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Abstract

The paper presents tHe results of a surface geophysical survey
which was performed at Aber College Farm Area, N.Wales, U.K, using

resistivity, electromagnetic soundings and chemical methods to detect
the extent of the saline intrusion in the area.

A total of thirty four Vertical Electric Soundings (VES) and
sixteen Electromagnetic (EM) soundings were measured in the study
area. Several of these soundings were measured adjacent to borehole
sites to aid in correlating the geophysical interpretations to chemically
detected water quality data. By correlating the interpreted surface
geophysical to water quality data from the boreholes, depth to a bulk
resistivity of less than 35 ohm-m (or more than 250 ppm chloride
concentration) and depth to a bulk resistivity of less than 7 ohm-m (or
more than 500ppm chloride concentration) could be mapped in both
the aquifers.

The permeability values of the sediments by pumping and
other field and laboratory tests gave additional supporting data.

The study revealed that the combined electrical and chemical
observations provide a dependable means for the detection and
mapping of a saline intrusion and that the two aquifers in the area
have been intruded. And the extent of saline intrusion is a function of

permeability and the volume of fresh water available to prevent inland
movement. :

Introduction
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106 Detection of the saline-fresh water interface

Because of the ever present danger of contaminating a potential aquifer
with saline water in coastal areas by inappropriate groundwater expioitation, an
important part of a hydrogeological investigation should be the detection of the

saline-fresh water interface.

The application of vertical electric soundings and electromagnetic soundings
is based on the fact that materials saturated with saline water represent much
better conductors; than similar materials filled with fresh water. However, the
accuracy of the electrical methods depend on the geological subsurface conditions,
as the presence of other good conducting sediments, such as intercalated clay
laye'rs, can affect the correct interpretations of electrical data. Nevertheless, this
disadvanatge can often by overcome by increasing the number of the electrical
soundings and constructing vertical sections of the area. From the manner in which
the resistivity values vary over large areas, it is then possible to determine whether

clay layers are present or not.

The goal of this study, a part of the Ph.D research programme carried out
at the University of Wales, Bangor, U.K., was to relate vertical electric and
electromagnetic soundings data to existing boreholes or to boreholes data drilled
for this purpose. The chloride concentrations of the water samples collected from
the boreholes, were determined and simultaneously correlated with the formation
resistivities. Laboratory measurements of some sediment parameters from the site

were made to examine the effect of permeability on saline intrusion.

Previous Work: Before moving to methods used for the detection of the
saline-fresh water interface, it is worthwhile at this juncture to look at some previous
work in this area, particularly geophysical and chemical methods.

Use of direct-current resistivity methods is not new to water resources
investigations. As early as 1937, Swartz (1937) used this technique for locating
fresh water lenses in salt water bodies on the Hawaiian Islands. Since then, much
resistivity work on the detection of fresh-salt water interface has continuously been
done in other parts of the world (Zohdy et al, 1974; and Gorhan, 1976).

The auxiliary point method (Ebert, 1943; Orellana & Mooney, (1966) for the
approximate interpretation of resistivity soundings through curve matching was
extensively used before the introduction of the iterative computing method. As the
rsistivity method is time consuming in that individual soundings may take from
several hours to several days depending upon surface conditions and the required
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The Offset Wenner System which has several advantages over both the

schlumberger and conventional Wenner system developed at the University of
Birmingham, was also used. By this system, it is Possible to overcome the lateral
resistivity variations, which are not detectable by other methods. It is also less time
consuming. ABEM's battery operated resistivity meter, the Terrameter SAS 300, was

used in measurements of all the Vertical Electric Soundings (VES) taken under
different arrays.

The electromagnetic survey was carried out with the Max-Min |-8 (commonly
known as Apex Max-Min) portable instrument, It permits the choice of eight octavely
spaced operating frequencies i.e. 110, 220, 440, 880, 1760, 3520, 7040, and
14080HZ. 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.

Interpretations: The apparent resistivity/electrode separation curve obtained
by vertical electric soundings is interpreted by the use of the computer software
Bossix, and EM soundings by the use of EMIXMM Programme both produced by
the Interpex Ltd. These are in fact forward and inverse modelling programmes for
interpreting soundings. Graphic displays obtained by EMIXMM are presef\_ted as
in-phase and quadrature response versus induction number or as Argand diagrams
(Eadie, 1979). '
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Conductivity of Groundwater: As conductivity is  preferred rather it
reciprocal resistivity, because the former increases with salt conten, the
conductivity of ground water samples is determined for all the water Samplog

obtained from most of the VES sites. The conductivity of each groundwater sampleg
so obtained is used to calculate Total Dissolved Solids (TDS).

The conductivity of groundwater samples is determined by a conductivity
meter called Aqua-Lytic, which automatically gives water conductivity in mhos/cm g
a reference temprature 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, which can be considered to be negligible,

Determination of Chloride lons In Groundwater by Chemical Methods:
Chloride in groundwater sample is most conveniently determined using atomic
absorption spectroscopy (AAS). The first step is to quantitatively precipitate silver
chloride 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, when the precipitated silver chloride has been removed (Reichel 1969;

Truscott, 1970).
Correlation of Formation Resistivity to Chloride Concentration

As measurement of fluid conductivity cannot resolve the type of dissolved
solids. 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 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 Mhos/cm at 25°C. Table 1 enlists all the
details of the data obtained from the boreholes and with analysis carried thereon,
The relation between chloride concentration and water conductivity on samples from
boreholes was investigated. The data obtained from the site is summarized in
gig;;e 1. Each dot represents one sample. The correlation_ coefficient is equal to
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fresh-salt water interface. In the present study o):; the other \ :
concentration, wh{ich also correspond to a measured buié resistivity value of 35
ohm-m (Table 1), is selected as the basis of a mixing zone (tra-n‘s;!:én *ore‘ his
value is in more agreement to Mills and Ryder (197;); and St g
who have put the lower limit of the mixing zone between 200- 250ppm chior
concentration than Goswami (1968) who puts the lower limit at
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~

300ppm chionde

To correlate formation resistivities to chloride concentration, the re
the interpretation of VES measurements are compared with the chionde
concentration data of groundwater samples obtained from cenamn depihs i the
boreholes. And by carefully selecting resistivity sounding results of good quality,
and representative of the regional hydrologic regime, some six data points were
selected for the study area. These date points are shown in Figure 2. ™Mis figure is
used for converting the aquifer resistivity into the chioride concentration of the
groundwater at the location of measurement. On the basis of this figure. an aquiter
resistivity of about 7 ohm-m is expected to correspond 10 a chioride concentration
of 500ppm. This value is nearly in agreement with the work of Mills et al, (1888)

and Hoekstra et al., (1990) who have shown it to correspond to a bulk resistivity of
8 ohm-m. :

2

uits of

Data Acquisition and Reduction

In the present study, the site of investigation, the College Faum area at Aber
(Figure 3) is situated on the coast al the outfall point of the Aber river near
Llainfairfechan in Gwynedd, North Wales, UK. This is a part of the Ph.D thesis vark
carried out in years 1991-92 at this site. From the interpreted Quaternary
stratigraphy of the A55 North Wales Coast Road at Uaintairfechan (Based on
borehole logs collected for their construction, and the data obtained by sinking
boreholes by manual percussion method in the study area), the ;ithclqgis:& uni@ in
the area can be divided into two major groups: (@) the Holocene.'wr\k;h comprises
of surace fil. sand & gravel, clays & silts & peat and (b) Pleistocene, "_‘\__s:l;\ich_
comprises of sand & gravel, Irish sea Til (Poorly sorted gra\{el-sand.-mud,

CamScanner


https://v3.camscanner.com/user/download

Defection of the saline-fresh water intdrface
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Cooper et al, (1964) equation, an approximate rate 0
coast is estimated to be 50 m3/day/m.

Thirty-four VES soundings were made at selected sites Figure 3 with the
ABEM's Terrameter resistivity meter. Simple Wenner and Offset Wenner arrays were
used upto the maximum electrode spacings ranging from 40m to 80m for the
Simple Wenner array and 32 to 64m for the Offset Wenner array. Sixteen
electromagnetic soundings were also made at the selected centres of the sites
where previously VES soundings were made, using Max-Min 1-8 portable

equipment.

Figure 4a shows an example of a comparision of field data to a
mathematically fitted curve at site 10B. Lithologic information from an adjacent
boreholes 10/2 was used to constrain the layer thickness in the VES interpretation.
First the third layer consisting of sand & gravel (upper aquifer) was found to be
conductive and 5.2m thick. The higher resistive layers either side of layer 3 means
that ambiguity of interpretation due to equivalence would be a problem unless there
was some external control. It was found convenient to divide this layer into two on
the basis of results of water chemical tests and borehole log, providing a more
complex seven layer model which was not resolved by the sounding curve. The
inversion process then gave the best possible model along with the other close
fiting models which are shown alongside the field curve (Figure 4a). Table 2 shows
the comparison of the geological drill log, in borehole 10/2 and the interpreted
results of the VES and EM soundings done near the borehole at site 10/B.

The complex model of seven layers thus obtained by using VES was then
fed into the computer software EMIXMM programme for further inversion. Its
equivalence programme was also started which finally gave a model in good
agreement with the VES model having minimum percentage of fitting error- (Figure

ab).

A geoelectric section Figure 5 A-—-A has been drawn after taking into
~account the ground surface leveling at the site. This is drawn perpendicular to the
_coast and across various sites of VES and EM soundings as well as borehole sites
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saline intrusion. A third and final geoelectric section E -E Figure 7, is also drawn
perpendicular to the coast line.

The last stage of the detection of the saline-fresh water interface is the
construction of the saline-fresh water interface contour maps in order to detect the
extent to which saline water has intruded inland. All the geoelectric sections
previously discussed have been used in the construction of these maps of the

study area. The maps figures 8, 9 and 10 show the extent of contamination and
saline zones.

Permeability of the Sediments: Using boreholes in the study area pumping
tests were carried out 1o arrive at the permeability of the sediments. Besides,
constant head test in the field and grain size and constant head permeametgr tests
in the laboratory were also used to calculate the permeability of the seduments.
Table 3 summarizes permeability values measured or calculated by the different

methods.

Discussion

The contour maps Figures 8 and 9 show the extent of the contamination

zones with salinity 250-500ppm chlorides in upper and lower aquifers. In the upper

; : a5
er the contamination is restricted to a 100 metres wide coastal strip and h

‘ - asta \
oo d to a depth of 3 metres inland, whereas in the lower aquifer it has spread to
sprea

inland.
about a 300 metres wide strip and to @ depth of 50 metres inla
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Table |

Chemical Analysis of groundwater samples tor Chitvide s

Meas DS ¢

B H. No. Conduct. Esti
Athos 'om fhuid trend () CONE ey
at 25°C m aquiter ratian
resist Wi
10/2 290 34 10 185 7o
101 T 500 20 54 J20 LR
10/1 18 660 15 54 423 200
10/BT 900 12 40 578 S
10/1 B 1180 8.5 31 755 330
12 3200 32 6 2048 880
13 6600 1.5 3 4224 1820
14 5480 2 4 35807 1402
15 4922 2.1 4 3150 1450
16 9810 1 1 6342 2732

The saline water (Figure 10) with salinity of more than S500ppm chicrdes
has spread to a 100 metres wide coastal strip and a depth of 34 metres nland
Looking at the strip around the Aber river in Figures 8, 9 and 10, # is evident tha
the area surrounding the river is least affected either by contamination or extensive
salinity as compared to other areas along the coastal area. This suggests that
p:ubably continuous fresh water infiltration from the Aber river prevented the saline
intrusion in this section of the area. As there I1s heavy rainfall in the area, and most
¢* the rain water infilirates underground, with little or no withdrawal of groundwater,
this has kept the gradient of fresh water towards the sea (refer rate of flow to the
coast 50 m3/day/m) and in turn has restricted the saline water to a considerable

depth.
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Table 3
Method Permeabllity (m/s)
1. Pumping test 7.4 x 107%
2. Constant head (Field test) 7.6 x 107*
3. Constant head (Lab. test) 17 x 1073
4. Grain size (Hazen's formula) 27 x 1078
5. Grain size (Kozeny-Carman) 7.7 % 10
6. By using electrical formation factor 1.6 x 1072

The moderate values of measured permeability and transmissivity is another
important reason for minimizing the rate of landward advance of the intruding safine

water, as Howard (1987) has shown.

Conclusions

Electrical resistivity depth probing (VES), electromagnetic soundings (EM)
and chemical tests on groundwater samples obtained from boreholes indicate the
existence of a saline-fresh water interface and a zone of mixing in the study area.

The extent of saline instruction is a function of permeability and the volume
of fresh water (either from rainfall or river flow or both) available to prevent inland
movement; it is also a function of the availability of any natural barriers such as

glacial till and bed rock.
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