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Foreword

The International School of Applied Geophysics is a new one among the
many others held under the sponsorship of the “Majorana Center”, a well
established and internationally known organization for post-graduate, high
level summer schools and seminars in different fields of Science.

The topic for the first Course was selected after consultation with many
distinguished Geophysicists.

The application of geophysical methods to the exploration, management
and protection of groundwater is a very important subject especially con-
sidering the increasing economic value of water all around the world.

The multidisciplinary character of this approach is very clear, perhaps more
than in the application of geophysical methods to the search for oil. A close
cooperation is needed between geologists, hydrologists, geophysicists and
hydraulic engineers.

While the main topic of the Course has been the study of the refinements of
geophysical methods, an introduction was also made to the hydraulic para-
meters of the acquifers. On the other hand, at the end of the Course a session
was dedicated to the problems of the management of the acquifers and a
general discussion took place on the contribution of geophysical measurements
to the determination of the hydraulic parameters to be inserted in the mathe-
matical models, that are becoming a necessary tool for a correct management
and protection of water resources.

As far as the bulk of the Course, geophysical exploration, is concerned a
primary role has been played by the electrical methods. The importance of
these techniques in groundwater surveys is comparable to the one of seismic
reflection method in exploration for oil.

The measured physical parameter, the resistivity of the geological formations,
is particularly related to the porosity and to the type of the fluid filling the
pores. ,

The updated methods of field surveying and of interpretation of the
measured data were discussed. The interpretation techniques require a good
background in mathematics and in physics in order to correctly understand
the possibility and the limitations of geophysical methods.

Another very interesting topic was the integration of different geophysical
methods which, in underground water surveys, has a greater value than in oil
exploration.

The seismic method (especially the refraction technique) is a very useful
complement to electrical resistivity measurements in several geological cases.

Other methods used to give additional information are gravimetry, induced
polarization (a relaxation method), electromagnetic techniques and the
magnetotelluric method.

Especially the latter three methods are still in the experimental stage; their
future developments were discussed as well as the results of theoretical studies
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and field tests.

The need for testing the geophysical results by boreholes was particularly
stressed and vertical measurements in the water wells were also discussed
(logging techniques).

One lecture was dedicated to the geophysical exploration for hot ground-
water and, generally, to the role of geophysical methods in geothermal surveys,
while a report was presented on the nuclear techniques of tracers, especially in
Karst areas.

Finally, a round table discussion was held on the use of remote sensing
techniques for water resources. The role of remote sensing is in the operational
stage to study the distribution of surface temperature of open water bodies
(fresh water upwellings in Karst coastal areas) and to determine the sedimen-
tation pattern at the mouths of rivers. Other problems, such as the forecast of the
runoff, will be solved in the near future, especially by using artificial satellites
as observation platforms.

On ground, remote sensing can be employed as an exploration tool to ob-

serve some surface indicators (moisture, vegetation, geology) indirectly related
to the presence of underground water.

To the invited lectures several short presentations were added, some of
which being by the students. The afternoon discussion sessions were an ex-
tremely useful complement to the lectures.

Owing to the limited space available and realizing also that a long delay in
publishing could be of nuisance to an updated information, the Editors have
decided to publish all the lectures in a summarized form, but following a logical
sequence. An exception to this general rule is made for the seven papers published
here in full since these have been considered as presenting new topics, original
subjects or comprehensive reviews.

We hope that this work will be a good guide to a modern treatment of the
subject.

R. Cassinis D.S. Parasnis

Director of the International Editor of
School of Applied Geophysics Geoexploration
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THE AQUIFERS AND THEIR HYDRAULIC CHARACTERISTICS

MARCELLO BENEDINI
Water Research Institute of C.N.R., Rome (Italy)

ABSTRACT

Benedini, M., 1976. The aquifers and their hydraulic characteristics. Geoexploration, 14:
157—178.

The main aspects of aquifers are examined from the view point of hydraulic engineering,
aiming to point out which are the parameters related to the exploitation and protection of
underground water resources.

Mention is made of the permeability, upon which are based the calculations for water
withdrawal, and to the storage coefficient necessary to evaluate the unsteady conditions.

Non-linearities occurring in some typical soils are recalled as well as some characteristics
of fractured aquifers.

The problem of protecting water from contamination refers to some peculiar parameters
of the molecular dispersion mechanism, to be considered together with the hydraulic com-
ponents. Some characteristics of the unsaturated aquifers are also included. In the convic-
tion that the underground water resources are the basic and unique possibility for some
regions, the future outlines of research in this field are emphasized.

INTRODUCTION

The rational exploitation of underground water resources became possible
only in the middle of last century (Darcy, 1856) due primarily to some im-
portant scientific outcomes. In fact, after his experimental investigations,
Darcy, a French engineer, was able to point out the proportionality between
pressure difference and seepage velocity in a porous medium. Up to now fur-
ther investigations, both in the field and in the laboratory with appropriate
mathematical elaborations, have made it possible to suggest reliable criteria
for the management of underground water resources (Muller-Feuga and Ruby,
1900; Todd, 1959; Irmay, 1964; Davis and De Wiest, 1967; Childs, 1969; De
Wiest, 1969).

Similar to the other problems of fluid dynamics, the motion of under-
ground water is characterized, first of all, by two terms, namely the seepage
velocity V [LT™'] and the gradient of pressure J [ 0], the specifications of
which are shown in Fig.1.

Following the suggestions made by Darcy, the general fundamental equa-
tion of the dynamics of underground water can be written:
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Fig. 1. Conditions for water motion: the dynamical equilibrium for the elementary fluid
particle. The pressure is supposed hydrostatic (p = vh, v being the specxfi.c gr_av1ty of
water). The hydraulic gradient J is referred to the slope of the piezometric line (J = tga).

> — —
V=—Kgrad h = KJ (1)
or, in scalar form (in the x-direction):
oh
Vx = —-K -
ox

—

in which the vectors V and gradh = jmay have a random orientation in space
and therefore need not necessarily be parallel. The coefficient K[1t™*] there-
fore becomes a tensor and eq. 1 corresponds to the following scalar relations:

Vi = Kyxdyx + nyJx + Kyzdy
Vy = Kyxdy + Kyydy + Ky, dy
Vy = Kpndy + Koydy + Kppdy

Kyx, Kxy, . . . K5, being the nine tensor components referred to a cartesian
space x, y, 2.

The tensor K, known as permeability or hydraulic conductivity, is charac-
terized by the aquifer’s peculiarities. Moreover it varies from point to point

within the aquifer and can be expressed as a function of the adopted coordi-
nates:

K = K(x,y,2) (2)
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Several remarks can be made about the coefficient K, starting with its defini-
tion.

It is usual to distinguish between ‘‘standard permeability”’, K, and “field
permeability”’, Ky, if the water flow is considered at the conventional temper-
ature of 15.6°C (60°F) or at the effective in-field temperature.

To point out the difference between these two definitions, it is useful to
recall the analogy existing between the Darcy equation and the equation of
laminar flow in a pipe. In the latter case, assuming the x-axis to be parallel to
the main direction of flow, the following relationship holds:

Cd2g —
gradh

-
V=
14
where C = shape coefficient of the pipe
g = acceleration due to gravity
d = pipe’s diameter
v = kinematic viscosity
From the above it is easy to find eq. 1, by putting

K =Cd*g/lv (3)

Eq. 3 shows the inverse proportionality of K, with respect to the kinematic
viscosity v which is the only temperature-dependent term. Therefore it is
easy to find:

where vg and v¢ are the kinematic viscosity of seeping liquid at 15.6°C and
at the field temperature, respectively.

Eq. 3 allows another definition of the coefficient K.

If d is the average diameter of the empty cavities (apart from the numerical
value of the shape coefficient C) in which the water flows, the relationship
shows how the permeability depends both on the rock’s geometry and on the
liquid’s characteristics. By putting:

k= Cd? (4)
it may be obtained

k

v

and the effects due to the liquid and solid matrix can be found.

The term % is generally called the intrinsic permeability [1°]. Eq. 5 allows
conversion from the “intrinsic permeability to the hydraulic conductivity.
The foregoing formulations can also be used to define the units of measure-
ment for the introduced terms (Paolillo, 1900). According to eq. 1 the per-
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meability has the same dimensions as the velocity and in metric units is
expressed in m sec™! or better, since it involves generally very small quantities,
in cm sec™'. In British Units® it is expressed in gall day ™ £t72, being: 1 gall =
3.785-1073m3, 1 ft> = 9.29- 107? m?, 1 day = 86,400 sec, the transformation
is

1 gall day™* ft™2 = 4.72 cm sec™,

To measure the intrinsic permeability, especially in oil-fields, a unit called
darcy is generally used which, starting from eq. 1 and using c.g.s. units, is
equivalent to (Davis and De Wiest, 1967):

1 darcy = 0.987:107% cm? = 1.062- 107! ft?

From eq. 5, taking an average » = 1072 cm? sec™ and g = 981 cm sec™ (for
water at 20°C) gives the result:

1darcy = 1-107° cm sec™?

As an order of magnitude, permeability is deemed “middle” from 1073 to
107! cm sec™?, “high” 107!—10 cm sec™, “very high” above 10 cm sec™,
“low” from 1072 to 1077 cm sec™!, while values below 10”7 cm sec™ gener-
ally correspond to cases of impermeability.

THE TENSOR K

Recalling eq. 1, it is worthwhile to examine how the tensor K behaves in
practical cases. If all the tensor’s components differ from zero, the aquifer is
called gnisotropic and the permeability varies following the considered direc-
tion. Therefore, at every point of the aquifer there is one or more directions
in which the permeability is greater than in any other (Fig. 2).

Strictly speaking this always happens, and after enlarging the picture at
point P the permeability in the x-direction going through the cavity among
the solid grains is greater than in the y-direction (Fig. 3).

However, these ideas must be modified when considering several grains
lumped altogether where, neglecting local aspects having a smaller order of
magnitude, the effect can be “‘statistically’” considered even in every i- and
j-direction (Irmay, 1955; Benedini et al., 1972).

Similar considerations hold for the dependence of K upon the local condi-
tions. Since the size of solid particles in the aquifer is never constant — the
small grains constantly fitting in the spaces left by the larger ones — the size
of the empty cavities is tremendously varied and so the seeping velocity
changes from point to point.

Thus in a microscopic picture, the aquifer is always inhomogeneous and
the permeability also is a restricted function of the x-, y-, z-coordinates.

In contrast, if a larger portion of the aquifer is examined, “statistically”
constant permeability values can be considered for large zones, and the
aquifer can be seen as homogeneous.

*The system of British Units for measuring the permeability is called the Meinzer System.
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Fig. 2. Local aspect of permeability: in P and P different values can be expected (inhomo-

geneity). In P the permeability in the x-direction is greater than that in the y-direction.

Fig. 3. Global-aspect of permeability: in an enlarged scale the permeability can be con-

sidered “‘statistically’’ independent of the direction.
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Fig. 4. Real behavior of a fractured aquifer.

Fig. 5. The concept of “scale of homogeneity’ applied to a fractured aquifer allows the
problem of water seepage to be treated in the same way as in the case of porous aquifers.

The adoption of the scale of homogeneity has made it possible to extend
to these aquifers the concept of permeability and, consequently, to apply all
the mathematical relationships which have been so successful in sand or
gravel aquifers (say in the porous aquifers), although a substantially different
behaviour occurs.

In fact, even in the most irregular configuration in porous aquifers the size
of sand or gravel grains does not prevent continuity among the empty
cavities, so water can move from one point to another without any remarkable
interruption of its flow. Therefore, the plot of an interpretation of the behav-
iour of scattered points, like the piezometric line over a predetermined path
or the piezometric surface over an extended zone, can have a physical meaning
because the continuity of the water particles causes a continuous variation of
the represented property (apart, of course, from some error of interpolation).

Dealing with the water motion in fissures separated by large impervious
blocks does not allow a similarly reliable interpretation, since the properties
of two points are not necessarily related to the same field of motion, but,
conversely, they can belong to different streams, separate from one another
or connected through an indefinable and tortuous way. After “‘expanding”
the scale of representation (i.e., assuming an appropriate scale of homogeneity),
the interpretation of the aquifer’s properties can be given in a general way
neglecting both their small details and their real cause/effect ratios, which
may have no physical meaning in the representation (Fig. 6).
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Fig. 6. Interpolation of measured information can be wrong in some frequent patterns of
fractured aquifers, where the soil irregularity and the presence of impervious zones can
alter the flow continuity.

Fig. 7. Typical pattern of confined aquifer where the water-bearing stratum is entrapped
between two impervious layers.
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COEFFICIENT OF TRANSMISSIVITY

Strictly connected to the permeability is the coefficient of transmissivity,
T, defined as:

T=bK (6)

where b is the aquifer’s thickness.

The transmissivity [L?T™'] is useful mainly to elaborate further the char-
acteristic terms by means of mathematical relationships.

Direct measurement of transmissivity is sometimes performed, especially in
confined aquifers, i.e., when the water-bearing stratum is interposed between
a “bottom” and a “ceiling” of impervious material (Fig. 7). In the unconfined
aquifers (Fig. 8) the measurement becomes more difficult because the geo-
metric and dynamic aspects of the water table cannot easily be controlled
(Wiederhold, 1966).

== JMPERVIOUS

Fig. 8. Typical pattern of unconfined aquifer.

POROSITY

Porosity is another important parameter related to the behaviour of undetr-
ground water. It is defined as the ratio

n=Vy/V,

between the volume Vy of the voids and the total volume V,, considered (it
is obviously accepted that V, = Vy + Vg, where Vj is the volume of the solid
part).

Porosity depends upon the size of the solid grains, their shape and arrange-
ment. Small grains can fill the empty spaces between larger grains, so an aquifer
made up with non-uniform size distribution will have a smaller porosity than
one having uniform grains (Fig. 9).
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Fig. 9. The effect of grain size on porosity: pattern A, made up with uniform grains, is
expected to have a greater porosity than pattern B.

a = b

Fig. 10. Graton and Fraser’s test: eight spheres set (a) in a cubical array leave a greater
porosity (n = 0.476) than (b) in a rhombohedral array (n = 0.260).

‘Moreover, the way the grains are packed in the solid matrix can affect the
porosity. Graton and Fraser’s test (Davis and De Wiest, 1967) is well known
in which eight spheres, if set in a cubical array, leave a porosity n = 0.476 and
n = 0.26 if set in a rhombohedral array (Fig. 10).

The concept of porosity can hardly be transferred to the field of rocky
aquifers, where the empty spaces are due to fractures, larger openings and
even caves, formed by karstic alterations of joints and faults.
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It seems more important to point out the existing relationships between
porosity and permeability. Many attempts have been made but the best refer
to the so-called “non-indurated sediments”, i.e., to aquifers in which the
grains still remain uncemented and are therefore free to move relative to one
another. In these aquifers the permeability has been found to be proportional
to the square of the representative diameter of the grains. Starting from eq. 3
the general expression of permeability is defined by:

K=_qd22 (7)

14

where £ is a statistical corrective factor which accounts for the size “distribu-
tion” of grains.

Recent elaborations consider the density distribution of pore sizes and put
eq. 7 in the form:

C
K=— f d**P(d*)dd*

V "d*=min

where d* is the mean significant diameter of the pores. The integration is
extended above a minimum value of d*, determined by considering the effect
of molecular forces at the liquid—solid boundary. The distribution function

P(d*) is often found to be gaussian”, i.e., in accordance with the following
law:

2d*2

P(d*) =—5——; e

in which o is a specific constant to be determined after an accurate analysis
of the grain pattern.

A statistical investigation on the size of solid grains necessitates a sample
to be “abstracted” from the original soil and consequently to alter the natural
configuration of the solid matrix. These methods can be useful only when the
aim is to assess an order of magnitude for the involved terms.

STORAGE COEFFICIENT

Another fairly important hydraulic parameter of the aquifer is the storage
coefficient, S, defined as:

S =pg(a +np)db

where p = the density of the water [FT2L™4]
g = the acceleration due to gravity [LT™?]
a = the compressibility of the solid skeleton [L2F™!]
8 = the compressibility of fluid [L2F~!]
n = the porosity [0]
b = the thickness of the aquifer [L]
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The resulting term is non-dimensional.

The occurrence of the storage coefficient is connected to a pressure varia-
tion in the aquifer which affects both the volumes occupied by the solid and
the liquid components. Although it might seem unrealistic that water compres-
sibility could be involved in problems where usually liquids are deemed
incompressible, such a term cannot generally be neglected, since 8 is of the
same order of magnitude as «. Assuming for instance:

« =0.2:-10"° m? kg™* p =102 kgsec?m™
g =5-10"° m? kg™? g =981 m sec™?
n =0.5 b =10m

gives: S =2.7-107%
which is a value of the same order as K.

However, the phenomenon of compression of both the solid and the liquid
components becomes more remarkable in the case of an aquifer confined
between an impervious bed and a ceiling, when the bulky volume variation is
impeded by the boundary constraints and therefore the inner masses are more
directly stressed. Conversely, in an unconfined aquifer the displacements of
the water table can reduce the effect of volume variation in the liquid-grains
pattern. Incidentally, the storage coefficient is very small in these aquifers.

The storage coefficient is also a function of the space coordinates x, y, z:

S = 8(x,y,2). It is therefore expected that this term can vary from site to site
and the same concepts can thus be applied to the permeability, including the
aspect of homogeneity.

The evaluation of S is generally difficult and in practice it can be achieved
only by calculation, starting from accepted values of «, § and n. Very often
this determination is obtained by solving the so-called ‘‘inverse problem”, as
will be explained in the next section.

For the sake of simplicity in unconfined aquifers the storage coefficient is
very often replaced by the effective porosity, defined as the “volume of water
which effectively can move into the bulk of the aquifer”. Sometimes, because

it is small when compared to the other terms for the reasons above specified,
it can be neglected.

SOLUTIONS FOR PRACTICAL PROBLEMS

The practical problem of underground water motion is generally solved by
means of the following set of equations:
The continuity equation:
‘ 9
AeVx)  3oVy)  3(pVe) ' (6 +g) op
0x oy 0z ot

n

with the above defined symbols and the variation of pressure p over the time ¢.
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The state equation, relating the variability of the aquifer’s characteristics with
temperature. The problem being isothermal, the equation reduces to:

o = const.
The rheological equation:

dv
= —— (8
TEAL )
where 7 is the shear stress, u the dynamic viscosity and dV/dz the transverse

velocity gradient (‘“‘shear rate’) between two consecutive layers of fluid in
motion.

The equation of forces, i.e., the Darcy equation. The application of this set
of equations leads to typical relations able to treat several problems in
practice, e.g. the behaviour of pumping wells, drainage tunnels and dispersion
pits. After some manipulations, a general equation is obtained using all the
terms previously considered and assuming the hydrostatic distribution of
pressure (p = vh):

d doh d oh 0 oh oh
) ) )l
9x ax oy oy 0z 0z ot

or, if T'= const.:

9*h 3%h ah S dh

— == — 9b
9x®  ay? a T 8t (9)

A further term can also be included to account for a “concentrated” activity
which with the “plus” means a pumping well located in the area, and with
the “minus” means a sink, injecting water into the soil. Eq. 9b becomes:

3%h . 9%h 02 h S oh

0°h o°h ~_Sdh 10
2 322 4 T ot (10)

ax?  dy
Egs. 9a, b, 10 contain h as a characteristic term of water motion as well as T
and S as characteristics of the soil. It can be used therefore in two ways if h

is to be determined and T and S are known, or vice versa.

The first way gives rise to the so-called direct problem which is applied
when the behaviour of h has to be ascertained in a given aquifer, especially
when the operations of wells or sinks have to be considered.

The second way gives rise to the inverse problem which is applied to assess
the numerical value of the soil characteristics, starting from in-field measure-
ments of 7 (Emsellem and De Marsily, 1971; Maione and Troisi, 1972; Troisi,
1975).

The application of the inverse problem is generally a cumbersome task
from a mathematical viewpoint since it involves complicated elaborations to
assess the stability and the uniqueness of the solution of eq. 10, which becomes
very sensitive to the scattering of A due to the errors of measure.
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NON-DARCY FLOW

In recent years the problem of non-darcy flow has been given increasing
importance since it was pointed out that in some typical patterns of soils the
water motion is no longer proportional to the hydraulic gradient (Chauveteau
and Thirriot, 1967; Benedini et al., 1969, 1971).

Lower and upper limits have been ascertained for the Darcy flow, with
theoretical investigations able to support the experimental results (Fig. 11).

A lower limit has been found by observing the flow in a very fine medium,
generally clay, at a very small range of hydraulic gradient. For these condi-
tions the linearity between the hydraulic gradient and the seepage velocity
disappears and even at zero velocity a non-zero gradient does exist. This
means that a positive pressure difference is necessary to start the flow moving.

Many attempts have been made to explain such a phenomenon. Physical
and chemical properties of the interaction at the liquid—solid boundary have
been used referring to molecular interchange and forces.

From a kinematic viewpoint the best interpretations are those considering
the “non-newtonian behaviour’ of water, which at the beginning of motion
acts preferably as a “Bingham-plastic fluid”” owing to the solid—liquid mutual
interactions. Instead of having the classic “newtonian’ eq. 8 the following law
is supposed to hold (Karadi and Nagy, 1959; Benedini, 1969):

dv

T=To+ pu—

in which 7, (“yield stress’) is a characteristic value to be determined before
starting the motion.

]

Fig. 11. Qualitative behaviour of water motion in soil: ¢ and b, non-newtonian; ¢, Darcy
flow; d, transition zone; e, turbulent.
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As the velocity increases these interactions become more and more
negligible and consequently the behaviour becomes newtonian. The linearity
is restored and therefore the validity of Darcy law. Furthermore, the linearity
disappears for the highest values of the hydraulic gradient, but this happens
quickly in the case of large grains or fractured aquifers (Benedini et al., 1972,
1975). To explain this the fundamentals of fluid dynamics must be used.

As was previously mentioned, the flow within the solid matrix complies
with the laws of liquid motion in ducts where for the lowest pressure differ-
ences, i.e. the lowest values of the hydraulic gradient, the motion is expressed
by Poiseuille’s law which gives the proportionality between the velocity and
the hydraulic gradient. '

As the pressure difference (the energy dissipation) increases the motion of
the duct-flow begins to be turbulent and, after a considerable zone of transi-

tion, Poiseuille’s law must be replaced by one referring to the square root of
the hydraulic gradient:

V=GJJ

where G is a factor accounting both for the geometry of the duct and for the
roughness on the wall of the duct. The demarcation between the linear and
the transition zone in duct-flow is set by the well-known Reynolds number:

Re = Vi/y

where V is the mean velocity and v the kinematic viscosity. The geometric
term [/, which has no universal meaning in fluodynamic problems, is put equal
to the diameter in the case of circular pipes or to an “equivalent’ diameter
(often to the “hydraulic radius”) in the case of non-circular ducts. The value
of Reynolds number for which the linearity vanishes in pipes and ducts is
generally assumed equal to 2,500, while for more than 100,000 the motion is
considered fully-developed turbulent.

Similar considerations hold also in the case of underground water motion
where the above-mentioned situations of very high pressure gradients or
large grains, for which the linearity starts to disappear, can be both quantita-
tively reduced to a high Reynolds number, either for a large value of the
velocity V (to be expected for high-pressure gradients) or for a large geometrical
term [, in the broad interstices between the larger grains.

Adaptation of such a theory, albeit cumbersome, has proved fruitful in
seepage problems. The main difficulty lies in the choice of an appropriate
and meaningful geometrical term [ useful for the construction of the Reynolds
number. For clay, sand and small gravel it is generally assumed as the mean
diameter of the solid grains. Since this term is of the same order of magnitude
as the equivalent diameter of the void interstices, such an assumption is strictly
in line with the fluodynamical considerations dealing with the fluid motion in
ducts.

A substantial difference has been found experimentally, because the transi-
tion from laminar to turbulent flow is at a value of 80 for the Reynolds num-
ber, which is far less than that ascertained for pipes and ducts.
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Fig. 12. “Friction factor” (cy) versus Reynolds number for various types of seepage flow:
a, porous medium; b, fractured medium with rough fissures; ¢, fractured medium with
smooth fissures; d, smooth-walled tube.

Furthermore, the way in which the transition occurs in the aquifers is dif-
ferent from that in the pipes. As usual, in Fig. 12 the friction factor—Reynolds
number diagram can be taken for this purpose. In such a diagram the curve a
shows the behaviour of a porous aquifer, the curves b and ¢ are for fractured
aquifers (for rough and smooth fissures respectively) and finally the last
stretch of the curve d shows the behaviour of smooth pipes.

It is easy to see that the transition in the porous aquifers proceeds gently
for a large proportion of Reynolds numbers, while in the other cases there is
a sudden start. Several attempts have been made to explain similar behaviour:
the most reliable one takes into account the fact that, due to the extreme
irregularity of the voids’ geometry, there are coexisting large and small ducts
as well as smooth and rough-walled ones, so that simultaneously some ducts
are affected by laminar flow and others are affected by turbulent flow. The
represented pattern is therefore the combined result of both laminar and
turbulent effects, which progressively shifts towards the fully developed
turbulence as the Reynolds number increases.

A similar explanation holds also in the case of fractured aquifers where, in
a more detailed investigations both in the field and in the laboratory, some
singularities have been found (Le Tirant and Baron, 1972).

In fact, plotting the seepage velocity versus the hydraulic gradient, a very
broad transition zone can be observed, with reverse curvature as compared to
that of increasing turbulence. This might be due to the progressive pitch of
more and more joints in the turbulent flow, but also might be because of
their enlargement determined by the pressure of the liquid component. Once
the linearity has begun to fail, the basic concept of permeability also vanishes
and the main aim is then to find a formal law suitable to replace Darcy’s.

Several formulae have been proposed, especially from laboratory investiga-
tions, which often have a mere interpolation meaning and therefore are with-
out any direct physical significance. Apart from some details, which concern
attempts to specify the proper meaning of the involved terms, the resulting
formal interpretations lead to two basic expressions:
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(1) The binomial Fochheimer’s relationship:
J=(@+bV)V

(2) The monomial power law:

J=wVP 'V

where a, b and w are constant. The above relationships account both for the
transition zone and for the fully developed turbulence, provided appropriate
values are given to the coefficients and exponents involved. If complete tur-
bulence is considered it should be expected that: a = 0 or, respectively, p = 2,
but for the transition zone a can assume any positive value, and p can vary
between 1 and 2.

In any case the resulting mathematical interpretations give rise to many
formal difficulties when further elaborations are requested, especially for the
evaluation of both the steady and unsteady conditions of flow.

In practice the problem is more complicated because the three regimes of
laminar, transition and turbulent flows can all exist within the same problem.
A typical example is the case of a pumping well in a coarse gravel or in a
fractured aquifer, where one would expect to find (Fig. 13):

a a fully turbulent zone close to the pumping well;

b a more or less extended transition zone; and

¢ alinear Darcy zone at the farthest points of the field.

Delineation of one zone from another can be done only after considering

the limiting Reynolds number, which can be calculated by means of the as-
sumed holding equations, thereby involving a tedious “‘trial and error” process.

TO PUMP

15| P T TRHENET )

Fig. 13. Typical behaviour in a pumping well: a, non linear zone; b, transition zone;
¢, turbulent zone.
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The logical procedure should be:

(1) evaluate the velocity,

(2) calculate the Reynolds number,
(3) choose the appropriate equation,
(4) compute the velocity,

(5) compare with the value assumed in (1), and start again from (1) with a
new cycle.

POLLUTION

Pollution is affecting more and more aquifers, involving further terms and
calling for further investigations.

Pollution of groundwater is chiefly due to the transportation of miscible
and immiscible pollutants by the surface water penetrating into the ground.
Another frequent case of underground water pollution is caused by the mixing
of rainfall-originated fresh water with seawater intruded in coastal zones, some-
times enhanced by irrational criteria of exploitation of the existing resources.
In fact, to pump water beyond a certain flow (“‘critical flow’’), imposed by
the natural balance of the available quantity, can motivate irreversible dis-
placement of the “interface” between fresh and sea water (Cotecchia, 1958;

Dracos, 1975). The presence of pollutants in underground water is shown by
the concentration:

¢ =c(x,y,21t)

i.e., the mass of pollutants in the unit volume. In metric units ¢ [FT?L™] is
expressed conventionally in g cm™.

Concentration is a scalar term that is also affected by the characteristics
of the dispersed medium as well as by the liquid one. In its most general way
it can also be expressed by a relationship of the following type:

¢ =f(D,p,u)

where D, p and u are the molecular diffusion, the density and the dynamic
viscosity of the liquid, respectively. Once the dependence of ¢ upon these
terms is ascertained, the concentration can be considered as a potential and
mapped in the same way as the piezometric head h. The mechanics of pollu-
tion are related to the dispersion of polluted particles inside the water, which
is indeed a very complex phenomenon (Fig. 14).

Representing the particle by means of a small ball, transported by the flow,
the process can be roughly sketched as a continuous splitting of the original
ball into smaller and smaller balls shifted in the direction of the flow.

If the dispersion is considered in a more comprehensive way within the
aquifer, the presence of the solid matrix must be included because this af-
fects the motion of the smaller balls thereby identifying some preferential
paths. Furthermore, the process must be determined by the difference of
concentration existing between two contiguous points, since in order to
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Fig. 14. The mechanism of pollution transfer. The original pollutant particle P at time
t = 0 is split into two (or more) smaller particles at time t > 0.

restore a general equilibrium, the point having the highest concentration is
expected to affect that with least number of particles, thus generating a ““flow”
of particles which initially can be considered proportional to the difference of
concentration.

Such a proportionality can be achieved through the definition of a coeffi-
cient that plays more or less the same role as the permeability in the Darcy
law and is called the dispersion coefficient. For the above considerations
dispersion appears to be a function of the space coordinates and since it may
vary from one direction to the other, being not necessarily parallel to the
variation of concentration, in its most general expression it must be a tensor
(Fried and Combarnous, 1971; Fried, 1972). Keeping in mind that dispersion

is a time-dependent phenomenon, the describing equation may be written in
its most comprehensive form:

. —C - oc

div (kp grad—) — div (Vc) == (11)
0 ot
For the dispersion coefficient 2 [L>T™*] considerations hold similar to those
for permeability, e.g., those concerning the homogeneity and the isotropy
(Krizek et al., 1972). More complexities are involved if the possibility of ad-
sorption and absorption of pollutants by the solid matrix is also included.
Some chemical reactions can also occur.
A further complexity is introduced by some pollutants which have a

separate “life”, e.g., microorganisms of the domestic sewage whose degree of
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evolution if connected to the available oxygen. Investigations on these as-
pects move into the field of hydraulics and invade that of chemistry and
microbiology. More information should be collected on this matter and new
research begun, both experimentally and theoretically, to enhance this knowl-
edge. '

To treat the problem of underground pollution the dispersion eq. 11 must
be considered together with the equations of continuity, rheology and Darcy
already introduced on pp. 167—168. Moreover the following “state equations”
of the mixture should be considered:

D =D(c); p =p(c); u=ulc).

The solution to this problem can benefit from some experimental law,
involving the dispersion coefficient with some other term, e.g.:

vd\™
k=ozD(———-) +3
D

which refers to the molecular diffusion D, to the mean pore velocity V and to
the pore diameter d. The constants a, m and g should be determined experi-
mentally.

The non-dimensional term Vd/D is the well-known Peclet number, very
useful in this kind of investigation.

The final solution to this problem can be obtained only after appropriate
elaboration of the above mathematical formulations and on the basis of reliable
experimental data. It seems worth stressing that more research is still necessary
in this field.

The large availability of statistical and advanced mathematical techniques,
together with the progress of high speed computers, can probably bring an
improvement to the solution by adopting stochastic end probabilistic proce-

dures, which have proved very effective in treating dispersion problems in
surface water.

UNSATURATED AQUIFERS

A field of basic interest is that of unsaturated aquifers, whose importance
is chiefly involved in water balance and irrigation problems (Fig. 15). The
phenomenon is related to the presence of a separation surface between air
and water which gives rise to the development of molecular forces sometimes
having a very high intensity. If referred to the unit surface they form the
surface tension, the effect of which can influence the motion of water and
be superimposed on that of gravity (IAHS, 1900; Kovacs, 1971). If ¢ is the
surface tension [FL™?], the general law of unsaturated flow, corresponding
to the steady-state Darcy’s law, is (in the x-direction):

a(h+y/y)

V=KH ox
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Fig. 15. Above the water table a water—air mixture forms the unsaturated zone. The dif-
ference in pore size can produce the capillary rise.

In vectorial form (v is the specific gravity of water):

— e —

V=Kyg (grad h+ grad——)
Y

where Ky is the corresponding tensor of unsaturated conductivity [LT™].

The evaluation of the latter term is generally cumbersome, both theoretically
and experimentally, since a complete pizture of the phenomenon itself is not
yet available. As in Darcy flow, it can be helpful to refer to the pipe flow in
Poiseuille conditions. Imposing the dynamical balance in an elementary por-
tion of air-water current within the pipe, motivated by the gradient of
hydrostatic pressure and surface tension, and hindered by the viscosity forces,
after some elaboration the unsaturated conductivity can be expressed in a
more or less complicated way as a function of the so-called coefficient of
saturation, that is the ratio:
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/4

§=—

n

where W is the percentage of water in volume and n is the porosity.
The unsaturated conductivity often is expressed as proportional to the
permeability K by means of a relation:

Ky = Ks®

s being the coefficient of saturation. The exponent can generally vary from
3.0 to 3.5.

Taking account of the molecular forces at the air—water surface does not
always allow similar molecular forces acting in the water—solid boundary sur-
face to be neglected. This is achieved by adopting criteria similar to those for
the saturated aquifers, when the non-Darcy behaviour can be kinematically
described with the non-newtonian flow. For the unsaturated aquifers it is
worthwhile to say that further research is still necessary.

CONCLUSIONS

It seems worthwhile to look into the future, pointing out the most impor-
tant subjects towards which the present research ought to be oriented. To
meet the specific requests of the increasing use of underground water for
human needs, geophysics can make a useful contribution.

As it can be seen from the previous sections, the field in which further
theoretical and experimental research is especially necessary is for a better
appreciation of the behaviour and exploitability of fissured aquifers. Geo-
physics has a very important role to play in this subject, improving at the
same time its own knowledge. Indeed, the complexity of this kind of aquifer
demands more and more reliable techniques.

The basic concepts of water motion in fissured aquifers should also be con-
firmed, especially through in-field measurements, in order to ascertain the
possibility of applying existing formal relationships or introducing new and
perhaps more complete mathematical tools.

Other topics, also of particular interest for the increasing applications of
water-intaking techniques, are:

— the behaviour of non-saturated aquifers, and

— natural and man-made pollution, identifying techniques useful for
detecting quality aspects in the deepest strata of the aquifers.

Water engineers who are responsible for the use and protection of under-

ground water resources are anxious to hear the progress of geophysics in

these fields.
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ABSTRACT

Van Dam, J.C., 1976. Possibilities and limitations of the resistivity method of geoelec-
trical prospecting in the solution of geohydroliogical problems. Geoexploration, 14:
179—193.

The resistivity method has proved to be very suitable in determining the distribution of
fresh and saline groundwater in sedimentary deposits as occur in the Netherlands. This is
illustrated by several examples.

However, the method gives no information about recharge, groundwater flow, geo-
hydrological constants (permeability, transmissibility and hydraulic resistance) and the
presence of relatively thin layers of bad hydraulic conductivity which can be of great
importance in geohydrological problems.

Difficulties arise also in the interpretation of gradual changes of the groundwater
salinity with depth in otherwise homogeneous aquifers.

INTRODUCTION

In present times, with the growing population and rising standards of
living, the demand for good quality water is increasing almost everywhere.
Depending on the local conditions either surface water, groundwater or oc-
casionally both can be used to meet the demands. However, the demands are
not only in terms of quantities of water that meet the quality standards for
consumption in domestic and industrial use or for irrigation or sprinkling in
agriculture. There are other interests or constraints as well, such as:

(1) Agriculture, in those cases where crop production depends on the depth

 of the groundwater table, as in large parts of The Netherlands.

(2) Land subsidence and stability of foundations. When lowering the water
pressure in the pores, the intergranular stress increases and subsidence can
occur. Even foundations on piles can be endangered especially in the cases
of wooden piles when the piles fall dry and rot off.

(3) Conservation of nature, which may impose certain conditions on ground-
water table levels and on base flow in streams.

Apart from groundwater recovery for the above-mentioned consumptive
purposes there are other human activities which can exert their influence on
the groundwater regime, such as:
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(1) Land reclamation (largely practised in Holland).
(2) Construction of reservoirs for the storage of surface water (in the uplands
behind dams, in the lowlands surrounded by circular dikes).
(3) Urbanization.
(4) Artificial recharge of groundwater by
— infiltration of surface water
— returning pumped groundwater after use
— loss of irrigation water by percolation.
(5) Open cast mining.

WATER RESOURCES IN MODELS

With increasing demands and other requirements on the one hand, and harder
constraints or at least greater consciousness of the constraints and greater
public control on the other, it has become necessary and customary to analyse
and to model the system of any water resources project not only in technical
terms, but also in socio-economic terms. However, there is a difficulty — and
probably it will remain — to account for intangible factors such as nature con-
servation. Such models enable the optimal solution of a great many of alter-
native solutions to be found. In terms of this paper such alternatives are, for
instance, the use and/or storage of surface water, import of water from else-
where, or desalting of brackish or saline groundwater.

It is obvious that the results of such a model study are correct only as far
as the input data are correct. Part of the input data are formed by the output
of a geohydrological model which describes the geohydrological system and its
response to its inputs and boundary conditions.

GEOHYDROLOGICAL MODELS

The geohydrological system is characterized by:
(1) The underground, built up of:

(a) aquifers, characterized by their transmissibilities KH (products of per-
meability K and aquifer thickness H) and their storage coefficients u
(for phreatic groundwater) or S (for confined or semi-confined ground-
water);

(b) semi-permeable layers or aquitards, characterized by their hydraulic
resistance c, expressed in days, which is the thickness d of the semi-
permeable layer divided by its vertical permeability K ;

(c) impermeable layers or aquicludes.

Apart from KH, u, S and ¢ the lateral extent of these layers is essential.

(2) The water present in the underground:
(a) the groundwater tables, which determine the quantity of water stored;

(b) the chemical composition of the groundwater, in particular its salinity
and hardness.
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The flow in this geohydrological system is governed by the inputs and
boundary conditions as:
(3) (a) natural recharge with its seasonal variations;
(b) groundwater extraction, characterized by location, depth and quantity
of extraction;
(e) artificial recharge, also characterized by its location, the construction
and operation of the works;
(d) water tables, whether constant or variable in rivers and canals bounding
the aquifers;
(e) artificial control of groundwater tables by controlled surface water
tables in areas with great drainage density (polders).
We have now come down to the domain of the geohydrologist who must build
the geohydrological model and therefore first collect the required data. In
his survey the geohydrologist can derive great support and profit from what
geophysicists can do for him, or rather what they can do in mutual coopera-
tion. This paper deals with the possibilities and the limitations of the input
by geophysical prospecting and in particular resistivity prospecting. It is
based on the author’s experience in The Netherlands. Therefore it may be
best to give initially some background information on the particular geo-

hydrological conditions prevailing, and on the history of resistivity prospect-
ing in The Netherlands.

GEOHYDROLOGY OF THE NETHERLANDS

The name, The Netherlands (Nederland, les Pays Bas, die Niederlande) in-
dicates that the country has a low elevation. This applies in particular to the
numerous so-called ‘polders’ in the western provinces Noordholland, Zuid-
holland, Utrecht and Zeeland and to the few large polders in the IJsselmeer
(former Zuiderzee). Many polders are reclaimed lakes or parts thereof and
have a land-elevation of up to several meters below mean sea-level. See Fig.1.
The groundwater tables in these polders are roughly equal to the so-called
polder-levels, the water-levels maintained in the dense networks of canals and
ditches. The polder-levels are artificially controlled at depths of about 0.3—
2 m below land surface by means of embankments, sluices and pumping
stations.

The so created depressions in the groundwater table are reflected in the
pattern of the piezometric level of the underlying Pleistocene aquifer, as ap-
pears clearly from figs. 2 and 3. This Pleistocene aquifer ranges to depths of
the order of 200—250 m below mean sea-level and is covered by semi-per-
meable clay- and peat-layers of Holocene age, ranging from the land-surface
to depths of up to 25 m in the western part, decreasing to zero in the eastern
part of the areas concerned. The Pleistocene aquifer can be subdivided into
more or less permeable layers of sand and gravel with some intercalations of
clay-layers of local and regional extent. See Fig.4.



182

PN
=
[ > «m =
'
N ¢ 2m s .
/) 2- Om @ }
./‘/
i
!
!
N\, ——— J
;
P T
” N
- /
g {
P
N % (},_,r
o \_7
!
. B

1 / N y
e d i
3 ; 3
7 7 (o /
MNP 7/
. {
N ~ \‘;
A,A/
!
[
~
7
4 P
\ K
{5
0 25 50 100 km

Fig.1. Contour map of The Netherlands. Depths in meters above and below mean sea-level.

The groundwater in the Pleistocene aquifer is partly fresh, partly brackish
and saline; generally the salinity increases with depth. In some places there
is a rather sharp interface between fresh and saline groundwater, in others
the salinity increases gradually with depth.

The present distribution of fresh, brackish and saline groundwater within
the polder areas is most complicated both in terms of depth and geographi-
cally, see Van Dam and Meulenkamp (1967). This is not surprising since this
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Fig.2. Isopiestic contourlines of the Pleistocene aquifer, at a depth of 25 m below mean
sea-level, in Middle-West-Netherlands. Levels in meters below mean sea-level. Average
conditions over 1971. (By courtesy of Mr. K.E. Wit.)

distribution is the result of geologic processes since the end of the Tertiary
Age, i.e., during the Pleistocene period (roughly 1,000,000 years) and the
Holocene period (roughly 10,000 years) of the Quaternary, as well as the
result of intensive human intervention such as diking, land reclamation and
groundwater extraction during the very short period of roughly the last 1000
years.
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Fig.4. Geohydrological profile of the western part of The Netherlands.

RESISTIVITY PROSPECTING IN THE NETHERLANDS

The history of resistivity prospecting in The Netherlands dates back to the
early fifties, when an intensive survey was carried out in the area of the former
Zuiderzee, the present IJsselmeer (Dijkstra and Volker, 1955, 1958). This
survey was carried out over water with electrodes on a cable laid on the bottom
of the shallow lake. The results, about which later, were of great importance
for the large-scale reclamation works, i.e., the creation and lay-out of new
land on the lake bottom.

The great success of this survey gave rise in 1954 to the formation of a
working group with field parties within the Organization for Applied Scientific
Research TNO and in 1956 to the formation of a unit within the Service for
Water Management of State Public Works (Rijkswaterstaat). The TNO group
now forms part of the Groundwater Survey DGV-TNO.

The unit of Rijkswaterstaat started in 1956 a systematic survey of the geo-
hydrological conditions, in particular the salinity distribution of the ground-
water in the low-lying western and northern parts of the country. The TNO-
group took an active part in that survey and also worked for local and regional
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water authorities and water supply companies in The Netherlands. From the
very beginning till present they took orders from abroad as well. DGV-TNO
was not restricted to resistivity prospecting only; it developed and applied
several methods of geophysical well-logging, refraction seismics and geothermal
prospecting, all sustained by research.

Another activity of DGV-TNO is the installation of so-called salinity-
watchers, i.e., permanent electrodes connected to cables left behind in ex-
ploration bore-holes.

DGV-TNO is now directed by Rijkswaterstaat to make a geohydrological
map 1:50,000 of the Netherlands. The results of the resistivity surveys and
geophysical well-logging carried out so far and currently undertaken are fitted
in.

The author has had an active part in the work done by Rijkswaterstaat
and is familiar with the work of DGV-TNO. Being charged with the chair of
hydrology at Delft University of Technology, he introduced resistivity pros-
pecting in his courses on geohydrology and in field work done by the
students both for the purpose of instruction and as a tool in geohydrological
research — about which later.

SOME RESULTS

The above-mentioned survey in the IJsselmeer was done over water in an
area where, at that time, no boreholes existed. Only few borehole data on
the surrounding mainland were available for gauging. The scanty external
information led to the assumption of a rather homogeneous aquifer con-
sisting of 200—300 m sand and gravel, covered by clay-layers of Holocene
age of only a few meters thickness. With this assumption any variation in resis-
tivity could be ascribed to variation in salinity of the groundwater. A calibra-
tion curve was drawn, relating the chloride content of the groundwater direct-
ly to the interpreted resistivities of the formation. In other words both the
formation factor F(p/p;) and the contents of other than Cl -ions present in
the groundwater were assumed to be invariable with locality (a constant ratio
of the contents of other ions to Cl -ions would also satisfy). By taking this
calibration curve for granted it was possible to draw maps for depths of 50,
100, 200 and 300 m, with lines of equal resistivity and to assign fixed values
of the chloride content to each of these lines. For further details see Dijkstra
and Volker (1955, 1958).

Later, after reclamation, when more borehole data became available and
when resistivity surveys were performed in the surrounding areas, the picture
became more complete and more detailed and it appeared that the geohydrolo-
gical conditions were much more complicated than was first assumed. There-
fore, the above-described maps are still valuable, but they should be con-
sidered only as a rough indication.

The resistivity surveys performed overland in the western and northern
parts of The Netherlands aimed at an inventory of the available fresh water.
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Information on the distribution of saline and brackish groundwater is also
required in calculating the load of salt carried by seepage in the low-lying
areas, which in turn is required in the calculation of the amounts of surface
water needed for water- and salinity-control. Both the present situation and
the prospects for the future are important, as in some polders the seepage
is or was once fresh, then turns saline and later on after partial depletion of
the saline water becomes fresh for ever. A paper on this subject has been
published recently by the present author (Van Dam, 1976).

A most illustrative example of the distribution of fresh and saline ground-
water in and around a deep polder is that of the polder Groot-Mijdrecht. A
schematic profile is drawn in Fig.5. This roughly circular polder has seepage
of saline groundwater in an almost circular area in its centre. In the annular

L polder Groot. Mijdrecht (£ 10 km)

.

peat//‘/ P%‘/bﬁjam.
I

sand aquifer

fresh

106. 200 m.

brackish

Fig.5. Schematic profile of the polder Groot-Mijdrecht (The Netherlands).

area around that circular area the seepage consists of fresh water. The inter-
face between fresh and saline water in the rather homogeneous sandy aqui-
fer was quite steep, as appears from Fig.5. This result of the resistivity sur-
vey was even better understood after studying the Badon Ghijben-Herzberg
principle dealing with the different densities of fresh and saline groundwater.
When locating fresh water lenses, currently recharged by effective precipi-
tation, as for example in the sand-dunes along the Dutch coast, the results
of resistivity prospecting can be much better understood and interpreted
when taking into account the topography and the soil types of the land sur-

semi_permeable
layer

aquifer

saline

Fig.6. Inverse landscape with fresh-water lens.
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face as well as information on the elevation of the groundwater table. This
latter in combination with understanding of the Badon Ghijben-Herzberg
principle is very helpful. Apart from the fresh-water lenses in the sand-dunes
with thicknesses of up to some 200 m, fresh-water lenses were also found in so-
called creek-ridges, which are elongated sand bodies embedded in the Holo-
cene clay- and peat-layers. These sand bodies were formed by deposition of
sand particles in former tidal creeks. Later on, the adjacent clay- and peat-
layers have undergone greater compaction than the sand in the creeks and so
an “inverse landscape” was formed. See Fig.6. The small differences in ele-
vation and the different soil types were perfect indicators of the presence of
fresh-water lenses, which could then be mapped in detail by means of resis-
tivity prospecting.

Another useful experience was the possibility of detecting the presence
and extent of clay-layers, the thicknesses of which are small in relation to their
depths. The detection of such thin clay-layers intercalated in sand- and gravel-
aquifers is normally difficult or even impossible due to the principle of sup-
pression, the resistivity of the clay often being only one-third or one-half the
resistivity of the sand or the gravel. An exception is the case where the salin-
ity of the groundwater in the aquifer above the clay-layer is higher than the
salinity of the groundwater in the aquifer below the clay-layer. In the ab-
sence of a clay-layer the situation would be unstable. The heavier saline
groundwater would percolate downward thus forcing the fresh water to flow
upward. The presence of a clay-layer prevents this exchange. So the presence
and the depth of the clay-layer is found indirectly ; its thickness still remains
unknown. A clay-layer separating fresh water above from saline water below
cannot be detected in this way because such a situation can equally well exist
in the absence of such a clay-layer.

The above described principle enabled the author to detect an Eemien
clay-layer of some 5 m thickness at depths between 25 and 35 m and extending
over a large area in the province of Noordholland. The groundwater below
the clay-layer was unexpectedly fresh to a considerable depth. It was protected
against the exchange with sea-water by transgressions of the sea during which
this clay-layer was first deposited and leaving saline water in the sandy forma-
tions subsequently deposited on the clay. The body of fresh groundwater
thus conserved is not recharged in present times; it is a one-time reserve.

Another example is the case shown in Fig.7. The map indicates the elec-
trical resistivity at a depth of 15 m below mean sea-level. The saline ground-
water occurring in the area indicated by dense hatching is enclosed between
the fresh-water lens in the sand-dunes west of that area, another fresh-water
lens in the sandy ridge east of that area, and a clay-layer of a few meters
thickness at a depth of some 25 m. The groundwater below the depth of the
clay-layer was fresh. This pointed to the presence of the clay-layer acting as

Fig.7. Electrical resistivity at a depth of 15 m below mean sea-level in the area west of
Alkmaar (The Netherlands).
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Fig.8. Electrical r'esistivity at a depth of 60 m below land surface in the vicinity of
Noordbergum (The Netherlands).

the bottom of the box. The information obtained by resistivity prospecting
and the geological knowledge of that area proved to be complementary.

In the north of The Netherlands the Pleistocene aquifer contains local
bodies of highly impermeable clay in the form of filled up gullies of several
tens of meters depth. The resistivity of this clay was clearly distinct from
the resistivity of the sandy aquifer. It was easy therefore to map the clay
bodies as shown in the example of Fig.8, which is a map of the resistivity
distribution at a depth of 60 m below landsurface.

CHANGES WITH TIME

The result of any resistivity survey is an instant picture. When repeating
the survey some time later the distribution of resistivities may be different due
to a changed composition of the groundwater in the invariable formations. The
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composition of the groundwater can change due to flow. There are only few
places where the changes due to flow are great enough to be determined ac-
curately enough by repetition of the resistivity survey with intervals of one

or a few years. A good example of where this was possible is the growth of
the fresh water lens on the Haringvreter. The Haringvreter is an island of
roughly 1.8 km X 0.7 km in the lake Veerse Meer. The Veerse Meer was
formed in 1961 by the closure of a dam in the Veerse Gat, until then a tidal
inlet. Before closure the Haringvreter was a sand-shoal, flooded twice a day

at high tide. Since its closure the water level in the newly-formed lake is arti-
ficially controlled and the sand-shoal has fallen permanently dry. From that
moment on a fresh-water lens is being built up by effective precipitation.

The growth of this lens is followed annually by civil-engineering students
doing their field work in this research project. The results of the 1965 survey
(by Rijkswaterstaat) and the 1972 survey (by students) are presented in Fig.9.
In the mean time two graduate students calculated the final shape of the

lens and some transitional stages. Their calculations based on the Badon-Ghijben-
Herzberg principle, yielded a maximum final depth of 14.5 m.

SCALE:
0_ 100 200 300 400 500 600 700 800 90C 1000 {m)
[ = o —

Fig.9. Depth of the fresh-water salt-water interface on the Haringvreter island. Figures in
meters below lake-level.
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Another possibility to detect vertical changes in the position of a fresh
water—salt water interface is the installation of the salinity-watchers, men-
tioned earlier in this paper. These permanently installed cables have numerous
electrodes in one vertical line. Any combination of four successive electrodes
can be connected to portable measuring instruments at the surface. Such mea-
surements are repeated at time intervals of say 6 months. A great number of
such salinity-watchers has already been installed in the intake areas for public

water supply to check the uprising of saline water. It is, so to speak, the finger
on the pulse.

POSSIBILITIES AND LIMITATIONS

The examples described so far indicate clearly the possibilities of resistivity
prospecting, particularly in mapping the salinity distribution and under cex-
tain conditions, indirectly, the presence of clay-layers. However, the method
has its limitations.

When checking the list given in the section on Geohydrological Models
one must conclude:

(1) a: Resistivity prospecting does not provide any information on the trans-
missibility KH. Therefore pumping-tests remain indispensable. Under
favourable conditions the thickness A of an aquifer can be determined.
Research is now being carried out by DGV-TNO on the relationship
between the permeability and the porosity p and the formation factor
F. The storage coefficients u and S cannot be determined by resistivity
prospecting.

b: The hydraulic resistance ¢ cannot be determined by resistivity pros-
pecting. Even if it were possible to determine d and K, separately the
practising (geo)-hydrologists would handle the c-value calculated as
d/K, with great care as the actual c-value depends greatly on the pres-
ence of leaks caused by inhomogeneities.

c: The top of impermeable layers can, under favourable conditions, be
found by resistivity prospecting. Whether a layer is really impermeable
can only be checked by boreholes.

(2) a: Groundwater tables can only roughly be determined by resistivity
prospecting. In fact one finds the top of the capillary fringe. For cal-
culation purposes a more accurate figure is required than resistivity
prospecting can provide.

b: For the determination of salinity and hardness of the groundwater,
resistivity prospecting can render good service as was illustrated by
several examples in this paper.

(3)  Resistivity prospecting does not provide any direct information about
flow or recharge of groundwater. Data on groundwater extraction and
surface water tables can only be obtained directly.
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In addition to this summing up it may be worthwhile to report the
following findings, both as a warning to (geo)-hydrologists and as a
challenge to geophysicists:

(1) Without additional information it is impossible to distinguish between
sand- or gravel-layers saturated with brackish water, and clay-layers with
fresh water.

(2) In practice the vertical distribution of salinity often shows a gradual in-
crease with depth, as appears by water sampling in boreholes and by re-
sistivity logging. So far the interpretation of resistivity surveys is only pos-
sible in terms of a limited number of clearly distinct layers. When in-
creasing the number of resistivity steps the accuracy could be increased

so long as the principle of equivalence does not impose its restrictions to
the resolving power.
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THE ROLE OF A GEOLOGIC CONCEPT IN GEOPHYSICAL RESEARCH
WORK FOR SOLVING HYDROGEOLOGICAL PROBLEMS

H. FLATHE

Federal Institute for Geosciences and Natural Resources, Hannover (F.R.G.)

ABSTRACT

Flathe, H., 1976. The role of a geologic concept in geophysical research work for solving
hydrogeological problems. Geoexploration, 14: 195—206.

Modern computer techniques today allow a comprehensive physical interpretation of
direct current resistivity measurements. The principle of equivalence and anisotropy, how-
ever, are still a real handicap in translating the physical results into hydrogeological facts.
This situation, often causing a misunderstanding between geophysicist and geologist in
practice, is outlined in this paper. Some striking examples will demonstrate the importance
of a geological concept in collaborations between the geologist and the geophysicist to
overcome the difficulties arising from the fundamental limits of the resistivity method.

INTRODUCTION

Direct current resistivity measurements have been used for about b0 years
to obtain quantitatively the resistivity distribution below the surface in a ver-
tical direction from data registered at the earth’s surface.

The four-point method proposed by Wenner (1916) and C. and M. Schlum-
berger (1920) was developed for routine work in the following decades for
prospecting mainly a horizontally stratified underground — regarding mea-
suring techniques and interpretation as well — and has been brought to a very
high standard today. Since Slichter (1933) has shown the unique—unique
relation between the surface data p, (apparent resistivity) and the true resis-
tivities p in the case of a horizontally-stratified earth, direct methods of inter-
pretation (starting with Pekeris, 1940) have been proposed running parallel
with a rapid development of the indirect interpretation, i.e., the theoretical
computation of master curves used in combination with the so-called auxiliary
point diagrams and Maillet’s (1947) “Dar Zarrouk” curves (see, for example,
Zohdy, 1965 and 1974). In recent years there has been a “boom” in writing
computer programs so that it is rather difficult to mention the authors without
missing one of them. All deal with the problem:
surface data p, < p(2) vertical resistivity profile
This is the mathematical-physical aspect of the interpretation. It seems, how-
ever, that there is an important “missing link” in the step:
p(=) =~ geologic structure (lithological log)
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To point out this fact, i.e., the role of a geological concept in the interpre-
tation of resistivity measurements, is the aim of this paper.

PRINCIPLES

To understand what we are doing the fundamental principle of electrical
sounding — following the classical description of Krajew (1952, German edit.
1957) — will be described in a few words illustrated by Fig.1. Let us assume
two layers with the resistivities p, and p, (p.> p, ) divided by a plain hori-
zontal interface at depth 2. The flow of the current fed into the earth by two
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Fig.1. The fundamental principle of electrical sounding.
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electrodes with a spacing L is marked by dotted lines in the underground for
different values of the depth & (left side of the figure) assuming p, = = (in-
sulator). Decreasing k and constant L mean an increasing current density at
the surface: the current density j at the surface is proportional to L/h. On the
other hand j is proportional to the potential difference A V measured be-
tween two potential electrodes (not plotted in the figure) in the centre of
the four-point arrangement. This potential difference AV is itself proportion-
al to the so-called “apparent resistivity” p,, i.e., p, expresses the current
density at the surface as a function of L/h. Because on the left-hand side of
the figure L is constant and A is decreasing, on the right-hand side of the
figure h is, according to the given geological situation, of course fixed. The
process of “pulling up the underground” is here simulated by enlarging L.
We obtain the same quotient L/A on both sides of the figure which means
that from the change of the current density j at the surface, expressed in the
value of the “apparent resistivity” p,, the depth & of the interface between
the two layers can be determined by enlarging the electrode spacing L from
a sounding graph p,(L/h). L/h is a quotient. Thus the logarithmic scale is
adequate for plotting this graph as shown in the lower part of the figure
(taking L/2 instead of L is a convention after Schlumberger). Thinking over
this process again we get the following result. The data measured at the
earth’s surface and plotted in log—log-scale as a sounding graph p, (L/2) re-
flect the variations in the current density at the surface* caused by en-
larging the electrode spacing L, thus simulating a “pulling up” of the under-
ground layers. '

RANGE OF THE METHOD

The question which arises now is: How far can an underground layer be
recognized from a sounding graph with regard to its depth, thickness and
resistivity, if the accuracy of measured data is + 5%? The author, having,
been confronted by this problem for the last 25 years, has tried in a series of
publications (1955, 1958, 1963, 1964, 1969, 1970, 1974) to approach this
problem. In collaboration with geologists and hydrogeologists he came to the
conclusion that without a geological concept an interpretation of geoelectri-
cal measurements is almost impossible if the number of layers concerned
exceeds three. The resolution of sounding graphs not only depends on the
classical principle of equivalence discussed with respect to the three-layer-
case, but also on the relative thickness, the “effective” relative thickness and
the from case-to-case changing resistivity distribution. Maillet’s Dar Zarrouk
curves are integrated in these considerations especially with respect to aniso-
tropy.

To obtain a relevance to practical work concerning prospection on ground-
water the large range of resistivity variations occurring in this field is demon-

* Just “below our feet” in the centre of the four-point arrangement.
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Fig.3. Geoelectrical sounding graph p,(L/2).

The vertical profiles plotted in logarithmic scale (using the L/2-scale as depth scale simul-
taneously) and provided with the layer resistivities in 2m represent equivalent interpre-
tations as 4-, 5-, 6- and 12-layer cases. The deviation of the theoretically calculated values
of o, from the measured data (in %) is given at the bottom of the diagram.
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strated in Fig.2. The reason for only using direct current resistivity measure-
ments in solving hydrogeological problems becomes obvious from this figure

which also shows, however, where supplementary information by seismic
measurements are necessary.

DISCUSSION ON THE INTERPRETATION OF RESULTS

The field data of a geoelectrical sounding usually consist of about 25 mea-
sured apparent resistivities p,(L/2) combined (by hand) to a sounding graph.
Fig.3 shows a field result as it occurs very often in practice if below a sur-
face layer of a few meters of dry sand with a relatively high resistivity cover,
a series of aquifers, and impermeable clayey layers of unknown thickness
underlain by an impermeable substratum (20 2 m). If the hydrogeologist has
no idea about the underground the geophysicist can offer him a few physical-
ly-exact solutions within the accuracy of measured data. Four of them are
plotted in profiles in log scale within the figure.

(a) At first glance the sounding graph seems to represent a 4-layer case, con-
sisting at the beginning of a dominating maximum, followed by a double
descending branch. The physical interpretation — using the most simple
hydrogeological model — results in dry sands (750 Qm) below a 100 Qm-

1 top layer above an aquifer (165 Qm) down to 80—85 m below surface.

(b) Assuming a near surface boulder clay (50 &m) and below this an aquifer

" (200 Qm), we will get the 20 Q m-substratum already at 52 m depth (5-
layer case).

(c) A two-aquifer-system leads to a 6-layer case, where the separating boulder
clay (40 Qm) has its upper boundary just at the depth of its lower bound-
ary found for the five-layer case. But not enough:

(d) Without any concept the geophysicist may offer a 12-layer case to the
hydrogeologist bringing up the impermeable clayey substratum to 38 m.
The chance to find water thus varies between the 38 m and 82 m depth,
i.e. a difference > 100%.

After this statement by the geophysicist, in an attempt to check the con-
tent of the information in his sounding graph the geologist will draw vertical
profiles in linear scale, as is done in Fig.4, and present this picture to his col-
league, the geophysicist, asking him: “Why did I use the relatively expensive
geophysical method to answer my questions? Can’t you by means of your
computer techniques distinguish between those 4 layers and these 12 layers.
There must be a difference.” The geophysicist’s answer would be: ‘“Theo-
retically there is a clear difference, but not in practice. Look at Fig.5. Here
the extreme cases of the 4- and 12-layer cases are represented in their sounding
graphs calculated theoretically. The field data lay in between. There is no
chance to decide if I would rather have a geological concept. If you, for in-
stance, could tell me that a two-aquifer-system is needed, then I would follow
up the 6-layer case by making more measurements with this concept.”

Supplementary measurements taking into account the concept of a 2-aqui-
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Fig.5. Theoretically calculated master curves for the 4- and 12-layer case in Figs. 3 and 4.

fer-system resulted in the sounding graphs plotted in Fig.6. From these graphs

the true resistivities of the layers could be calculated. The whole result is

given in Fig.7. From this it can be concluded that a discussion on a single

sounding graph between the geophysicist and the geologist may lead to a

quantitative result only if:

(a) the geologist gives a clear concept to the geophysicist,

(b) the geophysicist gets the chance to carry through supplementary mea-
surements, and

(c) the concept may be confirmed by test drillings at typical soundings
proposed by the geophysicist.

ANALYSIS OF RESULTS

Analysing the results it can easily be seen from Fig.5 that at least four
layers are concerned.

Due to the principle of equivalence the resistivities and thicknesses of the
layers within the 12-layer case cannot be calculated from the sounding graph.
The resolution of the method is too weak. In the sounding graph the sequence
of layers appears as a series which can in its electrical influence at the surface
(i.e., variations of the current density) be replaced by two homogeneous iso-

Fig.4. Equivalent layer sequences (in linear scale) resulting from the interpretation of the
sounding graph in Fig.3 (resistivities of the layers in Qm).
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tropic layers with resistivities of 750 and 105 Qm (4-layer case). This, how-
ever, results in an enlargement of the thickness pushing the 20 Q m-substratum
from 36 m down to > 80 m below surface. To get the real depth of 36 m an
anisotropy within the layer series has to be taken into account. But there is no
information on the factor of anisotropy contained in the field curve. The
value of this factor, which reduces the thickness of the series, has to be taken
from “outside”-information, e.g. test drillings. It is obvious that just at that
point where the resolutio