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Abstract The area studied is a north–south
oriented, V-shaped, clayey lagoonal depression bor-
dered by Pleistocene sands on the west and Recent
dune sands on the east. The freshwater aquifer in
the area is the main source of potable water for the
urban centres of Gongoni and Timboni and the
main Mombasa Salt Works processing plant. The
aim of the study was to look at the impact of sand
harvesting, and possible saline contamination of
the aquifer by activities at the nearby salt harvest-
ing plant and by seawater intrusion. The major fac-
tor abetting pollution of the freshwater aquifer is
the sand harvesting activity, which exposes the
aquifer to the atmosphere. Extension of the salt
works closer to the aquifer field, combined with
high abstraction rates, may also lead to saline water
intrusion and contamination of the aquifer.
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Introduction

The study area (Gongoni–Fundisha–Timboni) is a
north–south oriented, V-shaped lagoonal depression bor-
dered by Pleistocene sands on the west and Recent dune
sands on the east (Fig. 1). It is part of the physiographic

unit that forms the coastal plain, and generally lies lower
than 45 m a.s.l. May is the month of maximum rainfall,
and the average annual rainfall is ca. 850 mm/year (Sur-
vey of Kenya 1970).
The lagoonal depression is flat to very gently undulating
(slope gradient 0–2%) and is characterised by clays. Due
to its depressed topography and the fact that it lies more
or less at sea level, the lagoonal depression experiences
daily incursions of seawater during high tide in the
northeastern sector (Fig. 1). The lagoon typically ponds
in most sectors following heavy rains, but generally dries
out during the dry season. Consequently, it can be re-
garded as a seasonal swamp. Vegetation is mainly grass-
land/bushland, with negligible tree cover.
Ngomeni Road marks the boundary between the dune
system to the east and the lagoonal depression to the
west (Fig. 1). There are numerous water points dotted
along the road all the way to Ngomeni Township; a total
of eight wells and seven waterholes were identified. The
Timboni well field (Fig. 1), the main water supply source
in the entire Gongoni area, is located at a sand quarry
near the road. Well W003, which is equipped with a die-
sel pump, was found flooded and not in use. The well
currently in use is W002. Another major well located
along the road is W018. This well belongs to Mombasa
Salt Works Ltd. and is equipped with a diesel pump. The
majority of the water points along the road are shallow
and are poorly protected. A total of eight wells and one
waterhole were identified within the valleys located be-
tween the dune lines east of Ngomeni Road (Fig. 1).
These water points, which mainly serve the labourers
working in the coconut plantations within the area, are
generally poorly protected and their use is unrestricted.
Sand quarries have been developed along the line of pot-
able groundwater supply, posing a serious threat to its
quality. In addition, Mombasa Salt Works Ltd., which
carries out its salt harvesting activities in the lagoonal
area (largely restricted to the northwest part of the la-
goonal depression) intend to expand their facility to-
wards the line of springs along Ngomeni Road, sharply
raising the possibility of saltwater contamination of the
freshwater aquifer(s). This study was carried out to eval-
uate the possible impacts of continued sand harvesting
and extension of the salt harvesting works on the quality
of the potable groundwater aquifer within the area, and
included geological and soils studies, geophysical studies,
and hydrogeological and water quality studies.
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Fig. 1
Map showing the sampling points and
inventory of waterholes and wells

Materials and methods
Geological survey

The area is underlain by soils and unconsolidated sands.
Bedrock is not exposed in the area. The geological sur-
vey, therefore, focused on the mapping and determina-
tion of the sand dune morphology, sedimentology, struc-
ture and interface with the lagoonal clays.

Soil survey
Soil samples were collected by auger and from excavation
pit profiles within a gridded spatial network for surface

and subsurface mapping, determination of soil properties,
qualitative assessment of drainage characteristics, and
thickness above the aquifer(s). Samples were collected at
spatial intervals of 500 m, with higher sampling density
being conducted in areas of particular interest (close to
the spring line) (Fig. 1).
Drainage characteristics were determined qualitatively us-
ing the Kenya Soil Survey (1987) classification as shown
in Table 1. Laboratory analysis included determination of
soil texture (particle size analysis), plasticity (qualitative
plasticity classes, after Kenya Soil Survey 1987), and dry
bulk density. Chemical analyses conducted were the de-
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Table 1
Soil drainage characteristics

Drainage class Description

0 – very poorly drained Water is removed from the soil so slowly that the water table remains at or on the surface
for most of the year. Soils are usually peaty or very humic and show gley; the level sites are
flooded or ponded for most of the year

1 – poorly drained Water is removed so slowly that the soil remains wet for a large part of the year. The water
table is commonly at or near the surface for a large part of the time. Mottles occur from the
surface onwards, gley starts at 30–40 cm depth

2 – imperfectly drained Water is removed from the soil slowly enough to keep it wet for significant periods but not
all of the time. Mottles occur from 30 cm onwards

3 – moderately well drained Water is removed from the soil somewhat slowly, so that the profile is wet for a small but
significant part of the time. Mottles may occur from 60 cm onwards

4 – well drained Water is removed from the soil readily but not rapidly. These soils commonly retain
considerable amounts of moisture for plant growth after rains or application of irrigation
water. No mottles occur below 120-cm depth

5 – somewhat excessively drained Water is removed from the soil rapidly. Many of these soils are sandy and very porous
6 – excessively drained Water is removed from the soil very rapidly. These soils are usually very shallow and may be

situated on steep slopes or may be very porous

termination of soil pH, organic carbon content, concen-
trations of the major cations Mg, K, Na and Ca, and ca-
tion exchange capacities of the soils.

Geophysical survey
The geophysical investigations comprised entirely vertical
electrical soundings (VES). Forty-three VES soundings
were conducted along three profiles using a SYSCAL R2
signal averaging terrameter with Schlumberger electrode
configuration. In the dune area, other soundings were
performed using an ABEM 300B terrameter. A maximum
current electrode spacing of 100 m was used.

Hydrogeology and groundwater quality survey
The hydrogeological studies involved compilation of an
inventory of the water points in the area; elevation meas-
urements of water points and test-pits using a theodelite;
assessment of groundwater quality; and assessment of the
water balance. Locations of the water points were map-
ped with the aid of a Geographical Position System
(GARMIN GPS 12XL model). Elevation levelling was car-
ried out on selected groundwater abstraction points and
the test-pits using conventional surveying methods to
prepare the piezometric map of the area.
The hydraulic properties of the aquifer were determined
from pump tests. The tests were conducted at the exist-
ing main Timboni well W002 and at well W018 belonging
to Mombasa Salt Works Ltd. W018 is located near the
boundary between the dunes and the clay (Fig. 1). Both
pumping and recovery measurements were made during
the test at W018. The pump test data were analysed using
the Cooper-Jacob solution method to non-equilibrium
equations for the following reasons: only one observation
well is required, assumptions of the steady state of flow
are not necessary, storativity value can be obtained, and
the pumping period does not have to be long.
Waters from the existing water points were analysed for
electrical conductivity (Ec), pH, total dissolved solids

(TDS), temperature, Cl, Ca and Mg. Selected wells were
also sampled for bacteriological analysis. Ec, TDS and
temperature measurements were determined using a
HACH conductivity meter model 44600-00. Chloride was
measured by both titrimetric and paqualab methods,
while cations were determined by titrimetric methods.
Bacteriological analysis of faecal coliform and total coli-
form counts was carried out by membrane and fermenta-
tion methods.

Geology and soils

Pleistocene and Recent dunes and sands
The very low degree of soil formation on the dune sands,
which border the lagoon on the east, reflects their Recent
age. The dunes generally have heights greater than 30 m,
are aligned parallel to the coastline, and comprised most-
ly white or creamy coloured unconsolidated sands
(Thompson 1956). The sands are derived mainly from de-
tritus transported from the interior by the Sabaki River,
which drains into the Indian Ocean south of the study
area. The dune formation north of the Sabaki River
mouth is controlled by the southeast monsoon winds and
the northward flow of longshore currents (Thompson
1956). The Pleistocene sands, which border the study area
to the west, are believed to have accumulated as lagoonal
sands (Caswell 1953; Thompson 1956).

Spatial distribution of soil types
The soils are thickest in the northern sector (up to
250 cm) and thin towards the south (110 cm). The A ho-
rizon of soils in the area consists mainly of black organic
clay/brown organic clay (with mineralised organic mat-
ter) (Fig. 2). Its thickness varies spatially, ranging be-
tween 10 and 32 cm. In the western sector are grey-
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Fig. 2
A sketch map illustrating the spatial
distribution of A horizon soil
characteristics

Fig. 3
A sketch of map of soil characteristics at
a depth of 50 cm

brown clays, which in reality are representative of the B
horizon as the A horizon in the area had been removed
by the Mombasa Salt Works to create artificial lagoons in
their salt works extension programme. As a result, grey-
brown clays, which typically underlie the A horizon, are
exposed at the surface. In the extreme eastern sector,
bordering the sand dunes, the A horizon (topsoil) con-
sists of a complex interfingering of organic clays, sandy
clays, clayey sands and mineral clays.
There is a slightly more complex spatial relationship of
various soil types at the 40- to 70-cm level (B horizon),
as compared to the overlying A horizon. Traversing from
the southwest to the northeast sector, there is a laterally
banded sequence of light-grey clays and grey-brown
clays, with boundaries between the two types of clays
trending northwest–southeast (Fig. 3). Along the western
sector, there occurs yet again, as in the A horizon, a

complex interfingering of sandy clays, grey-brown clays,
clayey sands, light grey clays and grey-green clays.
In general, the soils at the 100-cm level (Fe-mottled B ho-
rizon) have higher percentages of sand than the overlying
materials. Sandy clays are dominant in the southern sec-
tor, and clayey sands dominate in the western sector, al-
though there are pockets of light-grey clays. The soil type
in the central–north central part could only be inferred,
as the surface was inundated by water and it was there-
fore not possible to obtain pit profiles and samples. In
the extreme eastern sector, the soils at the 100 cm level
consist of sandy clays to the south, grey–brown clays to
the north and light-grey clays in the extreme northwest
sector. The changes in the eastern sector (compared with
the subsurface and A horizon maps) indicate that there is
not only a lateral, but also vertical interfingering of the
various soil units.
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Fig. 4
A sketch of map of soil characteristics at
a depth of 130–160 cm

In the eastern sector, aquifer sands occur between 130
and160 cm. At the same depth in the western sector,
there occur non-aquifer clayey sands. Excavation up to
250 cm (limit of excavating machine) in the western sec-
tor (PIT 10) revealed a grey clay layer underlying the
clayey sands, while in the east and south (PIT 7 and 4 re-
spectively) aquifer sands were still encountered at this
level. These results suggest that the inferred contact be-
tween the aquifer sands (sand dunes) in the east and the
clayey sands in the west dips steeply westwards (Fig. 4).

Soil drainage characteristics
Drainage conditions deteriorate from the south north-
wards, with moderately drained soils in the south, imper-
fectly drained soils in the central area and poorly drained
soils to the north. These drainage characteristics corre-
spond with field observations following a long dry spell
in which most of the northern sector was still ponded,
the central sector had both dry and ponded areas, and
the southern area was generally dry. Salinisation appears
to be a problem in the northeast sector, and plants show
evidence of injury. This may be due to both the expan-
sion of the Mombasa Salt Works, and to increased with-
drawal of groundwater (Wicks and Herman 1995).
Although the clays in the northern and northeastern sec-
tors are poorly drained, subsurface drainage is enhanced
by desiccation cracks which extend to a depth of at least
50 cm below the surface, that develop from the alternat-
ing dry and wet seasonal climate. In addition, vertical
and lateral interfingering of clays and sands are observed
in this area. These two factors may have formed an ex-
pansive lateral network of interconnected conduits (mi-
crofractures) with relatively high permeability within the
generally impermeable clays. The lateral extent of micro-
fractures may explain the effects of salinisation, which
are related to the proximity of the seawater inlet and ar-
tificial salt lagoons to the west. Although the waters in
the aquifer sands underlying the soils in the lagoonal de-

pression are saline, there appears to be little or no up-
draw of cations from the lower to the upper parts of the
soil profile (see below), ruling out significant topsoil sal-
inisation by upward capillary movement. In addition, as
the configuration of the saline/freshwater mixing zone
and the location of the halocline are functions of the por-
osity and permeability distribution of the aquifer (Wicks
and Herman 1995), the interfingered clay/sand lenses in
this area may have shifted the position of the mixing
zone in the aquifer higher relative to the rest of the
aquifer, resulting in increased salinisation.

Soil laboratory results
The texture of the clays is fairly uniform throughout the
area and tends to become more silty and sandy with
depth (Table 2). The underlying aquifer sands are strong-
ly dominated by sand-sized quartz grains. They are nor-
mally distributed except for PIT 2 sand and the Timboni
wells, which have a positively skewed grain size distribu-
tion of 2.37 and 2.14 respectively (Table 3).
The clays are extremely plastic and fairly cohesive (M.M.
Ndege, unpublished). They have dry bulk densities rang-
ing between 1250 and 1500 kg/m3, which is characteristic
of clays with low organic carbon contents (Table 4). The
pH values in the upper portion of the clay strata are in
the alkaline range, and reflect the relatively high concen-
tration of bases as compared to the deeper clay strata
(Table 4). The pH values tend to decrease with depth,
and in the clays overlying the aquifer sands, some pH
values are in the acidic range. The concentrations of the
base cations also tend to decrease with depth, consistent
with the trend in pH values, and this suggests that leach-
ing of base cations from the upper to lower soils is mini-
mal. The low cation exchange capacities of the clays sug-
gest that they are probably dominated by kaolinite–hal-
loysite (or other types of 1 : 1 structured clays) with some
hydroxides of Fe and Al (Kenya Soil Survey 1987; Brady
1990), and this suggests that the probable major cations
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Table 2
Texture of the clays (refer to Fig. 1 for location of sampling
sites)

Sample no. Sand Silt Clay Texture grade
(cm) (%) (%) (%)

1 P001, 45–50 68 6 25 Sandy clay loam
2 P004, 45–50 42 10 48 Clay
3 P005, 45–50 40 12 48 Clay
4 P006, 45–50 40 12 48 Clay
5 PIT 1, 55–60 54 6 40 Sandy clay
6 PIT 1, 80–85 62 8 30 Sandy clay loam
7 PIT 3, 45–50 22 14 64 Clay
8 PIT 3, 90–95 30 20 50 Clay
9 PIT 4, 40–45 28 16 56 Clay

10 PIT 4, 70–75 72 8 20 Sandy clay
loam/sandy loam

11 PIT 5, 45–50 28 12 60 Clay
12 PIT 5, 80–85 40 16 44 Clay
13 PIT 6, 40–45 40 16 44 Clay
14 PIT 6, 90–95 74 8 18 Sandy loam
15 PIT 7, 50–55 28 14 58 Clay
16 PIT 7, 120–125 76 6 18 Sandy loam
17 PIT 8, 95–100 48 26 26 Sandy clay loam

Table 3
Texture of the aquifer sands

Phi value Aquifer sands (%) Texture grade

PIT 1 PIT 2 PIT 4 PIT 9 Timboni

0 7.74 3.98 17.56 1.68 7.28 Gravelscvery coarse sand
1 19.89 84.15 15.90 20.27 9.90 Coarse sand
2 36.87 10.79 33.37 61.42 61.55 Medium sand
3 22.10 0.08 21.70 16.26 16.65 Fine sand
4 7.69 0.02 6.80 0.58 2.70 Very fine sand
Pan 2.68 0.03 3.99 0.07 0.94 Silt and clay
Mean 16.16 16.51 16.55 16.71 16.50 –
SD 12.67 33.40 10.62 23.56 22.76 –
Skewness 0.81 2.37 0.50 1.77 2.14 –
Total 96.97 99.05 99.32 100.28 99.02 Comment: Totals not exactly 100% due to operator efficiency in sediment

recovery from the mechanical meshes

in the acidic clays immediately overlying the aquifer
sands are Al3c and Fe3c.

Geophysical studies

The aim of the geophysical investigation was to delineate
the salt/freshwater boundary between (1) the saline aquif-
er underlying the lagoonal depression and the freshwater
aquifer, and (2) the freshwater aquifer and saltwater in-
cursion from the Indian Ocean. Three VES profiles were
run with a maximum current electrode spacing of 100 m.
Profile A (29 soundings) trends approximately
WSW–ENE near the salt lagoon (Fig. 5). Profile B (6

soundings) was approximately parallel to profile A, but
slightly away from the lagoons and passing through the
Timboni wells (Fig. 5). Profile C (8 soundings) was nearly
perpendicular to profiles A and B (Fig. 5). In addition,
two soundings were performed close to the beach on the
eastern side of the dune sands.

Geophysical data interpretation
The profile across the lagoon area (profile A, Fig. 5) is
characterised by very high conductivities with values of
about 3 ohm.m (Fig. 6). This order of resistivities is en-
countered from close to the surface and continues to de-
crease with spacing until they reach less than 1 ohm.m at
a spacing of 100 m. These resistivities represent a saline
clay layer which may be sandy in places. However, this
method cannot resolve the fine variations in sand content
of the saline clay layer, especially under the prevailing sa-
turated saline environment. The resistivity distribution,
however, confirms the presence of a fairly thick saline
clayey layer, suggesting that the possibilities of surface
saltwater leakage into the subsurface is very limited. In
the dune area, which is slightly topographically higher re-
lative to the lagoon area, high resistivities were recorded,
ranging between 1000 and 5000 ohm.m. These values rep-
resent the dune sands, which were quite dry at the time
of the geophysical profiling. The aquifer depth was ob-
served to increase from about 1.6 m near the road to 6 m
about 400 m from the road. This variation may be due to
the increasing height of the measurement point on the
dunes rather than a change in water table height. The
aquifer under the dune has a resistivity of about
30 ohm.m, and its thickness varies from about 6 m at the
spring line to an estimated 10 m at a distance of 500 m
east of the spring line, and dips to the east at an angle of
about 47. The exact bottom of the freshwater body could
not be established due to the scatter of data in this depth
range over the dune.
Profile B, which passes through Timboni wells (Fig. 5),
shows similar characteristics to those of profile A in the
area east of the Timboni–Ngomeni road. The aquifer
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Table 4
Chemical properties of the soils

Sample depth
(cm)

Org. C
(%)

Dry density
(kg/m3)

CEC
(me/100 g)

pH Ec2.5

(mS/cm)
Mg
(ppm)

K
(ppm)

Na
(ppm)

Ca
(ppm)

PIT 1
50–60 1.23 1330 11.76 7.6 4.37 221.31 320.64 936.00 2300
80–85 2.01 1320 8.40 6.0 0.77 63.23 n.d. 335.40 460
PIT 3
45–50 1.35 1250 20.16 8.4 14.07 502.21 156.31 296.40 1035
90–95 3.64 1350 18.48 5.4 12.15 447.49 78.16 234.00 2415
PIT 4
40–45 1.63 1420 11.62 8.6 6.90 470.59 3653.29 421.20 1265
115–120 1.61 1470 10.78 7.8 4.07 177.54 400.80 156.00 690
PIT 5
45–50 2.61 1360 24.78 7.4 4.38 68.10 1372.74 514.80 1495
80–85 2.91 1490 21.56 6.6 4.41 68.10 1474.94 475.80 1840
140–145 1.85 1500 9.52 5.8 5.30 149.57 182.36 140.40 460
PIT 6
40–45 2.44 1440 17.36 8.6 6.30 72.96 3356.70 280.80 690
55–60 2.71 1390 23.94 8.6 4.08 72.96 5482.94 280.80 460
PIT 7
50–55 3.09 1380 17.64 9.0 3.03 390.34 1250.50 148.20 1035
120–125 2.52 1460 12.32 8.8 2.32 176.32 192.38 218.40 1035
PIT 8
50–55 2.08 1340 15.68 8.0 6.15 150.78 266.53 171.60 575
95–100 1.89 1390 17.08 5.6 2.86 390.34 899.80 530.40 575

depth on the dune sands east of Timboni wells is about
6 m (Fig. 7). Within the Timboni wells, the saline layer is
at a depth of 20 m. Within the dune area, but much fur-
ther east from the wells, the saline layer could not be de-
fined because of data scatter. To try to get a better esti-
mate of the exact bottom of the freshwater body, addi-
tional soundings were conducted using a different instru-
ment (ABEM Terrameter, as compared to the SYSCAL R2
signal averaging terrameter). The soundings results were
similar to those performed using the SYSCAL R2 signal
averaging terrameter along the profiles, and did not re-
solve the data scatter problem. However, based on the re-
sults from profile A (where the aquifer thickness is be-
tween 6 and 10 m at about 500 m east of the spring line
and within the dune area), it is inferred that the fresh-
water aquifer along profile B has a maximum thickness
of 10 m.
Profile C, taken along the Ngomeni–Timboni road
(Fig. 5), clearly delineated the freshwater/saline water
boundary. The aquifer along the line of springs was
found to be 6 m thick with a resistivity of about
30 ohm.m (Fig. 8). The salt water, which occurs at a
depth of 7 m, has very low resistivities of 1–2 ohm.m.
These values are similar to those obtained under the la-
goon area. The resistivity curve remains flat once the sal-
ine layer has been reached.
Overall, the interpretation of geophysical data suggests
that there is a boundary between the freshwater and sal-
ine water at profile C (Fig. 8), an inferred boundary be-
tween the freshwater and saline water at profiles A and B,
and that the freshwater/saline water layer dips gently
eastwards into the dune area. The freshwater aquifer oc-

curs to the east of the lagoons, and is overlain by highly
resistive sands with values ranging from 1000 to
5000 ohm.m.

Hydrogeological studies

During the study, selected groundwater abstraction points
and the test-pits were surveyed using conventional sur-
veying methods. Water elevations were used to prepare a
map showing piezometric levels of the freshwater aquifer
(Fig. 9) of the area. In general, the piezometric surface is
relatively higher at locations of higher topography, and
there is a positive hydraulic gradient from the dune sys-
tem to the clayey area west of Ngomeni Road. The flow
directions of groundwater in the area are from the dunes
to the sea in one direction and to the clays in the other
direction (Fig. 9). The natural flushing of the groundwat-
er to the sea can be potentially hampered by overpump-
ing. This can lead to hydrological depressions, which
form hydrologic traps from which contaminants cannot
be flushed out to sea by the natural groundwater flow
(Nativ and Weisbrod 1994).
The aquifer is generally characterised by high transmis-
sivity (well W002 : 447.6 m3/day; well W018 : 266.2 m3/day)
and storativity (W002 : 0.505; W018 : 0.161). This is an in-
dication of relatively good hydraulic properties within the
aquifer and its high potential. The piezometric surface is
lower in the wells than in the surrounding area; the acute
depression of the piezometric surface at the wells is due
to high abstraction rates and could, potentially, pose a
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Fig. 5
Map showing the VES sounding sites

serious threat of seawater contamination. The volume of
the aquifer is estimated at 63 million m3. This was estab-
lished by taking a conservative estimate of 6 m thickness
for the freshwater body, assuming a rectangular section,
and multiplying by the width of the dune system (within
the area of study) and its aerial extent.

Groundwater quality
The existing water points were analysed for electrical
conductivity (Ec), total dissolved solids (TDS), tempera-
ture, chloride, calcium, magnesium and pH. The test-pits
were analysed for Ec, TDS, temperature and chloride. Se-

lected wells were also sampled for bacteriological analy-
sis.
The results show that most of the wells and waterholes
have relatively low electrical conductivity and chloride
levels (Tables 4 and 5). There is, however, a marked dif-
ference on the water points at either side of Ngomeni
Road. The water points west from the road within the
clayey area have relatively higher Ec and chloride values
than those within the dune system to the east. These
higher Ec and chloride levels could be due to infiltration
of salt water from the lagoons and/or leaching of bases
from the overlying clays. The test-pits (Table 6) did not
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Fig. 6
Sketch showing the VES profile A

Fig. 7
Sketch showing the VES profile B

Fig. 8
Sketch showing the VES profile C

give a very distinct trend in Ec, TDS and chloride meas-
urements. This is partly attributed to the pit flooding and
subsequent dilution of the pit waters that occurred after
the initial sampling. The Ec, TDS and chloride measure-
ments show a general increase towards the northwest in
the clayey area. The chemical analyses suggest that the
main factors influencing the Ec, TDS and chloride values
within the dune area are the proximity to the sea and the
boundary with the clayey formation.
The results of bacteriological analyses (Table 7) reveal
widespread contamination of the groundwater resources
in the area of study. The contamination is relatively high-
er in public wells compared to the private wells used by
fewer individuals. With exception of W018, the wells
along Ngomeni Road have values in excess of 340 faecal
colon counts per 100 ml. W011 in the beach area is also
heavily contaminated.
The groundwater contamination is highest in water
points along Ngomeni Road and is largely due to the sur-
face exposure of groundwater at the sand harvesting
quarries. Other contributing factors are poor sanitation,
use of contaminated containers to obtain water, and lack
of proper protection of most water points. The higher
faecal contamination along Ngomeni Road water points
is related to higher population density and settlements.

Summary and conclusions

The clays in the area have very low permeabilities, and
are poorly drained in the north, but progressively be-
come better drained to the south. The clays tend to be
thinnest in the eastern sector, and become progressively
thicker towards the western sector. Although there ap-
pears to be very little percolation of water and cation
transfer from the surface downward, the formation of in-
terconnected microfractures may cause the upper 80-cm
layer of sediment to be slightly more permeable, enhanc-
ing the lateral movement of water. The geophysical inves-
tigations indicate that the lagoon area is underlain by a
thick clayey saline formation. This implies that chances
of lagoonal waters seeping downwards within the lagoon-
al area are limited. The fresh/saltwater interface in the
contact area east of the lagoons occurs at a depth of
about 7 m from the surface. This freshwater body thick-
ens from about 6 m at the spring line to an estimated
10 m in the dune area, about 500 m east of the spring
line, and dips to the east at an angle of about 47. The
piezometric surface is relatively higher within the dunes,
where the topography is relatively higher. As a result,
there exists a positive hydraulic gradient from the dunes
towards the sea to the east and the relatively lower clayey
area to the west. Thus, groundwater flow is towards the
northwest and southeast along an axis trending north-
west–southeast. Surveying data shows that the hydraulic
gradient is towards the clay boundary and sea. Within
the clayey formation the gradient is virtually zero. The
transmissivity and storativity reduce as one approaches
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Fig. 9
Map showing the piezometric levels on
the freshwater aquifer

the clay boundary. Chemical analyses indicate that the Ec
and chloride content in the groundwater increases from
the dunes toward the clay boundary. The thickness of the
freshwater aquifer decreases from the dunes toward the
clay boundary and the sea.
Sand harvesting at the Timboni wellfield has exposed the
aquifer to contamination from human and animal waste,
and destroys the water pumping stations. Over-abstrac-
tion is the single most significant threat to the chemical
quality of water in the wells. Only one well is currently in
use as the others have collapsed due to sand harvesting.

Considering that Timboni well is located where the aqui-
fer is relatively shallow, the threat from seawater intru-
sion is very high and a reduction or rearrangement of the
pattern of groundwater abstraction (Freeze and Cherry
1979) should be initiated. During periods of extended
drought, the threat from seawater intrusion is even high-
er as the groundwater level decreases. Because the aquifer
is now exposed, it is subject to evaporation depletion and
possibly undesirable increases in salt concentration. The
proposed Mombasa Salt Works extension, on the other
hand, may not adversely affect the adjacent freshwater
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Table 5
Chemical analysis results for the water points

Water point no. Ec (mS/cm) TDS (mg/l) Temp. ( 7C) Cl (mg/l) Ca (mg/l) Mg (mg/l) pH Remarks

W002 473 236 29.5 ~100 54 31 8 Heavily used
W003 517 260 30.1 ~100 78 25 8 Flooded
W008 445 224 29.4 ~100 25 37 8 In use
W009 610 300 29.4 ~100 34 65 7 Protected
W011 1060 530 28.1 100 24 77 8 In use
W012 900 450 28.1 ~100 60 59 7 Protected
W014 1950 980 27.2 200 19 98 8 Protected
W018 930 470 31.8 100 22 126 8 Heavily used
W019 7250 3640 30.4 p500 45 72 8 Abandoned
W021 720 360 30.4 ~100 36 25 9 In use
WH1 400 200 31.5 ~100 28 27 7 In use
WH2 540 270 30.6 ~100 15 40 8 In use
WH3 2640 1320 32.5 400 49 51 9 Abandoned
WH4 1740 870 32.1 200 42 92 9 In use
WH5 6430 3320 33.2 p500 23 116 7 Never in use
WH6 880 400 33.3 100 36 6 7 Limited use
WH7 220 110 33.7 ~100 32 7 7 In use

Table 6
Chemical analyses results for the test-pits

Test-pit
no.

Ec
(mS/cm)

TDS
(mg/l)

Temp.
(7C)

Chloride
(mg/l)

pH

TP 1 76,600 38,300 28.6 22,540 5
TP 2 49,200 24,600 27.0 15,620 6
TP 3 29,600 14,800 27.0 20,380 6
TP 4 13,540 6,770 32.4 3,770 6
TP 5 23,460 11,730 29.4 4,800 5
TP 6 67,560 33,780 29.2 25,000 5
TP 7 11,720 5,860 28.2 – 6
TP 8 39,580 19,790 29.8 13,500 7
TP 9 106,080 53,040 29.8 15,000 6
TP 10 66,560 33,280 29.4 23,500 5
TP 11 51,080 25,540 30.0 17,650 5
TP 12 52,920 26,460 29.0 – 6
TP 13 22,200 11,100 29.2 4,045 7
TP 15 8,550 4,280 28.2 2,300 6
TP 16 33,940 16,690 27.6 12,000 6
TP 17 12,300 6,200 28.9 – 6
TP 19 8,660 4,330 27.9 – 8
TP 22 13,160 6,500 27.0 1,000 7

Table 7
Results for the bacteriological analyses. TNTC Too numerous to
count

Well
no.

Faecal
coliform/100 ml

Total coliform
count/100 ml

Protection

Membrane method
W002 340 780 Open well/public
W008 480 820 Open well/public
W018 10 320 Open well/public

– few users
WH 2 720 TNTC Open well/public

Fermentation method
W011 38 2400 Open well/public
W012 9 240 Makuti roof

cover/private
W018 9 43 Covered with

slab/private

Timboni well-field aquifer by percolation into the aquifer
below, as indicated by the physical and chemical charac-
teristics of the clays. The hydraulic gradient of the fresh-
water system is also positive from the dune area towards
the lagoonal depression in which the salt harvesting oc-
curs, and also towards the sea. Soil studies above the
aquifer, however, suggest that lateral movement of salt
water in the upper portion of the microfractured allo-
phone-type clays with intercalated sands could extend for
considerable distances beyond the artificial, earth lagoon
barriers erected by Mombasa Salt Works, and contami-
nate the unconfined aquifer through the clay/sand
boundary. It is therefore necessary that the salt lagoon

extension be kept some distance away from the freshwat-
er/saltwater interface and water wells. For continued sus-
tainability of the well fields, it is necessary to stop sand
harvesting in the Timboni area and to locate alternative
sites further away from the freshwater aquifer. In addi-
tion, it is important that the wells are properly sited to
minimise the effects of saline intrusion (Edworthy 1985).
It is also necessary to rehabilitate the well field by cover-
ing the exposed sections of the aquifer with sand.
Furthermore, the main production wells currently at the
clay/sand interface should be removed from this bound-
ary area and relocated in the middle parts of the dune
system, where they are more likely to get water of better
chemical quality and free from saltwater contamination
or intrusion. Due to the relatively small size of the aqui-
fer, production should be spread over several smaller and
far-spaced wells rather than rely on a large single well, to
avoid over-abstraction from one point.
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