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SUMMARY

In the years 1991 and 1992 combined vertical electric (VES) and electromagnetic
(EM) soundings, complemented by chemical analyses of borehole water samples, were
made with the aim of detecting and mapping saline-fresh water interfaces in coastal and
estuarine sediments. Two coastal areas, one at Morfa Bychan at the northern edge of
Cardigan Bay and another on the College Farm at Aber on the Menai Strait, and one
estuarine area on the northern bank of the Afon Cefni at Malltraeth, were chosen for
detailed study.

The VES and EM data show close agreement to themselves as well as to the
salinity of the groundwater determined by chemical means. On the basis of these and
borehole data it has been possible to define an aquifer at each site, boundaries of saline
intrusion into groundwater, and zones of mixing between the two. An aquifer filled
with fresh groundwater has a resistivity of more than 35 ohm.m (chlorides less than
250 ppm), the zone of mixing water (transition zone) has resistivities ranging between
8 ohm.m to 35 ohm.m (chlorides between 250 to 500 ppm), and saline water has a
resistivity of 7 ohm.m or less (chlorides 500 ppm or more). These data cast some doubt

on the applicability of the Ghijben-Herzberg Relationship in defining the position of
the saline-fresh water interface.

In addition to these observations, pumping tests were carried out which not only
gave permeability values but also showed the modification of the saline interface
caused by pumping. Permeabilities were also measured both in-situ and in the

laboratory on collected samples using standard techniques; permeabilities were also
estimated using electrical formation factor considerations. In general close similarities

existed between the various techniques. The permeabilities of the aquifers range from
3.2 x 10* m /sec to 1.3 x 10° m/sec which can be classified as moderate.

It is clear that in the sites examined a combination of permeability and an

abundance of fresh water from the land (from rainfall and rivers) prevent any extensive
saline intrusion. However the intrusive zone is extended during the period when spring
tides operate.

The overall conclusion is that VES and EM techniques are dependable practical
tools for the determination and mapping of any saline intrusion. Importantly they can
also provide values of porosity and permeability which agree closely with those
parameters obtained by traditional hydrological methods. This opens a way forward for
the use of electrical techniques as precursors to any detailed investigation such as
pumping tests. They can also be used in a monitoring mode for detecting changes in
aquifer salinity caused by abstraction of groundwater allowing saline intrusion to occur.
Such a procedure can be of considerable significance in Pakistan to assess the severity
of the twin problems of waterlogging and commensurate salinity changes.
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CHAPTER 1. INTRODUCTION

Saline water is the most common pollutant in fresh groundwater. The pollution can
occur in deep aquifers with the upward advance of saline waters of geologic origin, in
shallow aquifers from surface waste discharges, and in coastal aquifers from an invasion

of seawater.

Increasing demands are being made on the water resources of many countries
particularly Third World countries because of their expanding population, especially in
coastal areas. Proper management, development and use of fresh water in such areas is
necessary to prevent contamination of existing water supplies. Sound management
decisions can be made when based on available information; therefore, it is desirable to

gather as much data as 1s economically reasonable to support these decisions.

A typical inland groundwater salinity problem is that exhibited in Pakistan, which
geologically comprises mostly marine beds with thick overlying alluvial deposits. Since
the introduction of canal irrigation systems, the canals have gradually silted up such that
their beds have been raised to the same level as the ground surface and, in some instances,

even higher. This caused a lot of seepage of canal water into the ground which raised the
level of the water table. Groundwater with dissolved Na, K, Mg, Ca, SO,, or Cl, etc., is

abundantly present in the lower layers; when this water, rich in SO, and/ or Cl, reaches
the ground surface it evaporates and leaves behind a thin crust of salt on the surface
causing the twin problems of surface waterlogging and salinity.



In the seventies almost one hundred thousand acres of land went out of cultivation
annually because of this twin menace. The subsequent installation of tube wells in large
numbers, reduced this menace to some extent. However the problem of extraction of saline
water and its use for watering agricultural lands on the one hand lowered the water table
but on the other hand aggravated further the salinity on the surface. To overcome this new
problem, the World Bank with the aid of O.D.A. (U.K) and other donor agencies, started
a gigantic drainage project in the late eighties involving the construction of many surface
drains to drain out highly saline water (initially pumped out by tube wells) into the sea.
Work on this project is still going on and the results are yet to be seen (Water and Power

Development Agency,Pakistan. Water logging and salinity. Annual Reports, 1970; 1988;
and 1989).

Braithwaite (1855), which historically may be the first published reference on the
problem, illustrated the salinity problems caused by pumping in London and Liverpool.

He suggested that the infiltration of seawater was caused by lowering the groundwater

level below that of the sea. Herzberg (1901), Oscar Meinzer (1945), Wentworth (1951),
Schmorak and Mercado (1969), on ;he basis of various field observations, remarked that
pumping caused a continuous encroachment of salt water. More than 90 years ago Badon
Ghijben (1889) in Holland and Herzberg (1901) in Germany, working independently,
found that fresh groundwater floats above salt water because of its lower density. Field
measurements at Miami (Cooper et al., 1964) and experimental studies (Cahill, 1967:

Goswami, 1968) have confirmed a considerable amount of shift in the saline-fresh water

interface due to changing tidal patterns.

The most common method of monitoring salt water movement in coastal areas is

2
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by periodically measuring the chloride concentration in water from observation wells.
Properly-constructed observation wells are expensive and, thus, the number that can be
drilled is highly restricted. An alternative method of monitoring is to use geophysical
electrical resistivity surveying techniques. This method allows monitoring of a large area

at a comparatively small cost. In addition, surface resistivity measurements can be used

to give supplemental water quality control in areas between observation wells.

As chloride is a dominant ion of ocean water, and usually plays only a minor role
in groundwater, an increase in chloride content is the most reliable indicator of the first

stages of salt water intrusion into groundwater. Hagemeyer (1988) has shown that water

quality control data are essential to differentiate saline water from mineralized water.
i

As early as 1937, Swartz (1937) used direct-current resistivity method to locate

fresh water lenses in salt water bodies. Since then, much resistivity work on the detection

of fresh-saline water interface has been continuously carried out in various parts of the

world (Flathe, 1970; Zohdy et al., 1974; Gorhan, 1976; and Worthington, 1977). Since the
late 1960’s, numerous studies in the United States have been performed to locate and map

contaminated waters (Cartwright et al., 1968; Fretwell and Stewart, 1981: and Stewart et
al., 1982).

It follows from the above that 1t should be possible to develop combined vertical

electric (VES) and electromagnetic (EM) soundings together with chemical methods to

detect and map the fresh-saline water interface in coastal and estuarine sediments. At the

same time the separate effects of pumping and spring tides can be studied on the saline-

3



fresh water interface.

1.1 Aims of the thesis:

To detect/ map the saline-fresh water interface in coastal and estuarine sediments

at different sites in North Wales using geophysical and chemical methods, and to compare

the characteristics of these sites,

(2) To investigate the movement of the interface due to tidal and pumping effects,

(3) To examine the effect of permeability and transmissivity on the saline intrusions,

while at the same time to compare the value of permeability derived from the electrical

observations to those obtained by conventional means.

To achieve these aims:

(1) Combined vertical electric and electromagnetic soundings were carried out in
three areas, where some sediment parameter data from previous investigations was
available. These were Aber College Farm, Malltraeth and Morfa Bychan during the years
1991 and 1992. In addition, boreholes and auger holes were drilled to carry out field

pumping (one site only), permeability and hydro-chemical tests.

(2) Laboratory measurements of some sediment parameters from these sites were

made (to supplement the data already on file) to examine the effect of porosity and

permeability. on saline intrusion.



CHAPTER 2. SALINE INTRUSION IN GROUNDWATER

Intrusion of seawater into coastal aquifers is a natural consequence of the density

contrast between fresh and saline water, the denser seawater often forming a deep

wedge that can extend for many kilometres inland (Bear, 1972; Raudikivi and
Callander, 1976).

The first known published reference in history may be that of Braithwaite (1855)
who illustrated the salinity problems caused by pumping in London and Liverpool. He
suggested that the infiltration of seawater was caused by lowering the groundwater level
below that of the sea. But according to our present knowledge, it is well established

that salt water invasion may still take place even when the water table level is slightly
higher than that of the sea (Kashef, 1968a).

2.1 Nature and Position of saline-fresh water bodies and Ghijben-Herzberg

Relationship

More than 90 years ago two investigators Badon Ghijben (1889) in Holland and
Herzberg (1901) in Germany, working independently along the European coast, found
that fresh groundwater floats above salt water because of its lower density. Their
principle is now well known as the Ghijben-Herzberg Relationship. If the height of the
water table level is h, above the mean sea level (MSL), then at the same site the fresh
water should extend to a distance z below the MSL such as shown in Figure 2.1. This
distribution was attributed to hydrostatic equilibrium existing between the two fluids

of different densities neglecting the fresh water movement. The hydrostatic balance

between fresh and saline water can further be illustrated by the U-tube shown in Figure

5



2.2. Pressures on each side of the tube must be equal; therefore,

p,gz=p,g(z+h,) (2.1)

where p, is the density of the saline water, p; is the density of the fresh water, g is the
acceleration of gravity, and z and h,

are as shown in Figure 2.2. Solving for z yields

Zz=——©=__h, (2.2)

which is the Ghijben-Herzberg relationship. For typical seawater conditions, let
p,=1.025 and p~=1.000, so that

z=40h, (2.3)

Translating the U-tube to a coastal situation shown in Figure 2.1., h, becomes the
elevation of the water table above sea level and z is the depth to the fresh-saline water
interface below sea level. Herzberg (1901) gave an approximate value for z as 37.
Wentworth (1939) stressed the relation of ground and sea temperatures to measurements
of the specific gravity in his application of the Ghijben-Herzberg relationship. He
favoured using a value z = 38. Hubbert (1940) considered the dynamic rather than the

hydrostatic equilibrium of the fresh-salt water interface because fresh water is flowing
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toward the sea. Hubbert (1940) also showed that where the flow is nearly horizontal,

the Ghijben-Herzberg relationship gives satisfactory results. His analyses indicated that
the actual interface should be located below that determined by Ghijben- Herzberg

(Figure 2.3). For confined aquifers the above derivation can also be applied by

replacing the water table by the piezometric surface. It is important to note from the

Ghijben-Herzberg relationship that fresh-salt water equilibrium requires that the water

table, or piezometric surface, (1) lies above sea level, and (2) slopes downward toward

the ocean. Without these conditions, seawater will advance directly inland.

Starting from the work of Hubbert (1940), the Ghijben-Herzberg relationship has
been generalized by Lusczynski, 1961; and Lusczynski et al., 1966, for situations where

the underlying saline water is in motion with heads above or below sea level.

Since the original studies, others have appeared based on observations of coastal

wells, which have been in agreement with the Ghijben-Herzberg relationship. These
studies have included further work in Holland by Pennink (1905), in Belgium by
D’Andrimont (1902), in Florida by Brown and Parker (1945), and in the Marianas
Islands by Ohrt (1947). It 1s manifest that sea water does not exist everywhere under
continental areas, so that the extent and continuity of the primary aquifers impose a

natural boundary upon the application of the principle (Brown, 1925; Nomitsu,
Toyohara and Kamimoto, 1927).

Krul and Liefrinck (1946) have recognized that the Ghijben-Herzberg

relationship is really a great simplification of the actual ground-water picture.

Sympathetic tidal fluctuations in coastal aquifers (Brown, 1925; Isaacs and Bascom,

1949) continuously shift the fresh-water interface. Diffusion introduces the problem of

7



density changes. In beach zones this effect may be of sufficient magnitude to introduce
discrepancies in identification of interfaces (Toyohara, 1935) or to obscure completely
the interface between fresh and salt water. Nevertheless, most observations have

confirmed the Ghijben-Herzberg relationship. However, where steep potential gradients

frequently occur, as near coastal areas, pumping wells, rivers and canals, large errors

may be incurred.

Further recent developments have indicated that the actual theoretical interface
should always be lower than the Ghijben-Herzberg interface. The difference in location

1s due to the effect of the ‘seepage forces’ produced by the water movements (Kashef,
1968Db).

2.2 Structure of the Fresh-Salt water Interface

2.2.1 Shape of Interface

In deriving the Ghijben-Herzberg relationship, it was implicitly assumed that the
fresh-salt water interface sloped downward from the coast. The interface shape and

slope can be inferred for the case where flow occurs in the fresh water zone only,

Denoting the water table slope, as shown in Figure 2.4, then from Darcy’s law

Sinﬂ=%z’-=-1¥ (2.4)

where V is velocity and k is the coefficient of permeability. Along this slope the water

table elevation decreases in the direction of flow, consequently according to equation
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Herzberg relationship (after Hubbert, 1940).
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2.2., the fresh-salt water boundary must rise. Its slope (Figure 2.4) is given by

Pr
Ps~Pr

V
= —_— 2.5
S.in"a = ( )

Because of the converging boundaries, V must increase with distance. It follows,

therefore that the magnitude of the slopes increase accordingly. This results in a
concave interface with respect to the fresh water. A more rigorous derivation of the

above reasoning is given by Hubbert (1940).

Recognizing the approximations inherent in the Ghijben-Herzberg relationship,
more exact solutions for the shape of the interface have been developed from potential
flow theory (Charmonman, 19635; Cooper et al., 1964). The result (by Cooper et al.,

1964) has the form for the depth of the interface beneath the shoreline z_ occurs, where
x = 0 (see Figure 2.5 ) so that

z, = -£9L (2.6)

where z and x are as shown in Figure 2.5., K is the hydraulic conductivity of the

aquifer, q is the fresh water flow per unit length of shoreline and A} = p, - p,.

Steady state solutions for the size and shape of the lens, assﬁming a fixed

boundary and sharp interface have been given by Henry, 1964; Todd, 1980; and Van
Der Veer, 1977.



2.22 Length of the Intruded Wedge

Reasoning from the Ghijben-Herzberg relationship, a salt water wedge must exist

at the intersection of an aquifer with the ocean. Assuming that a seaward fresh water

flow q per foot of ocean front exists, then the approximate relation for a confined

aquifer can be derived

(2.7)

Starting from Darcy’s law, where p, and p, are fresh and salt water densities
respectively, b and L are as defined in Figure 2.6., and k is the coefficient of
permeability. Equation 2.7. indicates for uniform aquifer and fluid conditions that the

length of the intruded wedge is inversely proportional to the fresh water flow. The
equation can also be applied to unconfined aquifers by replacing b by the saturated
thickness, providing the flow does not deviate greatly from the horizontal.

223 Trans-Interface Flow/Mixing zone

Interfaces are generally treated as fluid boundaries. At actual ground water

interfaces, however, processes occur which introduce passage of fluids across the
interface. The most important of these are percolation and evaporation across the upper

interface and diffusion across the lower interface. Water percolating downward from
the ground surface flows through partially saturated pores until reaching the fresh-water

(upper) interface. Here it combines with the fresh-water flow in completely saturated

10
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pores. Jacob (1950) has pointed out this process causes ground-water streamlines to
form very flat angles with the interface. This added water raises the interface in
proportion to the volume of surcharge, as is commonly observed after periods of above-
average rainfall. The intensity and duration of rainfall, surface infiltration, stratigraphy,
and permeability of the overburden determine the amount of water joining the

groundwater flow. In beach areas noticeable changes in salinity may occur in

connection with the dilution provided by percolating water (Brown, 1925). Evaporation
from the upper interface has the opposite effect to that of percolation, but the quantity
of water transferred is ordinarily considerably smaller.

Diffusion, here defined as the mixing or intermingling of fresh and salt waters

at their interface resulting from molecular dispersion between the two fluids, is an

instance of a fluid interface not serving as a complete boundary. The rate of diffusion

between two fluids in a vertical column of uniform cross section is proportional to the
concentration of gradient (Glasstone, 1946; Longsworth et al., 1945). Thus freshwater
and saltwater initially in contact show relatively high diffusion rates, which become
progressively smaller as the diffusion zone (also called transition zone), increases and
the concentration gradient decreases. Laboratory experiments in this connection have
indicated the effect of diffusion to be small (D’Andrimont, 1905; Nomitsu, Toyohara,
and Kamimoto, 1927). Because diffusion rates are smaller than usual groundwater
velocities, the diffusion zone is limited to a narrow band. Field measurements of
diffusion zones by Brown (1925) and Swartz (1937) have confirmed this. However
Lusczynski and Swarzenski (1962) found occurrence of a broad zone of diffusion in

the Magothy Formation in Long Island, New York, which they attributed to opposing

flow directions in adjacent bodies of fresh and saline water, effects of movement of

water within the aquifer having variable pore geometry and molecular diffusion.

11



Cooper (1959) advanced the hypothesis of Ghijben and Herzberg that under
dynamic conditions salt water is not static but flows perpetually in a cycle from the
floor of the sea into a zone of diffusion and back to the sea, ahd that this flow tends
to lessen the extent to which the salt water %occupies the aquifer. Under the zone of
diffusion Cooper (1959) éuggésted that there is a zone of substantial thickness in which
there is a gradation of the salinity from that of salt water to that of fresh water. Thus,

diluted sea water having become less dense than native sea water, rises along a seaward

path. Meanwhile, the salts that are introduced into the fresh water environment are

carried back to the sea by the flow of ihe fresh water sjrstem.

Where inhomogeneities occur in coas@ aqu{feré, s;t;'atiﬁcatibné and irregularities
in the distribution of fresh and saline waters occur (Haﬁis, 1967; and Perlmutter and
Geraghty, 1963). Considerable research has been done on seawater intrusion in layered
aquifers (Collins and Gelhar, 1971; and Rumer and Harleman, 1963), and on unsteady
movement of the transition zone (Bear and Dagan, 1964; Hantush, 1968; and Pinder

and Cooper, 1970).

Figure 2.7 shows a transition zone in a highly permeable limestone aquifer in

Miami, Florida. Note the numbered lines are iso-chlors (water areas having the same
chloride or salinity value) which approach the base of the aquifer perpendicularly ; this
results because the flow pérallels the Hbase* of the aquifer, thereby restricting vertical
mixing (Cooper et al., 1964). This is a case where the sharp interface approximation

is not jusiiﬁed. Figure 2.8, after Todd (1974), schematically illustrates the flow patterns

in the three subsurface zones.

12
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2.3 Change in shape and position of interface

2.3.1 Due to Tidal Effect

The hydrodynamic balance between saline and freshwater in a beach area is
governed by the broad principles of rise and fall of sea level, the principal and
important results of which are evident locally in the patterns of coastal erosion or beach
build up. It has also been observed that every year during winter in some regions, and
in summer and monsoon periods in other regions, the coastal beaches as well as shore
lines get eroded due to the action of large tidal waves causing a considerable change

in the morphology of the coastal area. Obviously, a study of the stability relationship
of the interface over an interval of time and space could matenially indicate the areal

extent and depth of variation of the interface, vis-a-vis the activities of the sea.

Herzberg (1901) noted that equation 2.2 did not hold exactly in all cases and that

it is strongly influenced by the fineness or coarseness of the dune sands which were the

media of his field tests. He also recognised the rise and fall of water levels due to the
tidal effects and that the response lagged three to four hours behind the tides.

Field measurements at Miami (Cooper et al., 1964) and experimental studies
(Cahill, 1967) have confirmed the landward movement of the saline water body. Where

tidal action is the predominant mixing mechanism, fluctuations of groundwater, and

hence the thickness of the transition zone, become greatest near the shore line.

Goswami (1968) after study of many continuous years on coastal areas, observed
that spring tides caused lot of erosion of beaches and this resulted in considerable
amount of shift in saline and fresh water interface. He further observed that the daily

tidal effect and groundwater variations caused minor movement of the saline and fresh
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water interface.

2.3.2 Due to Pumping

A sharp interfacial boundary between fresh and saline water does not occur
under field conditions. Instead, a brackish transition zone of finite thickness separates
the two fluids. This zone develops from dispersion by flow of the fresh water plus
unsteady displacements of the interface by external influences such as tides, recharge
and pumping of wells (Wentworth, 1951). In general the greatest thickness of transition
zones are found in highly permeable coastal aquifers subjected to heavy pumping.

Observed thicknesses vary from less than 1 ' m to more than 100 m. As an extreme case,
concentrated pumping in the Honolulu-Pearl Harbour area of Hawaii has created

localized transition zones more than 300 m thick.

Herzberg (1901) remarked that the salinity of the groundwater increased during
a dry season and periods of heavy pumping. Pennink (1905) through his detailed

studies and drawings, indicated how the salt water may be sucked into a well even

when the bottom of the screen is above the original salt water level, a conclusion which
is presently accepted. Oscar Meinzer (1945) wamed of over pumping in coastal aquifers

on the basis of various field observations and predicted a continuous encroachment of

salt water.

Pumping a well in a fresh water zone underlain by salt water causes the salt
water front to rise locally below the well. This phenomenon is also known as
‘upconing’ and is in response to the pressure depression around the well (Diersch et al.,

1984; Schmorak and Mercado, 1969). While working on the upconing mechanism,
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Schmorak and Mercado (1969) defined a certain elevation above the initial interface
(which they assumed horizontal) and called it the ‘critical rise’, Figure 2.9. As pumping
increases the interface forms an expanding mound with a maximum height below the
axis of the partially penetrating wells. Once the maximum height reaches the critical
rise, a sudden rise of salt water to the well would take place. They prepared two graphs

from which the maximum permissible pumping and rise of interface may be obtained.
2.4 Sources of Salinity in Groundwater

As a result of chemical and biochemical interactions between groundwater and
the geological materials through which it flows, and to a lesser extent because of
contribution from the atmosphere and surface water bodies, groundwater contains a
wide variety of dissolved inorganic chemical constituents in various concentrations

(Foster, M.D. 1942). The concentrations of total dissolved solids (TDS) in groundwater

is determined by weighing the solid residue obtained by evaporating a measured
volume of filtered sample to dryness. The solid residue almost invariably consists of
inorganic constituents and very small amounts of organic matter. The TDS
concentrations in groundwater vary over many orders of magnitude. A simple but
widely used scheme for categorising groundwater based on TDS is presented in Table
2.1 (Freeze and Cherry, 1979). To put the concentration ranges in perspective, it may
be useful to note that water containing more than 2000-3000 mg/l TDS is generally too
salty to drink, The TDS of seawater is approximately 35,000 mg/l. Milligrams per litre

is numerically equivalent to weight in parts per million (ppm).

Groundwater can be viewed as an electrolyte solution because nearly all its

major and minor dissolved ionic constituents can be obtained by determining the
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Figure 2.9 Diagram of upconing of underlying
saline water to a pumping well (after Schmorak
and Mercado, 1969).
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capability of the water to conduct an applied electrical current. The electrical
conductance or conductivity of a material is the ability of that substance to conduct an
electric current. The specific electrical conductance of a substance (EC) is the
conductance of a body of unit length and unit cross section at a specified temperature.
This term is synonymous with volume conductivity and is the reciprocal of volume

resistivity. A rapid determining of TDS can be made by measuring the electrical
conductivity of a groundwater sample. The relationship between the various parameters

such as TDS and EC are worked out in order to express the groundwater quality. It is
given by the formula (Hem, 1970):

TDS = Ax EC (2.8)

where TDS is expressed in mg/ 1, EC is in pS/ cm and A is a conversion constant.
According to Hem (1970), the range of A is from 0.54 to 0.96 representing most types
of natural water. Conductance in preference to resistance is used because it increases
with salt content, its units are known as siemens (S) or microsiemens (pS) in the SI
system. In the past these units have been known as millimhos and micromhos.
Conductivity (microsiemens) and resistivity (ohm.m) of a fluid R, could be
interchanged by the formula

104

W'

Conductivity = (2.9)

As conductance is a function of water temperature hence a standard temperature

(usually 25°C) must be specified in reporting conductivities. The major constituents
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which occur in groundwater are mainly in ionic form and are commonly referred to as
the major ions (Na*, Mg**, Ca**, CI', HCO,", S0,%). The total concentration of these six
major ions normally comprises more than 90% of the total dissolved solids in the

water, regardless of whether the water is dilute or has salinity greater than seawater
(Davis and DeWiest, 1966).

2.4.1 Recognition of Sea water in Groundwater

As chloride is a dominant ion of ocean water and usually plays only a minor role
in groundwater, an increase in chloride content is the most reliable indicator of the first
stages of salt water intrusion into groundwater. Bicarbonate is usually the most
abundant negative ion in groundwater, and as there is such a large difference between
the proportions of chloride-bicarbonate ratio in normal groundwater and in ocean

water, the ratio between these two ions is a useful index of the presence of seawater

(Roger Revelle, 1941).

The concept of an equivalent salinity is frequently used in discussing the
resistivity of groundwater. The equivalent salinity of a solution is defined as the salinity

of a sodium chloride solution which would have the same resistivity as that of the
particular solution for which the equivalent salinity is being expressed. The equivalent
salinity should be fairly close to the true salinity since mobilities of ions do not vary
widely. The use. of equivalent salinity has the advantage that only tables (or graphs) for

a single salt are needed to determine the resistivity of a solution (Keller and

Frischknecht, 1966).

Goswami (1968) presented field studies at Digha, India, and making use of the
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chloride content of water samples, he delineated the saline groundwater body by an

isochlor of 500 ppm (TDS 1000 ppm) and chloride/bicarbonate ratio of 2.3; and the
zone bounded by the 300 and 500 isochlors demarcated the zone of diffusion.

Kwader (1986) worked out an equation relating R, the resistivity of groundwater

to chloride concentration in ppm, while working on the Floridan Aquifer in areas where

the water was predominantly calcium bicarbonate rich:

chloride(ppm) = (2299) - gsg (2.10)

Hagemeyer and Stewart (1990), found that there were two sources of salinity in
the groundwater: seawater intrusion (contributing chlorides), and deep mineralized

water (contributing sulfates). The resistivity and the available water quality data showed

that three groundwater masses are present: fresh, saline and mineralized. They observed

that water-quality control data are essential to solve the problem of salinity equivalence

and differentiate saline water from mineralized water.

2.5 Detection of Saline-Fresh Water Interface

Before moving to Chapter 3, where methods of detection and mapping of the

saline-fresh water interface are described, it is worthwhile at this juncture to look at

some previous work in this area, particularly geophysical and hydrochemical methods.

-

\ . * Lo o .
Use of direct-current resistivity methods is not new to water resources
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investigations. As early as 1937, Swartz(1937) used this technique for locating fresh-
water lenses in salt-water bodies on the Hawaiian Islands. Swartz (1939) also checked
and found valid the Ghijben-Herzberg relationship by applying resistivity measurements
in the same vicinity in 1938-1939. Since that time, little fresh-salt water interface
mapping based on resistivity has been done in United States until relatively recently
(Zohdy et al., 1969). However, much resistivity work on the detection of the fresh-salt
water interface has continuously been done in other parts of the world (Flathe, 1970;
Zohdy et al., 1974; Gorhan, 1976; and Worthington, 1977). Since the late 1960’s,
numerous studies in the United States have been carried out to locate contaminated
waters, such as landfill leachates, mine drainage, and sewage effluent (Cartwright et al.,

1968; Markel, 1973; Kelly, 1976; Klefstad et al.,, 1976; and U.S. Environmental
Protection Agency, 1978).

Given a low hydraulic gradient, and an aquifer of almost constant thickness and
composition, the apparent resistivities obtained by resistivity mapping will generally
provide sufficient information for delineating the coastal zones invaded by saline water.
Adams (1970) improved this mapping technique by introducing a correction procedure
in order to remove the ‘elevation effect’ from apparent resistivity observations and

called it the "modified resistivity profiling" method.

If the aquifer thickness varies over the whole investigation area then the profiling

technique is better replaced by resistivity soundings. The field curves thus obtained are

manually interpreted by using master and auxiliary curves in order to determine the

resistivity and thickness of the aquifer. Finally, a map of the transverse resistance of
a particular aquifer can be produced (Astier, 1971; and Duprat, 1972) by multiplying

the aquifer thickness by its specific resistivity at each sounding station, Assuming a
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minimum thickness and a minimum resistivity, an aquifer should have to be of
economic interest, the corresponding minimum transverse resistance can be calculated.
Hence, the isoresistance curve of a minimum value thus computed also represents the
limits of a coastal aquifer which theoretically could be exploited. In order to distinguish
between saline water intrusions and other ‘conductors’ such as intercalated clay layers,
the method often used is to relate geoelectric soundings to existing borehole data or to
boreholes specially drilled for this purpose.

Schroder (1970) presented a set of special ‘master curves’ for interpreting
electrical soundings which have been obtained from coastal areas where the salinity

distribution below the surface can be assumed to be 1n agreement with the dispersion
theory. Given this condition, the ‘master curves’ enable a direct interpretation of the

variation of the chloride content with depth.

Flathe (1963) produced five-layer master curves for the hydrogeological
problems. He computed master curves in order to facilitate the interpretation of
resistivity soundings obtained from a two layer aquifer i.e., an aquifer separated by an

intercalated clay layer of variable thickness. A further condition for application of five-
layer master curves is that the lower boundary of the aquifer must be a good electrical

‘conductor’, such as a saline water intrusion or a clay layer of infinite thickness.

Volker and Dijkstra, 1955; Van Dam et al., 1967; and Ginzburg, 1974, working
independently in polder and delta regions aquifers of sufficiently homogeneous
geological composition proposed the following geoelectric procedure for mapping saline

water contaminations. Electrical soundings are carried out near all boreholes and wells

which exist in the investigation area. Simultaneously, the conductivity and chloride
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content of groundwater samples from the boreholes are determined. A graph can
consequently be assembled by relating the chloride contents to the true aquifer
resistivities as obtained from the soundings. Once such a graph is established, more
geoelectrical soundings are carried out to cover the whole investigation area. Finally,
a map showing the chloride distribution of groundwater can be prepared from the

soundings, by converting directly true aquifer resistivities to chloride concentrations.

Recently Al-Ruwaih (1992) used a surface geoelectrical method to detect the
brackish-saline water interface and delineate the extension of shallow water bearing
formations in the Kuwait group. At the same time, studies of groundwater chemistry

were also carried out to identify water type and range of salinity. Accordingly he made

various vertical electrical soundings, using the Schlumberger configuration. The
interpretation of VES lines obtained by curve matching (Orellana and Mooney, 1966)
revealed four major layers. A contour map of measured apparent resistivity

values/(AB/2) = 147m showed a gradual decrease of resistivity in a S-W to N-E

direction.

The auxiliary point method for the approximate interpretation of resistivity

soundings was extensively used before the introduction of the iterative computing

method. This method was first published by Ebert (1943). Each of the branches of an

apparent resistivity curve is approximated by a two-layer apparent resistivity curve, The

coordinates of the cross of this two-layer curve are considered to represent the thickness
and the resistivity of a fictitious layer that replaces the sequence of shallower layers.
Ebert (1943) gave four graphs that should be used, respectively, for bell-type, bowl-
type, ascending-type and descending type three layer cases. Orellana and Mooney
(1966) published a modification of the Ebert method and combined the bowl type and
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the ascending type into a common mathematical formulation. These days however, the
curve matching methods described above are not widely used due to the general

availability of more sophisticated forward and inverse iterative computer modelling
techniques (Patra and Mallick, 1980).

The (MRT) microprocessor-controlled traversing system is effectively a
resistivity imaging system, having been designed to provide information from which
the distribution of subsurface resistivity in cross section along a profile can be
determined. It is of particular value in areas where the strata show both lateral and
vertical variation in electrical properties. The field technique involves making repeated
constant-separation apparent resistivity traverses along the chosen profile, the spacing
being incremented at each pass. In this way an apparent resistivity space section, or
pseudosection is built up, which when contoured provides a qualitative picture of the

distribution of subsurface resistivity. Where the subsurface structures are two-

dimensional (2D) and some control is available, quantitative interpretation is possible.

The MRT system removes many of the practical difficulties of resistivity profiling,
making it possible to collect the necessary data more easily and much faster than by
conventional methods (Griffiths, Turnbull and Olayinka, 1990).

In recent years, tomographic inversion of resistivity data has become an
important topic, aiming to achieve more accurate delineation of subsurface structures
(Noel and Walker, 1990; Shima, 1990; Daily and Owen, 1991; Noel and Xu, 1991 and

Barker, 1992). However, data obtained during conventional Wenner pseudosection
surveys, for example, are too sparse for tomographic processing and therefore it is

necessary to develop a regime for collecting a larger set of data. The advent of

resistivity meters electronically multiplexed to large electrode arrays has been a
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significant recent development in the field of resistivity surveying (Griffiths and
Turnbull, 1985; Van Overmeeren and Ritsema, 1988: Noel and Walker, 1990). These

systems expand the choice of electrode configurations and the number of data that can
be collected in a realistic time although, hitherto, their main application has been to the

automation of conventional pseudosection surveys (Griffiths, Turnbull and Olayinka,
1990).

As the resistivity method is time consuming in that individual soundings may
take from several hours to several days depending upon surface conditions and the

required depth, inductive EM techniques have been developed in the last 20 years or

s0. As inductive measurements require no contact with the surface, while in resistivity
measurements current has to be introduced into the ground by means of electrodes,

these techniques have certain advantages.

One of the most popular electromagnetic methods for groundwater exploration

and saline intrusion detection is the frequency domain low induction number
conductivity mapping; this uses EM terrain conductivity meters (Fraser, 1984; and
McNeill, 1980), calibrated directly in ground conductivity, such as the Geonics EM34.
The main drawback of the method is its limited exploration depth (<50m) and its
restriction to mapping low conductivities. Max-Min is the more traditional horizontal
loop EM measuring system whic;ﬁ measure in-phase and out-of-phase EM field
responsres: It is an effective system in obtaining the resistivity and thickness of the

subsurface layers. Interpretation is done by computer software curve matching.

More recently the transient (or time domain) EM (TEM) sounding method has

started to be used more effectively and to a depth (>50m) for detecting the fresh-salt
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water interface in coastal aquifers (Gay, 1983; Stewart and Gay, 1986). Transient
soundings are typically made using a square transmitter loop with a small receiver coil
located at the center of the loop. The steady transmitter current produces a primary
magnetic field which is directed upward inside the loop and downward outside the
loop. When the transmitter current is abruptly tumed off, current is induced in the

ground which tries to maintain the magnetic field which was present prior to turnoff.

The magnetic field produced by the induced current is called the secondary magnetic
field. In practice the voltage induced in a receiver coil by the secondary magnetic field
is measured. This voltage curve is called a transient. Interpretation of transient data is
accomplished by curve matching (Kaufman and Keller, 1983) or computer inversion
(Anderson, 1982) in much the same way as is done for DC resistivity data. The TEM
method is fast becoming the up-and-coming EM method as its results particularly in
complicated areas such as in deserts for the discovery of groundwater or in coastal

areas for the delineation of the saline-fresh water interface, has proved to be fast and

more dependable.
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3. METHODS OF DETECTION AND MAPPING OF THE SALINE-FRESH
WATER INTERFACE

As seen in chapter 2.5, over the years many methods have been proposed and
employed to detect saline intrusions and to map the saline-fresh water interface.
However, salinity of the groundwater can be directly detected through the determination
of electrical conductivity and its hydro-chemistry. In the present study the techniques

have been limited to the DC electrical resistivity method, the electromagnetic method
and chemical method. In addition the geoelectrical data, obtained in field, have been

used to compare to borehole logs and other data.determined in the field or in the

laboratory such as permeability, porositj; and etc. -

3.1 Electrical Resistivity Method

The resistivity of a porous medium is largely a function of the water content as
the mineral grains are in general resistive. The conductivity of the water, its volume
and the distribution through the medium are the principal parameters in determining the
bulk elgctﬂcgl properties of the medium.

When an electrical current is passed into the ground by means of two electrodes

and a potential drop measured between a second pair placed in line with them, it 1s

possible to calculate a quantity known as the apparent resistivity from a knowledge of

the magnitudes of the current and potential drop together with the electrode geometry.
If the ground is homogeneous this is the true ground resistivity, but in general it is a

weighted average of the resistivities of the formations through which the current passes,

often referred to as ‘apparent resistivity’, It is from an analysis of the variation of this
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quantity with changes in electrode geometry and position that deductions about the

subsurface can be made.

3.1.1 Wenner and Schlumberger Arrays

A great variety of electrode arrangements are available to measure earth
resistivities. The present study has been limited to the Wenner and Schlumberger
arrays, although the Wenner at some sites has made use of the Offset system (Barker,
1981).

The Wenner array is one of the most commonly used electrode arrays for
determining resistivity. In it four electrodes are equally spaced along a straight line, as
shown in Figure 3.1. The distance between any two adjacent electrodes is called the
array spacing (a). A current I is passed between the outer electrodes A, B and the

consequent potential drop AV measured between the two inner electrodes M, N.

Apparent resistivity p, is obtained by using the relationship:

P, =2 T @ — 3.1

Many instruments while measuring the quantities AV and I separately usually combine

them to give a ground resistance R.

The Schlumberger array also, is widely used in measuring earth resistivities. In
this configuration the distance MN is small compared to the distance AB, generally
smaller than AB/ 5 (see Figure 3.2). The potential gradient over the interval MN is

practically equal to the electric field strength at the centre of the configuration, since
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the field is nearly uniform in the neighbourhood of this point. Apparent resistivity p,
is measured by using the relationship:

., |
a'~"r" p 3.2

°
o -
|
|

where (a) is the spacing and taken as half the distance between the current electrodes ,
2r (MN) is the distance between the potential measuring electrodes, and R is the

resistance (AV/I).

The following are the reasons for choosing Simple Wenner and Offset Wenner
arrays in the present work:

a. The signal-contribution contours for the Wenner array at depth are slightly

flatter than those for the Schlumberger array; it has been suggested by Milsom (1989)

that the Wenner will locate flat-lying interfaces more accurately.

b. Comparing the two arrays for the same current electrode spacing the voltage
differences in Wenner sounding measurements is larger as the distance between the

potential electrodes is generally larger; this makes any reading error in the measured
potential difference a smaller percentage for the Wenner compared to the Schlumberger.

Indeed in some instances of low ground resistivity, Schlumberger becomes virtually

unusable because of the frequency with which the potential electrodes have to be

moved.

c. There is often a difficulty in drawing the Schlﬁmbei‘ger curves.

d. The effects of near surface inhomogeneity may be reduced using off-setting

techniques.
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3.1.2 Offset Wenner system

During the first year of the present study the Offset Wenner system, developed
at the University of Birmingham, was used. This has several advantages over both the

Schlumberger and the conventional Wenner systems. By this system, it is possible to
overcome the lateral resistivity variations, which are not detectable by other methods.
Also the resistivity surveying is less time consuming as @ multicore cable and fixed five
electrodes array can be used for various sorts of configurations. The diagram below
shows the set up used for such readings. The idea is to use five electrodes at a time and

by using a switching device the configuration can be changed. The two measurements

(Rd, and Rd,) cancel the effect of lateral variation (Barker, 1981), -

Basic array
1 2 3 4 5 Electrodes
vV v vV vV V

vV V V V ) Rd,
JRd
V.-V V V)R,
All the Wenner resistances, however derived, may be converted to apparent resistivity

P., using the relationship as given in equation 3.1. ABEM’s battery operated resistivity

meter, the Terrameter SAS 300, was used in measurements of all the vertical electric

soundings taken under different arrays.
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3.1.3. ABEM’s Terrameter SAS 300

The ABEM’s SAS Terrameter system consists of a basic unit called the
Terrameter SAS 300 which is supplemented as desired with the SAS 2000 booster, for
situations where the voltage and/or current need to be increased. SAS stands for Signal
Averaging System, a method whereby consecutive readings are taken automatically and
the results are averaged at each stage; the updated running average is presented
automatically on the display. SAS results are more reliable than those obtained using
single-shot systems. The Terrameter SAS 300 (basic unit) was used for all the
resistivity surveys in the present study.

The Terrameter contains three main units, all housed in a single casing: the
transmitter, the receiver and the microprocessor. It has the following five controls:

(i) SAS selector (also called the Cycles Selector). This 4-position selector 1s used
to choose either the single reading mode or 4, 16, or 64 automatically averaged
readings.

(i) Voltage/resistivity range selector (also called the Range Selector).

(iiif) On/Off switch. Switches power on and off.

(iv) Current Selector.

(v) Measure pushbutton. When this control is depressed, the microprocessor runs
through its automatic diagnostics program and, if everything is satisfactory, starts the
Terrameter measurement procedure automatically. When the measurement is complete,

it returns to the standby mode with the result provided by the digital display.

The following is the procedure used for carrying out the vertical electric

soundings taken under Offset and Simple Wenner arrays with the Terrameter. The

instrument is positioned between the potential electrodes (M and N) and terminals P1
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and P2 are connected to terminals M and N respectively. The current electrodes (A and
B) are connected to terminals C1 and C2 respectively. The Range Selector is turned to
the 1 ohm position, the Cycles Selector to position 4 and the Current Selector to
position 20mA. The power is switched on and the Measure button is pressed. The four
readings that appear successively on the display are observed. If they are nearly equal,
the noise level is low and the final reading is recorded. The instrument is then switched
off to conserve battery power. Some times there are negative resistance readings which
could be caused by the following reasons:
~ (a) The current or potential electrodes have been connected with reversed
polarities.
(b) The noise level may be much higher than the signal level (long distances

between A and B and low current).

3.1.4. Observational Errors

3.1.4.1. Instrumental errors

The accuracy of the Terrameter is clarified by stating that a reading of 2.42
shows higher precision than a reading of 2.4, but it is not necessarily any more

accurate. The overall system accuracy of the Terrameter (with or without the SAS
2000) is £ 2% of the reading.

3.1.4.2. Spacing errors (Wenner)

Any error in spacing while taking measurement of a sounding in a field causes

erroneous readings of resistance there also. In equation 3.1, say there is an error of Aa

In spacing, a, which brings about an error of AR in resistace, R. Therefore, errors in

spacing, a, and resistance, R, would be Aa/a and AR/R respectively, The maximum
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error in product in r.m.s terms will be:

SV/V = Y(Aa/a)® + (AR/R)? (3.1a)

3.1.4.3. Offset errors

(a) Observational Offset errors: Errors of observation may be computed using

the tripotential relationship (Carpenter and Habberjam, 1956), which states that for any
set of four electrodes it is only possible, by changing the roles of the current and
potential electrodes, to measure three different resistances. For electrodes 1, 2, 4, and

5 in figure below these resistances are referred to as R,, Ry, and R..

Offset Wenner V¢ V* VP V€ _  Rd,

Arrangements _ V¢ V¢ VP V€ R4,
Ve V¢ _ VP V¢ R,
Ve V¢ _  VV V' Ry
Ve V* VS V® R,

Electrodes 1 2 3 4 5

The tripotential relationship, R, = R; + R, must then hold for any subsurface geology

and any electrode spacing. Small differences will occur, however, due to observer error.

The percentage ‘observational error’ e, (a) may be computed from:

R,(a) -[Rz(a) +R.(a) ]

eabs(a) = RA(a)

x100% (3.3)

The value of e, will normally vary between £ 2%. If e, is large an instrument
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malfunction is indicated and the source of the error should be sought. Leakage of
current from damaged cables and high contact resistances at the electrodes often causes
high observational errors. Calculation of e , during the measurement of a sounding
helps to achieve data of consistently high quality. A single root-mean-square (rms)

observational value may be calculated for each sounding curve in a standard way and
used as a means of classifying and comparing the soundings according to their quality.

(b) Lateral resistivity effect: One important advantage of the Offset sounding
system is the ability to estimate the magnitude of lateral resistivity effects. This

estimate is provided at any spacing, a, by the ‘Offset error’, e, (a), defined by the

following expression:

Rd.l (a) -Rdz (a)
Rd(a)

€orrla) X 100% (3.4)

where R, and R, are resistances measured with each of the normal Wenner arrays, the

arithmetic mean of these two values providing the Offset Wenner resistance, R,. Near-

surface lateral effects cause Offset errors which change randomly in magnitude and sign

with increasing electrode spacing. The Offset technique substantially reduces these

effects. If ey (a) is consistently greater than 20 percent and of the same sign, deeper

and larger scale lateral variations, such as dipping beds and faults, are likely to be

present.

3.1.5. Interpretation

The apparent resistivity/electrode separation curve obtained by vertical electric

32



soundings is interpreted by the use of the computer software Bossix or Offix

programmes produced by Interpex Ltd. These are in fact forward and inverse modelling

programmes for interpreting soundings, from a variety of electrical depth techniques

including Offset Wenner soundings data. The forward modelling allows the creation of
synthetic resistivity sounding curve for a number of plane layers on the assumption that
each layer is laterally homogeneous. Inverse modelling is an interactive iterative
process to obtain the best least squares fit to the field data. The results from the
forward and/or inverse modelling are directed to a printer and/ or plotter for a print-out

of the model and its parameters (for an example see Figure 3.3).

3.1.5.1. Ambiguity of Interpretation

As indicated above the resistivity technique for depth probing provides a curve

showing the variation of apparent resistivity with electrode separation. With expansion

of the current base about a fixed central point the current penetrates deeper into the
ground so that the electrode separation at any one determination can be loosely
correlated with depth. The interpretative procedure outlined above consists of matching

a model of a layered earth, of various thicknesses and resistivities, to the field curve.
However there is an ambiguity of interpretation, a lack of uniqueness in that the same
synthetic curve (to match the field curve) can be produced by a number of different
layered models. The problem is that what is being measured in the resistivity method
is transverse resistance T (the product of the resistivity and the thickness of a bed) and
longitudinal conductance S (the ratio of thickness to resistivity), and it is almost
impossible, unless there is some external control, to differentiate between thickness and

resistivity; it is highly manifested in beds whose thicknesses are small compared to
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their depths.
This important ambiguity has been described in terms called ‘the principle of

equivalence’ and ‘the principle of suppression’. Equivalence arises when for a particular

sub-surface layer compared to the overlying layer:

(a) the resistivity is higher (or lower) than the adjacent layers.

(b) T (or S) is very large and

(c) S (or T) 1s very small.
On the field curve this layer cannot be distinguished from any other layer which has
a different resistivity and thickness but where the product T (or the ratio S depending
which is the larger) has the same value. As can be seen, two types of equivalence can
occur depending on which of the parameters S or T is the larger: S-equivalence when
a thin bed lies interbedded between more resistive ones, often described as the type H
curve; and T-equivalence when the thin bed lies between more conductive ones, often

described as the type K curve. While Maillet (1947) provides a form of solution to the

problem by the construction of his ‘Dar-Zarrouk’ curves, in this particular exercise the

range of equivalent models was reduced to the one chosen through borehole

information (see Figure 3.3).

Suppression relates to a bed with a resistivity intermediate between the bed
above and that below it. Such a bed, again if thin, has virtually no effect on the field
curve. Even when its thickness increases to have influence on the apparent resistivity

curve, this change appears to be related to changes in transverse resistance or

longitudinal conductance of the enclosing beds.

3.2 Electromagnetic Method

The electromagnetic survey was carried out with the MaxMin I-8 (commonly
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known as Apex MaxMin) portable instrument. This instrument is designed for water,
mineral exploration and geoengineering applications. It permits the choice of eight
octavely spaced operating frequencies i.e. 110, 220, 440, 880, 1760, 3520, 7040, and
14080 HZ. To arrive at the much needed parameters, the most commonly used
transmitter powered operating mode, MAX 1 (also known as the horizontal loop mode)

is used; it is an effective mode in obtaining the resistivity and thickness of the

subsurface layers. It has advanced noise rejection procedure which results in faster and

more accurate surveys.

The following is the procedure and instrumentation (see Photographic Plate 3.1)

used for the MaxMin I-8 electromagnetic method survey:

a) The Receiver: The receiver is a one piece unit in which there are two coils
which are solenoidal in shape and are mounted in the upper end of the tubes on each

side of the console. Inside the console is the basic electronic circuitry of the system

mounted on printed circuit boards. The read out meters, control switches and connectors

are all mounted on the console. It is powered by four 9-volt transistor type alkaline

batteries.

b) The Transmitter: It consists of three components, connected together by
retractile cables. These components are the coil, the console and the battery pack with
charger. The transmitting coil 1s an oval shaped loop with a unit at one end containing
a bubble level, a cable connector and an electro-mechanical tilt sensor for ensuring
horizontality. The console contains all of the electronic circuitry, read out meters,
control switches and connectors. The battery pack consists of a set of rechargeable gel

cells mounted in a carrying belt.

c) The Reference Cable: This links the transmitter and receiver. It contains

teflon-insulated conductors electronically connected to form a twisted pair within a
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teflon jacket. It has end connectors and safety thimbles. The cable also serves as the

intercom link between transmitter and recetver.

d) The Procedure: Before starting to take a sounding with MaxMin, it is checked
for zero offset on the tilt meter as well as on the in-phase and out-of-phase meters; this
is corrected beforehand otherwise a noticeable discrepancy is caused between the two

readings for different scales i.e. that taken near the end of a given scale and its repeat

value on a coarser scale. The coils while taking the readings are held horizontal using
the bubble levels. To carry out a sounding S0m and 100m reference cables are used
alternatively to change the depth of penetration. In either of the S0m or 100m cables
the end of the cable was held over the same point at which a vertical electric sounding
was previously made. In mode MAX 1 the transmitter operator stands opposite and
facing the receiver operator who records the in-phase and out-of-phase readings at a
fixed frequency of 110 HZ. Then by changing to other frequencies in turn, readings are
recorded until all the frequencies have been used. To take a second sounding, the
transmitter operator moves to take the receiver operator’s position and the receiver
operator moves 50 metres or 100 metres farther away (depending upon the length of
the reference cable used), and then the whole procedure is repeated. In this way at least

4 soundings were recorded in the case of the 50m cable and 2 soundings if the 100m

cable was used.

3.2.1. Observational Errors(EM)

(2) Errors due to loop spacing: Errors in the measurement caused by errors in

the loop spacing or orientation must be considered. In the horizontal coil EM system,

for a primary field:
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H, = -m/4ra’ = c/a? (3.5)

where m/4r is a constant ¢ and (a) is the coil spacing, and H;, is set to 100 % for true
coil spacing. If the nominal (true) coil spacing is a,, and the actual coil spacing is a,,

then the observational error due to coil spacing is found from the following equation:

Error = (H, - H)/H, (3.6)
= (a2’ -a3/(3) x100 % (3.7)

(b) Errors due to orientation: Consider a case when one of the coils 1is
misoriented from its proper position through an angle o, the ratiometer measurement
will be (cosar) 100 %. Usually, a fairly large error in orientation of one of the coils can
be tolerated; if the angle o is 8°, the error in measurement will be only about 1 percent.

Serious errors can occur, however, when traversing rugged terrain with the horizontal

coplanar or vertical coaxial loop arrangement. Consider the case in which both coils in

a horizontal coplanar arrangements are held level, but the line connecting the coils

makes an angle o with the horizontal. Equation (3.5) may be rewritten as

H, = (-m/4ra®) (3 Sin’a - 1) (3.8)
The error in the measurement is (3 Sin’ce - 1) 100 percent. For a slope of 8°, the error
is 5.8 percent (Keller and Frichknecht, 1966). When the horizontal coplanar or vertical
coaxial arrangements are used in hilly terrain, it is necessary to orient the coils parallel

to the slope, or to make corrections to the measurements when the inphase components

is considered in interpretation.
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3.2.2 Interpretation

EMIXMM is a forward and inverse modelling software computer programme,
prepared by Interpex Ltd., for interpreting electromagnetic sounding data taken with the
Apex MaxMin. EM sounding curves can be obtained as parametric soundings (with
increasing frequency) or as geometric soundings (with increasing spacing). Using its
forward modelling facility, the software can calculate synthetic curves for a model with
up to ten plane layers; these curves are obtained using the method described by Patra
and Mallick (1980). Results obtained are in terms of the in-phase and out-of-phase
components for each frequency and coil spacing value. These data are presented as a
percentage of the free space response. Graphic displays are presented as in-phase and
quadrature response versus induction number or as Argand diagrams (Eadie, 1979). On
the Argand diagram the in-phase component is plotted along the abscissa and the out-

of-phase component of the same ratio plotted along the ordinate.

Inverse modelling produces a model which best fits the data in a least squares

sense. Now when a starting model is supplied the resistivity inversion takes place (in

a lterative manner) and parameters are adjusted by the use of ridge regression
(mathematical calculations) Inman, (1975); and a best fit model to the data, is obtained,

The results from the forward and/or inverse modelling are directed to a printer and/or

plotter for a print-out of the accepted model Figure 3.3a.

3.2.2.1. Equivalence

As with VES techniques described above, one of the difficulties of data

interpretation is the problem of equivalence. The following treatment on equivalence
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1

in electromagnetic sounding is based on studies of Mallick and Verma (1979).
Several H-type and K-type earth models have been considered for several

source-receiver systems and separations. The horizontal coplanar loops system is better

than other source-receiver orientations in the sense that the RMS difference between
the responses of two equivalent models is greater for the horizontal coplanar loops
system than that for other source-receiver systems. The following empirical relations

for equivalence have been established. H-type earth section:

vh/p = constant

K-type earth section:

h’p = constant

where h and p are the intermediate layer thickness and resistivity respectively. From
the ‘above two relations, it is obvious that it is resistivity in the H-type model and

thickness in the K-type model which play a dominant role in producing equivalence.

3.3. Conductivity of groundwater

As conductivity is preferred rather its reciprocal resistivity, because the former
increases with salt content, the conductivity of the groundwater samples is determined
for all the water samples obtained from most of the vertical electric sounding sites.
Conductivity and resistivity of water can easily be interchanged by the formula given

in Equation 2.8. The conductivity of each groundwater sample so obtained is used to

calculate total dissolved solids (TDS).

The following is the procedure and instrumentation used for the conductivity
determination of groundwater samples: the conductivity of groundwater samples

obtained from the boreholes, is determined by a conductivity meter called ‘Aqua Lytic’,
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Figure 3.4, which automatically gives water conductivity in pSiemen/cm at a reference
temperature of 25 C. The accuracy of the instrument is checked out by calibrating at
25°C prepared standard solutions of 10, 100 and 1000 mg/l NaCl. A percentage error

of + 2% was arrived at which can be considered to be negligible.

First the actual temperature of the groundwater sample is taken and then this

value is set on the temperature compensation scale (2) on the instrument. The
instrument is now compensated for the temperature variation of conductivity and gives
a conductivity value at the reference temperature. The conductivity cell (5) is then

immersed in water but, before taking the reading, the cell is agitated thoroughly
ensuring that all air bubbles trapped inside the cell have escaped through the openings

provided in the cell body, as any air bubbles trapped in the cell can cause erroneous

readings. As the conductivity range selector (3) has a wide range of values, the proper

selection of the range is made which gives a sufficiently high deflection on the meter

(middle of the scale) and this value is recorded. The scale has two sets of markings:
upper (0-10) and lower (0-3). The upper scale is used when the testing range selected
is a multiple of 10. By multiplying the given multiples with the actual divisions

obtained on upper or lower scales give the correct reading of conductivity of water in

pSiemen/ cm at the reference temperature.
3.4 Determination of chloride ions in groundwater by chemical methods

Chloride in groundwater sample is most conveniently determined using (AAS)
atomic absorption spectroscopy. The first step is to quantitatively precipitate silver

chlonide by the addition of a known amount of silver nitrate.The amount of chloride in

the original sample is then known by the determination of excess silver in the solution,
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Fig. 3.4 Conductivity meter *‘Aqua Lytic’.

1. Meter mechanical zero set screw.
2. Temperature compensation.
3. Conductivity range selector.
4. Press button for read out.
5. Conductivity cell.



when the precipitated silver chloride has been removed (Reichel, 1969; Truscott, 1970).
The principle of AAS is that atoms in a non-emitting ground state absorb light of a
characteristic wavelength. The extent of the absorption will increase as the number of

atoms increases. The light source is selected so that it emits only the atomic spectrum

of the element to be determined.

The following is the procedure, used in making up the solutions and carrying out
the tests in the present stud'y: an aliquot of the groundwater sample solution containing
0.5 to 5 mg of chloride was placed in a 200 ml volumetric flask. Then 20 ml of 1000

mg/1 silver solution and 1 ml chloride free nitric acid are then added to the solution,

and this was further made up to a volume of 1000 cc with distilled water. The solution
contained 100 mg/l Ag. The mixture is allowed to stand overnight in a dark place to
prevent photochemical reactions taking place. Side by side standard calibration

solutions are also prepared containing 0, 1, 2.5, 5, 7.5, 10 mg/l Ag in separate standard

plastic bottles. The following day replicate absorbance readings are taken of the sample

and standard solutions using the atomic absorption spectrometer. Finally absorbances

are compared, the concentration of excess silver calculated and the concentration of

chloride in the sample obtained from:

Concentration of silver (g/1) =

mg/l Ag x dilutionfactor (3.9)

Amount of chloride in sample solutions (g) =
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ag formed(mg/1) x 0.329 x [samplevol(ml)] (3.10)
. | 1000

¢

Concentration of chloride (g/l) =

Amount of chloride (mg) x (3.11)
Vol of sample (litre)
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CHAPTER 4. ELECTRICAL CONDUCTION AND FLUID FLOW ANALOGY
IN POROUS MEDIA

An analogy can be explained as an agreement or correspondence in certain
respects between things otherwise different. Electrical conduction in porous medium
generally occurs through the fluid present and the fluid flow in a porous medium is a
function of the interconnection of the pore spaces, which in an unconsolidated sediment
are themselves dictated by the shape, size and distribution of the particles present. It
appears therefore that an analo gy does exist between the two things and hence a

relationship between electrical formation factor and permeability may be expected.

Over the years this analogy has been used to predict the quantitative and

qualitative properties of aquifers and other porous media. The qualitative studies are
mostly related with the saline intrusions, lateral delineation of the water bearing
formations, etc. The quantitative analyses are concemed with the geophysically
measured formation parameters like formation factor to estimate total porosity,
permeability, chemical composition of the groundwater or transmissivity, etc. (Heigold,

1979; Biella et al., 1983; Jackson et al., 1978; Lovell, 1983; and Huntley, 1986).

Archie (1942) showed a correlation between formation factor and porosity for

a fully brine-saturated medium with no other conductive material being present. This

relationship can be described as
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FF = 09 (4.1)

FF n-m (4.2)

where FF is the formation factor, R, is the bulk resistivity of the saturated formation,
R_ is the resistivity of the interstitial fluid, n is the porosity and m is an empirical
index.

Winsauer et al., 1952 later modified Archie’s law to give

FF = anw (4.3)

where a and m are empirical values peculiar to the particuliar rock under study. For
their brine saturated sand data, this empirical equation produced a better fit. However
it violates the boundary condition of FF = 1 at n = 100 % for values of a = (.

Although they made no direct measurement of permeability, they did examine the
tortuosity of thé samﬁles , concluding that the values obtained for electrical conduction

and fluid flow were not i1n agreement with each other.

| The term formation factor can further be defined as intrinsic or true formation

factor and apparent formation factor, Sand grains have a very high resistivity, so for
pore fluids of high salinity (low electrical resistivity) and clay' free sediment or

sediment of low clay content (in other words the conductive material is almost absent),
it is typically assumed that all of the electricity is conducted by the fluid through the

pore space. In this case formation factor remains constant, and is known as the intrinsic

or true formation factor. This concept of intrinsic formation factor has been examined
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by many researchers (Patnode and Wyllie, 1950; Urish, 1981; Worthington, 1973, 1975,
1976).

The formation factor is called "apparent” if its value is calculated through overall

resistivity values without correction for matrix conduction. Thus (for clay rich
sediments or low salinity pore fluid) it is a property which is controlled only by
structural properties of the pore fluid matrix. The relationship between true and
apparent formation factor can be defined as follows (Huntley, 1986).

1 _ 1

FF, FF,

+ _&.’ (4.4)
Rm

where FF, and FF, are the apparent and intrinsic formation factor, R, and R are the

matrix and fluid resistivities respectively.

So far two methods are known for the correction of apparent formation factor

for matrix conduction. One developed by Worthington (1973, 1975, 1976) and has only
been applied to sandstones, whereas its validity is yet to be applied in loose materials.

The other one has been applied in alluvium by Park and Dicky (1989), and its validity
depends on a strict calibration of geophysical data with well data.

Since the development of the concept of formation factor and its relation to
porosity, changes have been made to the original idea to take into account the tortuosity
of the sediment. Tortuosity is not only a function of the porosity of the sediment but
it also depends upon the geometry of the pores. Ideally the value of tortuosity should
be measured in the laboratory for every sediment, but becanse of the lack of suitable
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experimental technique, other methods have been developed to obtain it by relating it

to measurable physical properties such as porosity, permeability or electrical formation
factor.

Taking the simple capillary model and applying it to the flow of electric currents
in porous media, Wyllie and Spangler (1952) produced

, o
Fr = 1 L. (4.5)
n L

where L’ is the length of the average pore channel and L is the length of the sample.

L’ is greater than L; L/ L is the electric tortuosity. Combining this equation with
Archie’s law produces

/
L. - p-le- (4.6)
L o+

suggesting that the electric tortuosity depends on the value of m, and the porosity of
the sample. It can be shown both theoretically (Sen et al., 1981) and empinically (e.g.
Jackson et al., 1978) that formation factor is dependent only on porosity and tortuosity

in sediments.

From the definition of tortuosity it is quite clear that if the effective path length

and the shortest distance between two faces is the same then the tortuosity value equals
1.0, which puts a lower limit to tortuosity values. Based upon mathematical modelling

Dullien (1979) and Scheidegger (1974) showed that tortuosity values lie between 1.0
and 3.0.
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The experimental work of Jackson et al., 1978; Lovell 1983; and Biella et al,,
1983 working independently on monogranulars and mixtures of artificial and natural
sands showed that the relationship between formation factor and porosity is site specific
and the numerical values of the constant, m has a wide range. Natural sands (which all

obey Archie’s law) has values of m in the range 1.4 to 1.6 (Archie, 1942; Atkins and
Smith, 1961; Taylor Smith, 1971; Windle and Wroth, 1975). In other words m depends
upon the shape of the particles while variations in grain size and the spread of particle
sizes have little effect on formation factor. Figure 4.1.

4.1 Permeability and formation factor relationship

Considering that relationships between formation factor and porosity and
between porosity and permeability exist, both direct and inverse relationships (empirical
equations) have been developed in the literature to relate formation factor and
permeability (see Figure 4.1a). Direct relationship between formation factor and

permeability have been reported by many authors (e.g. Croft, 1971; Kelly, 1977;
Kosinski and Kelly, 1981; and Urish, 1981).

k = b FFF€¢ (4.7)

where k 1s the permeability, FF is the formation factor and b and ¢ are constants.

On the other hand inverse relationships are possible and have been shown to
exist by Lovell (1983); Barker and Worthington (1973) and Biella et al (1983).
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k =b FF-° (4.8)

where b and ¢ are constants.

Kelly and Reiter (1984), using their theoretical model showed that a direct
relation between permeability and electrical resistivity can be obtained if the average
transverse resistivity rather than bulk resistivity is used in the relation. Such a situation
is caused by layering in natural sediments which produces transverse isotropy, thus
introducing data scatter in field relations.

4.2 Permeability and methods of its determination

The permeability of soil or a rock is a measure of its ability to transmit fluid,

such as water under hydro-potential gradient (Lohman, 1972). Henry Darcy, a French
civil engineer while working on the fundamental problem of the mechanics of fluid

flow in sands, discovered that for sands of the same nature the flow of water was
proportional to the difference in hydraulic head and inversely proportional to the length
of the sand in the direction of water flow. In mathematical form Darcy’s Law can be

expressed as

= 9L
k= 2= (4.9)

where q 1s the rate of flow, k is the coefficient of permeability in velocity units, A is
the area of cross section, h is the head loss and L is the length of the sample.

Permeability is called intrinsic permeability if in a porous permeable medium,
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it is function of the material properties only, and is independent of the nature or
properties of the fluid and can be expressed as

¢ =nv/pgi (4.10)
where ¢ is the intrinsic permeability, 1] is the viscosity, v is the velocity, p is the
density of the fluid, i the hydraulic gradient and g is the acceleration due to gravity. It
has the units of area (darcy).

Permeability is known as hydraulic conductivity, when the fluid flow is not only
influenced by the material properties but also depends upon the fluid properties and can

be expressed either as equation 4.9 or simply as

k=v/1 (4.11)
where k has units of velocity m / sec, since the hydraulic gradient is dimensionless, v
is the velocity of fluid and i is the hydraunlic gradient. Table 4.1 shows a table after

Lambe and Whitman, 1969; for permeability conversion.

Many methods of determining permeability in the laboratory or the field are in
practice but during the present study the following methods have been used : The

constant head permeameter and grain size analyses in the laboratory. The constant head
test, pump test and Guelph permeameter in the field.

4.2.1 Laboratory methods
4.2.1.1 Constant head method

This method is found suitable for the determination of the permeability of
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medium to coarse gramned sediment. The following is the procedure and apparatus used
for the test. Figure 4.2.

1) Constant head reservoir cell

2) A permeameter cell.
3) Manometer tubes.

4) Measuring cylinder.

5) Stop watch.

The test begins by allowing distilled water to rise gradually in the cell and the
manometer, taking every precaution that no air bubbles remain in the system. Then

using a plastic cone filled with deaired water, fine gravel are loaded into the cell, up

to the depth of about 2 cm and a wire mesh placed on the top of it. The sample is then
slowly loaded into the cell with constant tapping of the cell, to get rid of any air
trapped in the sample. A second wire mesh is now placed on the top of the sample and

another gravel layer over the top of wire mesh. The constant head supply is now
connected to the top of the cell making it ready for testing. When the hydraulic head

is applied to the sample, it takes some time to reach a steady state condition. As soon

as this condition 18 achieved, the stop watch is started and the volume of water passing

through the sample during a given time interval is collected in a separate cylinder, The

4.2.12 Permeability by grain size analyses

Over the years attempts by many researchers have been made to derive a quantitative
relationship between the pore geometrical properties of the sediment and permeability.

The outcome has been many empirical relationships between permeability and grain
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size distribution and pore geometry.

Hazen’s (1892) formula has been a widely used method to obtain permeability

from effective grain size using equation

ﬁheredm isthegminsiieatwhich 10 percent of the material is of smaller grains. ¢
is a constant with a value ranging between 90-120 (Solymer and Ilobachie, 1986).

Shichter (1899) proposed another form of such a relationship for uniform sands

k = -?%3'- d? cm/ s (4.13)

the parameter c in this equation being a function of the porosity of sediment.

Terzaghi (1925) extended Slichter’s (1899) relationship to include non-uniform
sand of variable grain shapes by using

k = .;]C_[M]dfo (4.14)

Relating relative resistance to porosity through a parameter f(N), Rose (1950)
gave a formula for permeability determination,

cm/ s (4.15)



where 1 is the viscosity of fluid, and f(N) can be obtained from the following
relationship, where N is the porosity of the sediments.

(1-M2+0.018 (4.16)

f(N) =1.115 (1-N)
N1.5

Carman, 1939: Scheidegger, 1974; Dullien, 1975; working independently related
permeability to pore geometry in order to get more appropriate results. Mathematical
models which correlate permeability to pore geométry take into account tortuosity.

The Kozeny-Carman equation was originally proposed by Kozeny (1927) as an
extension of Poiseuille’s equation for fluid flow through capillary tubes. It was later
modified by Carman (1939) and since then it has been widely used to obtain
permeability in all sorts of porous medium. f

k= {D’n’pC}/{n (1-n)* ) (4.17)

where k is the permeability coefficient in velocity units, D is the mean grain diameter,
n is the fractional porosity, p is the unit weight of fluid, C is the grain shape tortuosity
factor and 1 is the fluid viscosity.

4.2.2 Field permeability tests
A critical review of most of the field methods is given by Bouwer (1978);
Lohman (1972) and Solymer and Iloabachie (1986). For the present study field methods

were limited to the use of the in-situ constant head test, the Guelph permeameter and
the pumping test.
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4.2.2.1 In-situ constant head test

The in-situ constant head test has been found to be more appropriate and less
time consuming particularly in coarser sediments. In the present study it has been
carried out in the borehole excavated and installed with a screen for such tests. Figure
4.3. It comprises of 3 sections:

1) A borehole with 100 mm dia casing pipe to have a flow of water in and out.
2) A bowser (water tanker) to supply water with 50 mm dia pipe into the borehole.
3) A water pump attached to a flow meter in order to record flow-out rate of water.

In the in-situ constant head test, using the 50 mm dia pipe the rate of inflow of
water is adjusted into the main bore hole until a constant head achieved; water 1s then

pumped out using another 50 mm dia pipe , and once an equilibrium with flow of
water in, and therefore out, of the borehole is reached, the readings of the flow rate of

water are recorded. The constant water level in the borchole was also recorded. There
are numerous methods of calculating permeability from the results of such tests,

however in the present case the following formula (Hvorslev, 1951) is used to calculate
it

k = X (4.18)

where k is the permeability, q is the rate of flow of water, F is in-take factor see
(Figure 4.3), and H, is the constant head.
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4.2.2.2 Guelph permeameter test

The Guelph permeameter is an in-hole recently developed constant head
permeameter. The method involves measuring the steady-state rate of water recharge
into unsaturated soil from a cylindrical well hole, in which a constant depth (head) of
water is maintained Reynold et al., 1986. It comprises of four sections (Figure 4.4):

1) Tripod Assembly: This consists of a Tripod Base with moveable Tripod Bushing and
3 detachable Tripod legs; when united this section acts as the base for the whole

system.

2) Support Tube And Lower Air Tube Fittings: Through these fittings water is

conducted from the reservoir assembly into the well hole also maintaining a constant
head in the well hole.

3) Reservoir Assembly: This provides a means of storing water anci méasuring ﬁic out-
flow rate while the permeameter is in use.

4) Well Head Scale And Upper Air Tube Fittings: An air tube coupling connects the

upper air tube to the middle air tube. The upper tube serves as an extension to facilitate
setting the well head after the well head scale is put in place.

As the Guelph permeameter test was carried out in medium to coarse grained

sediments, the permeameter after its assembly was set on its combination reservoir

followed. A 5 cm well head was established by slowly raising the air inlet tube. The
rate of fall of the water level was also observed and recorded from the graduated
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reservoir. After these measurements, a further well head of 10 cm was created and the

measurement process repeated. The results were recorded on a prescribed data sheet
and the permeability calculated by using the following formula.

k= (0.0041) (X) (R,)-(0.0054) (X) (R,) cm/s (4.19)

where x is the combined reservoir constant having a value of 35.39 cm®, R, is the

steady state rate of flow at the Scm head and R, is the steady state rate of flow at the
10 cm head.

4.2.2.3 Field pumping test

Field pumping tests are appropriate to soils or rocks with high permeabilities.

These are generally carried out by pumping water out of a borehole at a known

constant rate and observing the drawdown of the water table in a series of other

boreholes known as observation wells (piezometers) set out radially from the pumped

hole. From these observations, the drawdown curve can be plotted and the permeability
calculated.

In the present study, the following procedure was adopted to conduct the
pumping test. A main borehole (discharging well) and 4 piezometers making two lines
of wells perpendicular to each other were drilled to about 7 m at the Aber College
Farm site (See pumping test Plan Figure 4.6.a and a Photographic plate 4.6.b.).
Piezometers were located at varying distances from the centrally-installed well. The
discharging well and the piezometers are cased with 100 mm diameter pipe so that a
submersible pump could be inserted easily in the base. In the discharging well a2 3 m
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Photograhic Plate 4.6.b
well and piezometers,
D.W = Discharging well, P = Piezometer.
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length of well screen at the bottom is installed, the lower part of the pipe of the
piezometers have been made slitted in order to have easy to and fro movement of

aquifer water through them. The formation material immediately surrounding the screen
and slitted pipes in all holes 1s removed and replaced by artificially graded coarser
material, a so-called gravel pack.

Using a pump and a power unit, water is pumped out from the discharging well
at a constant rate recorded by a flow meter in the discharging pipeline. The depth to

the water level in all piezometers and in the discharging well is recorded many times

during the course of the test. As the water levels drop fast during the first hour of the

test, readings are taken at frequent intervals on a printed form, with the time between
readings being gradually increased as pumping continues. These tests are repeated a
few times on various days. For a confined aquifer, using the observed data the
permeability is calculated as

N * N P 4.20
K 2nD(s,-s,) 1n r, (4.20)

where Q is the well discharge in m’ / day, k is the hydraulic conductivity, D is the
thickness of the aquifer, r, and r, are the respective distances of the piezometers from
the pumped well in meters and s, and s, are the respective elevations of the water

levels 1n the piezometers in metres,

4.3 Porosity

All porous media contain pores and spaces which are surrounded by the solid
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material. The ratio of the volume of these pore spaces to the total volume of the sample
is a dimensionless quantity known as porosity, which can be given as a percentage or

as a fraction. The porosity of naturally-occurring sediments may range widely
depending upon the geological history, depositional patterns, and the imposed

4.3.1 Method of determination of porosity

The choice of the method used for porosity determination depends upon the
nature of the material. Several methods have been described in many standard text

books (Dullien, 1979; Scheidegger, 1974; Bourbie et al., 1987).

The most convenient and widely used laboratory method is by putting the sample
into a mould of known volume and drying it in the oven. After measuring the specific

gravity of the grains in the laboratory the porosity is determined by using the following
equations.

V.=W,/G, ¥, (4.21)
Vv = vt - Vl (4'22)
N =V,/V, (4.23)

where V, is the volume of the solids, v, is the unit weight of water, G, is the specific
gravity of the grains, V, is the volume of the voids, V, is the total volume and N is the
porosity of the sediment.

This porosity is representative of the maximum packing of the sediment and may
not be equivalent to the insitu value.
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CHAPTER J. CORﬁELATION OF;i FORMATION RESISTIVITIES TO
CHLORIDE CONCENTRATION

A measurement of fluid conductivity cannot resolve the type of dissolved solids.
It is, however, common to relate electrical conductivity to an equivalent chloride
concentration (Kwader, 1986). This relation can be used as an indicator of total
dissolved solids for sea water, but it is not valid when a significant part of the dissolved
solids are concentrated with anions other than chlorides. To derive more quantitative
information about concentration of dissolved solids, an attempt has been made to

correlate formation resistivities measured through direct resistivity methods to chloride

concentration.

First, water samples from 31 boreholes were collected and chemically analysed
for chloride anions. The electrical conductivity for all the samples were determined and
it ranged from 240 to about 10000 pmhos/cm at 25° C, Table 5.1 enlists all the details
of the data obtained from the boreholes and with analysis carried thereon. Generally,

the total dissolved solids in ground water increase as water moves towards the beach

area, where T.D.S range from 1082 to about 6387 mg/l.

The relation between chloride concentration and water conductivity on samples
from boreholes was investigated. The data obtained from Aber College farm |,
Malltraeth area, and Morfa Bychan area, are summarized in Figure 5.1. Bach dot
represents one sample. The correlation coefficient is equal to 0.998. Some scatter of the
data is due to difference in the concentration of chlorides in the groundwater from place

to place. Figure 5.1 has been constructed with chloride values expressed in mg/l and

conductivity in pmhos/cm. Figures 5.2 and 5.3 show a very little scatter observed in the
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Table 5.1 Chemical analyses of ground water samples

for chloride ions.
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Equation of best fit line is

' 4

Cl- = 0.282 times