the process parameter (groundwater velocity) is consistent
with the loss of information/degrees of freedom associated with the averaging/measurement of
structural parameters (effective grain diameter and porosity).

In this paper, a conceptual and a mathematical basis is developed for characterizing aquifer
heterogeneity using the flow velocity measured by in situ isotope tracing or other groundwater
tracing techniques in natural (undisturbed) groundwater flow conditions. The discussion is
restricted to water-bearing sedimentary formations which are treated as being composed of
two phases, solid and liquid. In using this approach, the local scale representation of two
phases is invoked and the assumption of a random distribution of these two immiscible phases
throughout the local scale volume is made. The paper continues to develop the new
theoretical foundation for contaminant hydrogeology started in our recent publications
[Moltyaner, 1993; Moltyaner and Wills, 1991 and 1993; Moltyaner et. al., 1993; Pfleiderer
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and Moltyaner, 1993] and the physical basis and mathematical formalism of the proposed
two-phase model of aquifer heterogeneity. Emphasis is placed upon the definition of
geologic medium properties and the formulation of Darcy's law appropriate for the calculation
of average (rather than fictitious, Darcy's) velocity without resorting to pumping/injecting,
establishing a large-scale flow regime or any other large-scale disturbance to the natural
groundwater flow. Interpretation of the physical role and origin of each property is given,
and continuity and groundwater flow equations resulting from these properties are derived.

2. BULK VOLUME AND MASS PROPERTIES OF A GEOLOGIC MEDIUM

2.1 Heterogeneity and Composition of a Geologic Medium

A medium is homogeneous if its properties and composition do not vary from point to point
within the medium. A geological medium is far from homogeneous and unconsolidated
sediment is essentially a two-phase aggregate, consisting of fluid and sediment grains. In this
study, therefore, it is assumed that a sedimentary formation can be represented as a two-phase
system with sediment grains forming a continuous solid phase and groundwater-filled pores
forming a continuous fluid phase. Conventional methods of hydrogeology do not consider the
solid phase separately from the fluid phase and a geological medium is treated as a fictitious
fluid continuum [Bear, 1972]. Individual phase properties are replaced by the combination of
properties of the fluid and solid phases manifested in such hydrogeological characteristic as
the hydraulic conductivity. Heterogeneity in individual phase properties leads, therefore, to
spatial variability in the hydraulic conductivity and the effort in quantifying heterogeneity is
reduced to characterizing the hydraulic conductivity structure. The application of this
approach to contaminant transport studies has certain limitations since heterogeneity of
individual phases is not introduced and quantified explicitly.

When groundwater is contaminated, the relative amount of contaminant in the groundwater is
given by the contaminant concentration. The- concentration of contaminant in the solid phase,
however, is zero in the case of chemically non-reactive contaminants. The difference in
concentration is accounted for by the introduction of a geologic medium volumetric property,
the porosity. The contaminant concentration is multiplied by porosity to get the "fictitious"
concentration of the contaminant and the average groundwater velocity is multiplied by
porosity to get the fictitious (Darcy) velocity.

The proposed two-phase model provides a better approach. The fluid phase is treated as a
mixture with continuously varying bulk fluid density and contaminant concentration to portray
heterogeneity in the fluid phase. The solid phase is treated as a mixture with continuously
varying bulk sediment density and contaminant concentration (which is zero for chemically
non-reactive contaminants) to portray heterogeneity in the solid phase.
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2.2 Local-Scale Representation of Fluid and Sediment Properties

Fluid and sediment properties and structure are considered at the local scale. The concept of
a local scale as it is used here is introduced by Moltyaner (1989; 1993). The concept implies
that one can define an "elementary" (local-scale) volume in space common to both the solid
and fluid phase. The volume is such that bulk properties like the porosity and sediment
density are continuous physical quantities. At the scale smaller than the local scale, the
assumption of continuity breaks down and these properties do not have any physical
significance.

Field measurement tools, used for carrying out observations in the local-scale volume,
provide measurements of mean values of properties of interest consistent with their definition.
In the field test with a gamma-emitting tracer [Killey and Moltyaner, 1988], consistency in
the property definition and its scale of measurement is achieved by specifying a priori a
minimum of tracer emission energy. This minimum is required for propagating information
on pore scale structure and processes to the local scale.

2.3 Effective Grain Diameter

The qualitative and quantitative description of volumetric properties of unconsolidated
sediment is based on the size analysis of sediment grains. The grain size is defined by its
diameter treated as a continuous random variable and often measured by sieving. Sieving
results are presented as the size frequency distribution (see Figures Id and 2d) which provides
information on sedimentary structures in the local-scale volume. Analysis of this information
leads to the determination of some effective grain diameter. Following Hazen [1893], we
choose d10, the tenth percentile of size distribution, as the effective grain diameter. The
correlation analysis of effective diameter, considered as a random function of position
coordinates dlo(x), provides a means for establishing stratigraphie correlations and dimensions
of the basic structural entity, a sedimentary layer ([Agterberg, 1974]; Pfleiderer and
Moltyaner [1993]).

Because size is a continuous variable, a large number of grains is needed to estimate the
effective diameter. In mathematical terms, this means that the effective diameter exists at a
point if in the local-scale neighbourhood of the point there is a large number of randomly
distributed grains with a random distribution of sizes. For sediment deposited under the force
of gravity, this is equivalent to saying that in the local-scale neighbourhood of the point there
exists a large number of randomly distributed pores with a random distribution of sizes
[Carman, 1956]. From here follows the existence of effective (bulk) properties such as
porosity and grain diameter.

Thus statistics and continuum hypothesis allows us to spread out geometrical properties of
individual pores and grains over the local-scale volume and treat a heterogeneous geologic
formation as locally homogeneous by introducing effective properties which continuously vary
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in space to portray heterogeneities of a larger scale. The requirement on the large number of
randomly distributed grains and (fluid-filled) pores is similar to that in fluid mechanics [Daily
and Harleman, 1966] when a fluid is sampled in terms of large quantities of molecules for
treating the fluid as a continuum. At the Twin Lake site the mean grain diameter is 0.014 cm
and the characteristic length of the local-scale volume is 2.4 cm. This gives approximately 106

sediment grains (and presumably pores) in the local scale volume.

2.4 Bulk Mass Densities and Volumetric Porosity

The number of grains per local-scale volume, by analogy to gas kinetic theory [Sears, 1953],
can be called the grain number density, nb. This concept represents a discrete analog of the
bulk/effective sediment mass density, pb, which is a fundamental property of the solid phase.
The bulk/effective fluid mass density pf is as a fundamental property of the fluid phase. These
two properties are related through equation

P, Pb = P,

where p(, the total mass density of sediment and fluid in the local-scale volume, is a
fundamental property of heterogeneous matter.

The bulk fluid and sediment densities characterize the sediment and fluid proportion in the
local-scale volume by mass. The fluid proportion by volume (defined as the ratio of
fluid-filled pore volume to the local-scale volume) is equal to the local-scale porosity n (ratio
of the volume of pores to the local-scale volume) in fluid-saturated sediment. The sediment
proportion by volume is expressed through the local-scale porosity and is equal to 1-n.

The relationship between volumetric and mass properties in the local-scale volume depends
upon the architecture of grains/pores. If the architecture and distribution of grain sizes is
random, we assign mass M to the grain of effective size and can take pb=Mnb. In this case
the effective pore diameter is expected to exist and we can relate apparent sediment density pb

to the true density of grain ps through relationship pb=(l-n)ps. Analogously, when the
architecture and the distribution of pores is random, we can take Pf=np, where p is the true
density of the fluid. Equation (la) is reduced then to

np + (l-n)p, = pf (lb)

We now define a geologic medium as homogeneous if the local-scale density pt is constant in
space. It is heterogeneous otherwise (if any of the bulk densities or their combination is a
function of position coordinates). If the true sediment grain and fluid densities do not vary in
space, then according to (lb) the geologic system is homogeneous when porosity is constant
and heterogeneous when porosity changes in space. Since in many practical applications, the
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measured magnitude of porosity does not vary significantly in space, the grain size analysis
together with porosity should be used for characterizing heterogeneity. These two volumetric
parameters are equivalent to mass density pt in characterizing heterogeneity of a geologic
formation provided that the true densities of the fluid and sediment grain are constant.

3. FLOW KINEMATICS AND GEOLOGIC STRUCTURE

3.1 Velocity and Bulk Density

A fluid particle, visualized as being a particle of groundwater enclosed in the local-scale
volume of a spherical shape, moves with velocity u(x,t) defined as (Moltyaner [1993])

u(x(r,a,t},t) = dx(f,a,Q I dt (2)

where the velocity vector is taken along the fluid particle trajectory

x = x(t;a,t} (3)

giving the position vector x at various times t of the particle identified by label a={a1,a2,a3}
at t=to.

A natural-gradient tracer test can be used to determine u by measuring the ideal tracer
concentration and travel time. With a gamma-emitting tracer, the tracer concentration c(x,t)
is measured in situ and variations in bulk density pt are manifested in the measured
concentration. The c(x,t) dependence on bulk density reduces the problem of characterizing
aquifer heterogeneity (quantified through the spatial variability in p,) to the problem of
characterizing spatial variability in the tracer concentration.

The local-scale velocity u is related to the local-scale tracer concentration through the mass
balance equation [Moltyaner, 1993]

dc I dt + upc I dx, = 0 (4)

where it is assumed that the diffusion and kinematic dispersion are negligibly small, i=1,2,3
and summation is carried out over the three possible values of the index whenever an index
occurs twice in a single-term expression. Since the tracer concentration is equivalent to the
total bulk density pt in portraying medium heterogeneity, equation (4) establishes a
relationship between the geologic medium structure and transport process.
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So, gamma-radiations, similarly to statistics and continuum hypothesis, spread out properties
of individual grains and fluid-filled pores over the local-scale volume. A fluid particle is
visualized now as a locally homogeneous entity spread out over the solid and fluid phases,
and moving with velocity u equal to the mean pore-scale velocity. The characterization of
geologic heterogeneity in terms of spatial variability in velocity is therefore equivalent to the
characterization of heterogeneity in terms of variability in the effective grain diameter and
porosity. Experimental results in support of this conclusion are described in the following
section.

3.2 Correlation Between Velocity and Structure Variables

Sediment grains in different spatial structures were studied at the Twin Lake site using grain
size analysis [Pfleiderer and Moltyaner, 1993]. The sediment sampling was guided by
natural-gradient tracer tests performed earlier at the site [Killey and Moltyaner, 1988]. Three
groundwater velocity zones were identified in the Twin Lake tracer tests and sampled at four
borehole locations, drilled along the mean direction of flow, for grain size analysis at 3 cm
vertical intervals.

Two frequency distributions of grain sizes of sediment samples randomly picked in the high
and middle velocity zones are shown in Figures Id and 2d. The two grain size distributions
have a similar range of sizes but the effective grain diameter d10 is larger in the high velocity
zone. Let us evaluate the lithostratigraphic significance of this observation by comparing
these size distributions with those determined by systematic sediment sampling of high and
middle velocity zones.

We first estimate the vertical dimensions of an individual sedimentary layer as the vertical
integral correlation length scale of dlo(x). Figure 3 illustrates sample correlograms fitted by
exponential functions at four borehole locations. The detailed correlation analysis is given in
Pfleiderer and Moltyaner [1993], and the average of four correlation length scales amounts to
21 cm which we take as the vertical dimension of an individual layer for both velocity zones.

The frequency distributions of effective grain diameters.constructed from systematic sampling
within an individual layer picked in the high and middle velocity zones at one borehole
location, are shown in Figures lc and 2c. Figures lb and 2b show frequency distributions
constructed from systematic sampling within the same layer in the high and middle velocity
zones at four boreholes. Finally, Figures la and 2a show frequency distributions from
systematic sampling within the entire high and middle velocity zones at these four borehole
locations.

The comparison of figures illustrates that the mean of the effective grain diameters is the
same throughout the high velocity zone and virtually the same throughout the middle zone.
The effective diameter in the high velocity zone is larger than in the middle zone. The
variance is small in all cases and the variance within an individual layer is significantly less
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than the variance within a zone. From these observations, we can conclude that first, the
systematic sampling supports the hypothesis that the results of random sampling are
statistically significant. Second, there is a correlation between grain diameter and flow
velocity, and third, this analysis supports the conclusion that the mean vertical dimension of a
sedimentary layer, estimated previously from a correlation analysis of the effective diameter
field [Pfleiderer and Moltyaner, 1993], is equal to the mean vertical dimension of a velocity
layer estimated from correlation analysis of the velocity field [Moltyaner and Wills, 1993].

Further, the accumulation of grains in a deposit under the force of gravity leads to a range of
pore sizes similar to the range of grain sizes. Since for laminar flow the relative distribution
of flow velocities is independent of the magnitude of velocities, the ratio of velocities is
expected to be equal to the ratio of mean pore sizes. From the correlation between pore sizes
and grain sizes on the one hand, and between velocities and pore sizes on the other hand
follows the correlation between velocities and grain sizes.

These physical arguments were confirmed experimentally at the Twin Lake site. The squared
mean of the effective grain diameters in the high velocity zone was calculated to be 0.0234
cm2 and in the slow velocity zone, 0.0177 cm2. The ratio of these two numbers, the relative
squared diameter is 1.33. The mean velocity in the high velocity zone is 1.422 m/d and in
the slow zone is 1.156 m/d [Killey and Moltyaner, 1988, p. 1606]. The ratio of these two
numbers, the relative velocity, is 1.23. It is consistent with the relative squared diameter
1.33. This consistency supports statistically the existence of a linear correlation between
mean velocity and squared mean of the effective grain diameters.

Next, we compare graphically the ratio of the velocities of individual layers from the high
velocity zone to the corresponding ratio of the squared mean of effective grain diameters of
these layers. The results of this comparison are illustrated in Figure 4. The regression line
drawn through the data points illustrates the existence of a linear correlation between mean of
effective grain diameters and mean velocity for each individual layer in the high velocity
zone. This empirically established correlation, in turn, demonstrates statistically the previous
section conclusion on equivalency of the flow velocity and the effective grain diameter in
characterizing heterogeneity of a geologic formation.

4. FLOW DYNAMICS AND DARCY'S LAW

4.1 Equations of Continuity

Mass of sediment and mass of fluid in the local-scale volume is defined as

Mb = \\\pb(x)dx (5a)

and
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Mf = ïï!p/x)dx (5b)

where x={xi,x2,x3} and the integration is over the local-scale volume. The principle of
conservation of mass for the solid phase is expressed then as Mb=const or, in the differential
form as,

dMb I dt = 0

To develop a similar equation for the fluid phase, we recall that conventionally the term
incompressible fluid signifies a fluid of constant density p(x,t). If we adopt this meaning for
the bulk fluid density Pf(x,t), this would imply that porosity and, therefore, the geologic
medium is homogeneous. A definition appropriate for a heterogeneous system has a less
restrictive meaning of incompressibility. In a heterogeneous geologic system, the bulk density
of fluid p^xftja,^)) is assumed to be a function of Lagrangian coordinates a, explicitly
independent of t. For in compressible fluid, this definition means that porosity rather than the
true fluid density changes in space.

According to the principle of conservation of fluid mass, the groundwater flowing into the
local-scale volume is accounted for by outflow from the volume, some change in bulk fluid
density within the volume, or some combination of those processes. The time rate of change
of fluid mass in the local-scale volume is

dMf I dt = d{\fopc)dx) I dt = Wlidppc) I dt)dx

In (6a) the integral and differential commute since the mass fluid content in the local-scale
volume remains fixed in time;the partial derivative is used instead of total derivative since Mf
is independent of x. The amount of fluid, p,uds,that crosses surface S (of the local-scale
volume) having element ds is due to the local-scale velocity of flow satisfying (4) and defined
in (2). Then by Gauss' theorem

Ifa/tds = -!Sidiv(PjU)dx = fffdp/x,t) I dtdx (6b)

On the left hand side of (6b) the integration is over surfaces. Equating (6a) and (6b), we
arrive with the continuity equation for the fluid phase

dpfl 5t + div(p/i) = 0 (7)

Note that equation (7) is mathematically identical to the continuity equation used in fluid
mechanics Marsily [1986]. For p=const, equation (7) is reduced to
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div(nu) = 0 (8a)

In a homogeneous geologic medium n=const and (8a) takes the form familiar from fluid
mechanics

div(u) = o

To relate equation (8a) to the continuity equation conventionally employed in groundwater
modelling, we define the local-scale fluid flux vector q(x,t) through the local-scale fluid mass
flux pj{x)u(x,t) and density p

q(x,t) = p/x)u(x,i) / p = n(x)u(x,t). (9)

In the conventional model, relationship (9) is referred to as Dupuit-Forchheimer's equation,
and the measured hydraulic head and hydraulic conductivity are substituted in Darcy's law to
calculate q(x,t). In the two-phase model, the measured porosity and velocity are substituted
in (9) to calculate q(x,t).

The substitution of (9) into (8a) leads to the familiar form of continuity equation

div(q) = 0

with q(x,t) defined by (9). In the following section we establish a relationship between (10)
and the conventionally used continuity equation with q(x,t) defined through Darcy's law.

4.2 Darcy's Law and Groundwater Flow Equation

Darcy's law states that the fictitious, Darcy's velocity q(x,t)is defined as [Bear, 1972]

q(x,t) = -Kgradh

where K(x) is the hydraulic conductivity tensor and grad h(x,t)is the hydraulic head gradient.
Then, from definition (9), it follows that the local-scale flow velocity is given by the
following relationship
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u{x,t) = -{Kln{x))grad h

Now, the steady state groundwater flow equation for a heterogeneous geologic medium is
derived either by the substitution of (ll)into (10) or (12) into (8a),

div(K gradh) = 0 (13)

When both K and n are constants, the substitution of (12) into(8b) or (11) into (10) leads to
the steady state flow equation in a homogeneous medium

div(grad h) = 0 (14)

Finally, in a homogeneous but anisotropic geologic medium the flow equation has the same
form (13). It is derived by the substitution of (11) into (10), or (12) into (8a) or (8b).

The validity of Darcy's law in the form (12) was tested indirectly at the Twin Lake site, by
comparing hydraulic conductivity from the tracer test and grain size analysis data. First, the
one-dimensional form of (12)

*« = "tracer ' *<*, ^

where i ^ is the hydraulic gradient calculated from the observed hydraulic head data, was
used to calculate the hydraulic conductivity K^ from the tracer velocity u ^ ^ estimated for
each individual layer. Then, the simple empirical formula [Hazen, 1893]

(16)

was used for calculating the hydraulic conductivity for each individual layer.

The comparison of calculated conductivities (Pfleiderer and Moltyaner [1993]) illustrates that,
although there is a difference in conductivity values within each layer, on average two
conductivity profiles are very similar. This gives confidence in validity of form (12) and,
most importantly,defines grain size analyses as a laboratory technique for measuring
conductivities and groundwater velocities using (12).

Validity of Darcy's law expressed as (12) was also tested numerically [Moltyaner et. al.,
1993]. The finite-element-based solution of (13) was used to generate the hydraulic head
distribution at the Twin Lake site first with the grain-size and then with the tracer-test derived
hydraulic conductivities. It was found that the measured hydraulic head and therefore
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calculated gradients are insensitive to small scale fluctuations in the hydraulic conductivity
observed in KH profiles. This explains the difference between conductivity values based on
(15)and (16).

5. CONCLUSIONS

A new two-phase model of a fluid-saturated geologic medium is developed in this paper. The
main advantage of developed model is that it explicitly establishes a mathematical relationship
between process and structure. In the model, the familiar equation of conservation of mass
for the fluid phase is derived together with the new equation of conservation of mass for the
solid phase. It is shown that the derived fluid phase flow equation is equivalent to the
conventional groundwater flow equation. All equations are derived at the local scale of
representation of solid and fluid continua.

There is no need to solve the equation of continuity for the solid phase unless it is written for
a chemically reactive contaminant. But the very existence of this equation emphasizes a need
to test simplifying assumptions that are made about the solid phase structure and properties
before the two-phase model is applied.

There is no physical property in the two-phase model new to a hydrogeologist. Aquifer
heterogeneity, for instance, is defined through the familiar concept of bulk density. Since the
bulk density is related to porosity, it follows that the aquifer heterogeneity may be modelled
in terms of variability in porosity/effective grain diameter. This, in turn, is equivalent to the
characterization of heterogeneity in terms of variability in the local-scale flow velocity.

Concept of Darcy's velocity is no longer used in the two phase model and Darcy's law is
formulated for the average(local-scale) groundwater velocity. The latter can be determined
by solving the inverse problem for groundwater flow equation or calculated from the
measured hydraulic head and conductivity. The hydraulic conductivity associated with this
new formulation of Darcy's law can be calculated from a tracer test or grain size analysis.
Confidence in this formulation was gained from the observed agreement between hydraulic
conductivities calculated from tracer tests and grain size analysis data, and from the
established linear correlation between the effective grain diameter and velocity.

The two-phase model was applied at the Twin Lake research site. We were satisfied with the
ability of this model to describe the groundwater flow and tracer migration at the site
[Moltyaner et.al., 1993]. Based on this experience, we encourage fellow hydrogeologists to
use the developed two-phase model in computer simulations and field practice.
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a.) DATA FROM FOUR BOREHOLES
from Elevations 146.3 m to 150.9 m

b.) DATA FROM FOUR BOREHOLES
from Elevations 148 m to 148.21 m
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c.) 12 WEST DATA
from elevations 14B m to 148.21 m
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d.) GRAIN SIZE DISTRIBUTION
12 West Elevation 148.17 m
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Figure 2. Histograms of Grain Size and Effective Grain Diameter Distributions for the
Middle Velocity Zone
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