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Abstract Dar es Salaam Quaternary coastal aquifer is a
major source of water supply in Dar es Salaam City used
for domestic, agricultural, and industrial uses. However,
groundwater overdraft and contamination are the major
problems affecting the aquifer system. This study aims to
define the principal hydrogeochemical processes control-
ling groundwater quality in the coastal strip of Dar es
Salaam and to investigate whether the threats of seawater
intrusion and pollution are influencing groundwater qual-
ity. Major cations and anions analysed in 134 groundwater
samples reveal that groundwater is mainly affected by four
factors: dissolution of calcite and dolomite, weathering of
silicate minerals, seawater intrusion due to aquifer over-
exploitation, and nitrate pollution mainly caused by the use
of pit latrines and septic tanks. High enrichment of Na™
and Cl™ near the coast gives an indication of seawater
intrusion into the aquifer as also supported from the Na—Cl
signature on the Piper diagram. The boreholes close to the
coast have much higher Na/Cl molar ratios than the
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boreholes located further inland. The dissolution of calcite
and dolomite in recharge areas results in Ca—HCO; and
Ca—Mg-HCO; groundwater types. Further along flow
paths, Ca®" and Na™ ion exchange causes groundwater
evolution to Na—HCOj; type. From the PHREEQC simu-
lation model, it appears that groundwater is undersaturated
to slightly oversaturated with respect to the calcite and
dolomite minerals. The results of this study provide
important information required for the protection of the
aquifer system.
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Introduction
Background

The remarkably high population growth and weakening of
surface water supply in Dar es Salaam City over the past
two decades has come at a tremendous cost to the Dar es
Salaam Quaternary coastal aquifer (DQCA). City’s water
demand is about 424,000 m3/day (Mato and Mjwahuzi
2010). In Dar es Salaam City, where this study is based,
almost all rivers are polluted and for over four decades the
main surface water supply is from Ruvu River which flows
about 65 km away from the city. However, for over two
decades, especially since 1997, water level in Ruvu River
is declining. Decrease of water level in Ruvu River is
attributed to drought and disturbance of its catchments by
human activities such as deforestation for the sake of cul-
tivation, firewood and timber for building. Since 1955
vegetation cover has continued to be converted to farmland
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(sisal estates and mixed crops) and an extensive expansion
of agriculture at the expense of the natural vegetation cover
occurred between 1995 and 2000 (Yanda and Munishi
2007). On the other hand, a study by Ngoye and Machiwa
(2004) showed impairment of the water quality of the river
by anthropogenic activities in the catchment. Poverty, rapid
increase in population and urbanization magnify water
supply problems (Collignon and Vézina 2000; Mato 2002;
Kjellen and McGranahan 2006; Opere 2010). In 2009, only
25 % of the population received water supplied by Dar es
Salaam Water and Sewerage Authority (DAWASA) and
much of the water needs were expected to be met through
private boreholes (UN-HABITAT 2009).

Due to unreliability of water from Ruvu River and due
to the fact that all rivers in Dar es Salaam City are polluted
and the city’s limited capacity to expand its water supply
system, this has resulted in increasing groundwater
dependency. Over 50 % of residents rely on groundwater
for drinking, irrigation and industrial purposes. More than
7,500 active boreholes/wells extracting water from DQCA
exist in different localities of the city and annual exploi-
tation of the aquifer has reached around 69.3 x 10° m’
(Mtoni et al. 2011). Despite the significant importance of
groundwater in Dar es Salaam City, threats exist (Nkotagu
1989; Mato 2002; Chaggu 2004; Mjemah 2007; Mjemah
et al. 2009, 2011; Dejager 2011; Van Camp et al. 2012;
Bakari et al. 2012), which include: (1) groundwater over-
abstraction that leads to the intrusion of seawater in
freshwater aquifers; (2) poor sewerage system and (3)
industrial waste disposal.

Objectives

To prevent further seawater intrusion and other contami-
nation threats, that have already resulted in DQCA (Mato
2002; Mjemah 2007; Mtoni et al. 2012), it is crucial to
examine closely the hydrogeochemical processes in the
aquifer systems. The current study aims to define the prin-
cipal hydrogeochemical processes controlling groundwater
quality in DQCA in the coastal strip of Dar es Salaam and to
investigate whether the threats of seawater intrusion and
pollution are influencing groundwater quality.

Study area

The study area is located in the East African coast in Dar es
Salaam City (Tanzania) bordering the Indian Ocean to the
east. It extends from Mbezi River and Msasani Bay in the
north to the area between Kizinga and Mzinga River sys-
tem in the south (Fig. 1). Dar es Salaam City, which is the
major seat of government institutions, is the largest urban
centre in Tanzania and a major financial, commercial,
manufacturing and transport hub. The city currently with a
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population of about 4 million people receives many visi-
tors, and rural-urban migration makes it one of the fastest
growing cities in the world, which in turn causes problems
that are typical of a tropical megacity. Among others, these
include sluggish infrastructural growth and poor sanitation.
The high demographic and economic development activi-
ties taking place in Dar es Salaam occur along with envi-
ronmental destruction that includes also deterioration of
groundwater quality.

Geology and hydrogeology

Several authors have studied the geology of coastal Tanzania
(Alexander 1968; Kent et al. 1971; Msindai 1988; Mpanda
1997; Muhongo et al. 2000; Pearson et al. 2004; Mjemah
2007). The sediments in the coastal basin of Tanzania have
ages ranging from Jurassic to Recent (Muhongo et al. 2000).
The geological formations of the study area consist mainly of
Quaternary and Neogene deposits (Fig. 2) (GST 1963). The
Quaternary deposits are subdivided into: (1) alluvial deposits
comprising clay, silt, sand and gravel, which are recent
deposits occurring in river valleys; (2) coral reef limestone;
and (3) sands of Pleistocene to Recent age with Holocene
white buff sands at outcrop; these sands constitute the main
aquifers of the study area (Mjemah 2007; Van Camp et al.
2012). The Neogene deposits at and around the study area are
classified into two main groups: (1) the Mio-Pliocene clay-
bound sands and gravels formation outcropping in the
northwest, south-east and to the south, and underlying the
Pleistocene to Recent deposits in most of the study area.
They appear to be more clayey near their top whereas in
deeper parts, the clay content may decrease, leading to a deep
aquifer; and (2) the Lower Miocene Pugu Kaolinitic Sand-
stone occurring in the west. The latter consists of reddish
brown, thick-bedded sandstone inter-bedded with minor
siltstone, shale, and limestone.

The inspection of lithological logs from the available
groundwater drilling reports indicates that the study area is
characterized by alternating layers of sands, clays, gravel
and coral limestone of various degree of weathering.
Within the unconsolidated Quaternary sand deposits
(Fig. 3), the presence of the semi-pervious unit (clay, sandy
clay and silts) allows two productive aquifers both of
Quaternary age to be distinguished: an upper unconfined
sand aquifer and a lower semi-confined sand aquifer. The
lower aquifer overlies the substratum formed by Mio-Pli-
ocene clay-bound sands. Closer to the coastline, there
exists the limestone aquifer, comprising reef limestone of
Pleistocene to Recent age, which is often in contact with
the sandy aquifer, either underlying it or connected later-
ally. However, sandy aquifers are the most important in
Dar es Salaam for supplying groundwater. The upper
unconfined sand aquifer varies in thickness from 1 m near
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Fig. 1 Location map of study area showing the geology and sampled points

the ocean to about 25 m inland. The semi-confined aquifer
varies greatly, from about 3 to 50 m. The thickness of the
impervious layer separating the two aquifers also varies
greatly, from about 6 to 35 m. Unconfined aquifer and
semi-confined aquifer have average hydraulic conductivity
values of 1.58 and 2.14 m/day, respectively (Mjemah et al.
2009). Due to the sandy nature of the subsoil in many parts
of the city, sinking of boreholes/wells is easy and this has
led to the increased supply of groundwater to complement
the reticulated supply by surface water.

Topography and drainage

Dar es Salaam is situated in coastal lowland with extensive
flat areas rising gently from the shore line to 15-20 m.a.s.1
around the City Centre (Fig. 3). Inland alluvial plains are
characterized by rivers originating from Pugu Hills to the
west of the study area (Mjemah 2007; Van Camp et al.
2012). The coastal plain is elevated at about 0-10 m.a.s.1

Kilometers
0 3
36°20
(Mtoni terrace), 10-50 m.a.s. (Tanga terrace) and

50-130 m.a.s.] (Sakura terrace) (Fig. 3). The upland pla-
teau comprises dissected land and the Pugu/Kisarawe Hills
to the west. In the hydrogeological cross section in Fig. 3,
the altitude at Pugu Hills ranges from 175 to 265 m.a.s.l.
Pugu Hills are characterized by steep weathered slopes and
ranges of kaolinitic sandstones: the underlying masses of
sandstone with faults and joints are the permeable layers,
for the water can penetrate readily through the faults and
joints which as such provide features for remote recharge.
DQCA system is a sand-filled Pleistocene valley cut in an
underlying Mio-Pliocene heterogeneous complex of clay
and sand alternations (clay-bound sands) (Van Camp et al.
2012). Its thickness increases from the west towards the sea
in the east reaching about 150 m in the centre of the valley.
Groundwater depths range from less than a metre near the
coastline (Fig. 3) to more than 70 m (Van Camp et al.
2012) in the west. It is expected that along the borders of
the Pleistocene valley there is inflow from the surrounding
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Fig. 2 Geological map of Dar 73700
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higher clay-bound sands areas and Pugu Hills. Apart from
the lateral recharge from Pugu Hills and inflow from clay-
bound sands areas, the study area receives direct infiltration
from rainfall. The hydrographical network is such that
rains/springs at Pugu Hills flow into streams which in turn
flow into the main river systems (Mbezi, Msimbazi, Kiz-
inga and Mzinga) running through the coastal plain and
discharging into the Indian Ocean (Figs. 1 and 2). The
average amount of rainfall in Dar es Salaam City is
approximately 1,114 mm/year (average calculated based
on data from 1971 to 2009) (Mtoni et al. 2011) with con-
siderable variation. The major precipitation (78.6 %)
occurs in two periods: long and heavy rains occurring in
March to May with peak rainfall in the month of April,
while short and light rains occur in October to December.
The study area is mainly covered by sandy soils, which
allow a high potential infiltration.

Regional groundwater flow is from west to east, where
the Indian Ocean is the discharge boundary. Recharge to
the local flow system is from the relatively flat land which
slopes gently towards the sea. River channels play a major
role in landscape evolution, setting the boundary conditions
and are discharge areas for shallow groundwater. The study
by Mjemah (2007) shows that the lithology of the drainage
basin plays a major role in river flow: seasonal Mbezi River
is located within the clay-bound sands area, favouring
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runoff and reducing groundwater recharge; perennial Kiz-
inga River and Msimbazi River are located within the
coastal plain, where the sandy sediments favour infiltration,
such that groundwater can continue to discharge to the
river, sustaining river flow during the dry season; Mzinga
River, on the border of the coastal plain and the clay-bound
sands area, undergoes both influences.

Research methodology

A total of 134 duplicate groundwater samples from bore-
holes and hand dug wells were collected (between 2009
and 2010) from each sampling point for major ions deter-
mination in the laboratory. The groundwater samples were
taken after pumping the boreholes. As all boreholes were
regularly being used, it was not necessary to include a long
pre-pumping period. The temperature (T °C), pH, and
electrical conductivity (EC) were measured in the field.
Samples were collected and stored below 4 °C and ana-
lysed in the Laboratory for Applied Geology and Hydro-
geology of Ghent University, Belgium. Chemical analyses
of major ions (Ca**, Mg®", Na™, K*, Fe’*, Mn>", NH, ™,
Cl~, SO,>~, HCO;~, CO5*~,NO;~, NO,~, PO, F~ and
B) were carried out. Quantification of the cations Na™, KT,
Ca’*, Mg*", Fe?* and Mn*" was done by flame atomic
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absorption spectrometry (FAAS). Molecular absorption
spectrophotometry (colorimetry) was used to determine the
concentrations of C1-, NH,*, NO;~, NO,~ and PO,*".
The concentration of HCO;~ and CO;°~ was determined
by titration with HCl. SO,*>~ was measured with a turbi-
dimetric method and F~ and B with ion selective elec-
trodes. The reliability check of the quality of the laboratory
analysis was done by the following formula:

Error on ionic balance (%) = 100
>~ cation — ) anion
> cation + Y anion

The analysis is considered as reliable if the error on the ion
balance is smaller than 5 %. The error for all analyses was
less than 5 %. The hydrochemical results were analysed by
means of Aquachem software (Calmbach 1997), the Piper
(1944) diagram and the Stuyfzand (1986) classification. The
Piper diagram was used to plot the major ions as percentages
of milli-equivalents. Piper diagram provides a convenient
method to classify and compare water types based on
the ionic composition of different water samples. The
classification by Piper diagram helps to understand the

several geochemical processes occurring along the flow path
of the groundwater. On the other hand, water classification
by Stuyfzand (1986, 1993) method involves subdividing the
most important chemical water characteristics at four levels:
the primary type, type, subtype, and class (Table 1). The
primary type is determined based on the chloride content
(F = fresh: CI” < 150 mg/l; Fb = fresh — brackish: 150—
300 mg/l; B = brackish: 300-1,000 mg/l; Bs = brackish
— salt: 1,000-10,000 mg/l and S = salt: 10,000-20,000
mg/l). The type (code) is determined on the basis of total
hardness [very soft (*): Ca + Mg < 0.5 mmol/l; soft (0):
0.5-1 mmol/l; moderately hard (1): 1-2 mmol/l; hard (2): 2—
4 mmol/l; very hard (3): 4-8 mmol/l; extremely hard (4-7):
>8 mmol/l] (Table 1). The classification into subtypes is
determined based on the dominant cations and anions.
Finally, the class is determined on the basis of the sum of
Na®, K* and Mg2+ (meg/l), corrected for a seawater
contribution, determined from the C1~ content (Table 1).

(Na+ K +Mg)_roeeq = (Na+K+Mg) .
—1.061CI (meg/1).

This parameter is further tested against v/0.5Cl as a
margin of error in order to conclude to a meaningfully
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Table 1 Classification of water based on chloride concentration, hardness and correction for a seawater contribution: Stuyfzand (1986)

classification

Classification Critical parameter Description criterion Code

Main type CI™ (mg/l) <150 Fresh (F)
150-300 Fresh—Brackish (Fb)
300-1,000 Brackish (B)
1,000-10,000 Brackish salt (Bs)
>10,000 Salt (S)

Type Total hardness (mmol/l) 0-0.5 Very soft (¥)
0.5-1 Soft (0)
12 Moderately hard (1)
2-4 Hard (2)
4-8 Very hard (3)
8-16 Extremely hard (4)
16-32 Extremely hard (5)
32-64 Extremely hard (6)
64-128 Extremely hard (7)

Class [Nat + K" + Mg>"] (meq/l) (Nat + K" + Mg* ) comeciea > +/(2C17), +

corrected for seawater contribution

(_\/(%Cli) = (Na+ + K+ + Mg2+)correcled = \/(%Cli)% @

(Na+ + K+ + Mg2+)correcled <- \/(%Cli)) -

positive (marine cations surplus; positive cation exchange
code), negative (marine cations deficit; negative cation
exchange code) or equilibrium value (cation exchange code
@) (Table 1). This classification enables to recognize if
cation exchange has occurred in a water sample.

In order to study the chemical equilibrium existing in
groundwater from the study area, the concept of speciation
modelling was used. Important results of speciation cal-
culations are saturation indices (SI) for minerals, which
indicate whether a mineral should dissolve or precipitate.
Saturation indices of some common minerals were calcu-
lated using the program PHREEQC (Parkhurst and Appelo
1999). World Health Organization (WHO) (2004) guide-
lines for drinking water quality were used for the assess-
ment of drinking water quality. Sodium adsorption ratio
(SAR), soluble sodium percent (%Na), electrical conduc-
tivity (EC) and other parameters such as chloride and
sulphate were used for irrigation suitability assessment.
Groundwater suitability was interpreted by using the US
Salinity Laboratory (USSL) (1954) diagram.

Results and discussion

Composition of major ions

Statistical analysis of various chemical constituents is
presented in Table 2. Na™ is dominant among the major

cations in both unconfined and semi-confined aquifers. In
unconfined aquifer water samples, it ranges from 2.1 to
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10,000 mg/l and represents on average 77.77 % of all
cations. In the semi-confined aquifer, Na* ranges from
14.6 to 2,492.5 mg/l representing on average 67.76 % of
all cations. 47.14 % of samples from the unconfined
aquifer and 21.88 % of the semi-confined water samples
are beyond the permissible limit of WHO (2004) for Na™.

Ca”" and Mg”" cations are of secondary importance in
both unconfined and semi-confined aquifers. In the upper
aquifer, Ca®" and Mg”" represent an average of 10.54 and
8.27 % of all cations, respectively, whereas in the lower
aquifer these cations represent, respectively, an average of
16.84 and 8.29 % of all cations. K™ is minor representing
on average 2.42 % of all cations in the upper aquifer and
7.13 % in the semi-confined aquifer. For the anions, CI~,
HCO; ™, SO,*~ and NO; ™~ ions represent on average 73.03,
14.71, 7.76 and 4.44 % of all anions in the unconfined
aquifer, respectively. In the semi-confined aquifer, the
same anions represent on average 51.56, 26.37, 14.21 and
7.87 %, respectively.

CI™ ranges from 6.4 to 15,478 and 14.1-4,745.2 mg/l in
unconfined and semi-confined aquifers, respectively. 50 %
of samples from the unconfined aquifer and 30 % of semi-
confined water samples exceed the permissible limit for
Cl. SO42_ ranges from 2.1-1,063.9 and 0.66-703 mg/l in
unconfined and semi-confined aquifers, respectively.
18.57 % of samples from the unconfined aquifer and
6.25 % of semi-confined aquifer water samples exceed the
permissible limit for S04>~ of WHO (2004). NO5~ ranges
from 0.0-435.4 and 0.04-351.3 mg/l in unconfined and
semi-confined aquifers, respectively. 47.14 % of samples
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Table 2 Statistical summary of hydrochemical parameters of groundwater (n = 134: 70 samples from the unconfined aquifer and 64 samples
from the semi-confined aquifer)

Parameter Std Unconfined aquifer water samples Semi-confined aquifer water samples

Min Max Mean SD > Min Max Mean SD >
Ca*" 200 8.2 503 101 91 9 3.7 186.9 49.1 349 0
Mg>* 150 23 916.9 79.3 148.3 6 2.8 265 242 36.6 1
Na* 200 2.1 10,000 755 1,861.6 33 14.6 2,492.5 197.8 3423 14
K* 200 2.7 165 23.2 25.8 0 1.6 116 20.8 19.7 0
S0,%~ 250 2.1 1,063.9 137.1 166.9 13 0.66 703 82.2 104.7 4
HCO;™ 240 12.8 797.9 259.8 171.7 32 5.5 411.8 152.5 115.7 15
Cl™ 250 6.4 15,478 1,291 3,200.3 35 14.1 4,745.2 298.2 641.5 19
NO3™ 50 0.0 4354 78.4 101.7 33 0.04 351.3 45.5 67.4 18
EC 1,500 138.4 19,310 4,812 9,892.4 38 170.2 17,600 1,594.5 2,346.6 19
pH 6.5-9.2 6.24 8.55 7.6 0.57 1 5.7 8.66 7.6 0.77 5
All values are in mg/l except pH and EC (uS/cm —25 °C)
Std WHO international standards (2004), SD standard deviation, > number of samples beyond permissible limit of WHO (2004)
from the unconfined aquifer and 28.13 % of semi-confined Table 3 Correlation matrix for all data (n = 134)
aquifer samples are beyond the permissible NO; ™~ limit of Na Ca Mg K a1 SO, HCO; NO;
WHO (2004).

The correlation coefficient of the studied parameters is ~ Na 1.0 0305 0.844 0351 0985 0311 0.093  0.092
shown in Table 3. A significant correlation is observed  Ca 1.0 0471 0242 035 0424 0267  0.106
between Na* and CI1™ (0.985) and between Mg>" and CI~ Mg 1.0 0303 0914 0409 0.118  0.154
(0.914), due to seawater intrusion. Poor correlation (0.35) K 1.0 0.325 0.587 0.171 0.281
was observed between Ca’" and Cl™. From the data  Cl 1.0 0313 0.071 0.072
obtained, concentration of calcium ions is much lower SO, 1.0 0.344 0.164
compared to chloride ions which can be an indication of = HCOj; 1.0 —0.087
calcium removal as a result of calcite precipitation. Pre-  NO; 1.0

cipitation takes place during the cation exchange process
which is the later effect from the seawater intrusion into the
aquifer: Ca®" in the aquifer matrix is exchanged with Na™,
the water becomes supersaturated with respect to calcite.
The positive correlation of K* with both C1~ and SO42_,
which are all high in seawater, may be interpreted in the
light of seawater intrusion as well. The positive correlation
between Ca*" and Mg>" (0.471) is attributed to the dis-
solution of calcite and dolomite. Positive correlation
(0.424) also exists between Ca** and SO427 and as well as
between Mg2+ and SO, (0.409). The main inputs of
S0,>~ and also NO;~ to groundwater are derived from
anthropogenic activities. Pollution sources are from the
wastewater discharged from the industries and through the
use of pit latrines/septic tanks.

Saturation indices

Saturation index (SI) calculations of some common min-
erals using the program PHREEQC (Parkhurst and Appelo
1999) were employed to determine whether a mineral
species is likely to dissolve or precipitate in a groundwater

flow system. It is postulated that mineral phases that are
clearly undersaturated (SI < —0.1) will tend to dissolve
and mineral phases that are clearly oversaturated
(SI > +0.1) will precipitate these mineral phases out of
solution (Adams et al. 2001); equilibrium is taken to be
between SI = —0.1 and +0.1. The saturation indices of
some common carbonate minerals (aragonite, calcite and
dolomite), sulphate minerals (gypsum and anhydrite) and
halite are shown in Table 4. All samples were undersatu-
rated with respect to anhydrite, gypsum and halite. These
minerals were not observed in the study area. Aragonite,
calcite and dolomite are distributed around saturation
equilibrium (i.e. oversaturated to undersaturated). 40, 40
and 42 % of the samples were undersaturated, respectively,
with respect to aragonite, calcite and dolomite. The pro-
cesses of dissolution, precipitation and cation exchange are
actively taking place within the groundwater system. The
dissolution of minerals and the subsequent exchange
between cations can lead to the precipitation of minerals.
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Table 4 Percentages of samples with saturation indices subdivided
into 3 classes (undersaturated, in equilibrium, supersaturated)
obtained from PHREEQC analysis

Mineral SI < —0.1 SI =0 (or £0.1) SI > +0.1
Aragonite (%) 40 16 44
Calcite (%) 40 7 53
Dolomite (%) 42 4 54
Anhydrite (%) 100 0 0
Gypsum (%) 100 0 0
Halite (%) 100 0 0

Bivariate scatter plots

From the scatter plots, it can be deduced that the chemical
composition of groundwater in the study area in general is
influenced by seawater intrusion. In the current study, the
molar ratio of Na™/Cl~ for analysed samples ranges from 0.4 1
to 2.80 with an average value of 0.93. The deviation of the
calculated molar ratio of Na*/Cl~ from the Na*/Cl~ molar
ratio of the seawater (0.86) (HydroMetrics 2008) is indicated
in Fig. 4a. The seawater dilution line in Fig. 4b shows simple
mixing of both end members freshwater and seawater as
shown by the Na* and Cl~ ion concentration. A deviation
from the mixing line could be ascribed to ion exchange pro-
cesses, indicating an excess or depletion of Na™ relative to C1~
(Walraevens and Van Camp 2005). Excess Na® in water
plotting above mixing line in Fig. 4b indicates freshening and

10 ¢

- (a)
I & atee
- [ * 3e9
o * oL o
S 1t "t S e Seawater ratio = 0.86
z 3 * %v e
i ’..’":‘;*:“.2 % :
[ 5 "
[ » ™
*
0.1 t t t !
0 1 10 100 1000
Cl (meq/1)
1000 1
(b) Seawater dilution lige
= 100 1
>
]
13
£ 10 A
S
]
z
1 B
0 T v
0 1 i0 ico 1000
Cl (mmol/l)

it corresponds to samples with lower Cl™ in Fig. 4a (Wal-
raevens et al. 1998). On the other hand, depletion of Nat in
water plotting below mixing line in Fig. 4b indicates salini-
zation and it corresponds to samples with high C1™ in Fig. 4a.
The Na™/Cl™ ratio could reach unity due to the mixing of
seawater and freshwater, which has a Na™/C1™ ratio greater
than unity (Vengosh et al. 1999, cited in Ghabayen et al.
2006). The Na*—Cl~ bivariate plot (Fig. 4b) demonstrates a
distinct strong correlation between Na™ and C1~ concentra-
tions for most of the samples indicating saltwater intrusion, as
admixture of the saline end member is increased. As already
explained, under the conditions of saline intrusion, Na™ in
seawater replaces Ca®" adsorbed onto the surface of clays and
this results in a relative depletion of Na* in groundwater.
Thus, Na™ values for some samples are decreased and are
plotted below the mixing line. Levels of C1™ and electrical
conductivity (EC) are the simplest indicators of seawater
intrusion or salinization (EI Moujabber et al. 2006). Con-
tamination by seawater leads to the elevated CI~ and EC
values. Generally, fresh groundwater that is not affected by
pollution is characterized by low values of EC, C1™ and Ca—
Mg—HCO; water type. The latter represents freshwater that
has recently infiltrated into the zone of recharge, while the EC
and C1™ show a gradual increase from the uplands (recharge
areas) towards the lowlands (discharge areas). Along the
coastline, high values of EC and Cl™ are attributed to salini-
zation by seawater intrusion. The groundwater EC and CI™
values range from 138.4-2,200 puS/cm and 6.2-353 mg/1 at
distances greater than 2 km away from the coastline, to about
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Fig. 4 Scatter diagram of: a log Na*/ClI™ ratio versus log C1~; b log Na* versus Log Cl~; and ¢ log C1"/HCO; ™~ ratio versus Log CI~ (mg/1)
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760-19,200 puS/cm and 72-15,478 mg/1 at a distance of less
than 2 km from the coastline, respectively. The former are
related to areas such as Mbagala, Mtoni, Kurasini, Ilala and
Mwananyamala, whereas the latter are related mainly to the
areas close to the coastline such as City Centre, Oysterbay and
Msasani (Fig. 7).

In the bivariate diagram of Cl /HCO;~ versus CI™
(Fig. 4c) some samples have much higher ratios compared
to the others. The ratio of CI/HCO; ranges between 0.13
and 198.70. The effect of salinization of the groundwater
was classified using the C1"/HCO3™ ratio <0.5 for unaf-
fected groundwater, 0.5-6.6 for slightly and moderately
affected, and >6.6 for strongly affected groundwater
(Revelle 1941). Considering the values of C1~ concentra-
tion and the ratio CI/HCO3;, 14 % of groundwater samples
are unaffected, 63 % of groundwater samples are slightly
or moderately affected and 23 % are strongly affected by
the saline water. 64 % of unaffected water samples are
from boreholes/wells drilled away from the coastline
(>2 km) and are characterized as fresh groundwater,
whereas 67 % of strongly affected water samples are from
the wells drilled towards the coastline (<2 km).

The geochemistry of the aquifer system in the study area
is also contributed by the dissolution of calcite. Figure Sa
shows the relationships 2:1 and 1:1 between HCO3; ™ and
Ca®", respectively, corresponding to the following
reactions:

Typical dissolution of calcite by CO, in the unsaturated
zone:

CaCO; + CO, + H,0 — Ca*" + 2HCO; ™. (1)

Calcite dissolution by other acids apart from CO, (e.g.
humic acids, protons released from cation exchange)
Walraevens (1990).

CaCO; + H™ — Ca*" + HCO; ™. (2)

Figure 5a suggests that, at lower Ca?" concentrations
(<4 mmol/l), the first reaction (1) seems to be preferred,
although the spread is large. At higher Ca** concentrations,
the second reaction (2) seems to be preferred.

When dolomite is present, this mineral may dissolve
according to the reaction:

CaMg(CO3), + 2CO, + 2H,0

& Ca?t + Mg?" + 4HCO; ™. (3)

If dolomite dissolves according to reaction 3, the
relation of [Ca + Mg] to [HCOj3] should be linear, with a
slope of 2 (Fig. 5b). In the study area groundwater samples
are highly enriched in Ca** and Mg*" relative to HCO; ™.
If all calcium and magnesium were derived from calcite
and dolomite dissolution, samples would plot along the
equiline. Many points fall far below the equiline, signifying
an additional source of calcium. Other sources of Ca®" and
Mg>" in groundwater can be enrichment of Ca*" by cation
exchange, saltwater intrusion raising Mg>" and weathering
of calcium and magnesium minerals. Cation exchange
processes result in a deficit of marine cations and a surplus
of the freshwater cation Ca>" (reaction 4): this leads to the
development of the Ca—Cl water type, which is typical for
salinization (Walraevens and Van Camp 2005).

2Na® + CaX, < Na—X + Ca’*. (4)
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The Mg®"/Ca*" and Na'/Ca® ratios (in meq/l) of
seawater is about 5 and 22.5, whereas in freshwater is
about 1 and 1.7, respectively. In the study area values of
Mg®/Ca*" (av. 0.92) and Na™/Ca® (av. 4.70) are much
lower than those of seawater, which supports the idea of
Ca*" enrichment and depletion of Mg>" and Na™ caused
by cation exchange during mixing with saltwater. On the
other hand, the possibility for addition of Ca** can occur
through weathering of silicate minerals such as calcium
plagioclase (anorthite) (reaction 5). The contribution of
silicate minerals can be understood through the variation of
the composition of water Mg/Ca versus Na/Ca (Han and
Liu 2004). Groundwater samples plot close to silicate rocks
with influence of carbonate rocks (Fig. 5c), reflecting the
involvement of silicate minerals.

CaAl,Si,0g +2H,CO3 + H,O

Anorthite
— Al,Si;05(OH), 42HCO; ™ + Ca** (5)

Kaolinite

Groundwater classification

Groundwater samples were classified according to the
Stuyfzand (1986) and Piper (1944) classification systems
(Table 5).

Piper diagram

From the analysis of the Piper diagram (Fig. 6a) CI™ and
HCO;~ are the dominant anions whereas Na* and Ca*" are
the most dominant cations. Although the Piper diagram
shows several water types (Table 5) are present in the
groundwater system in the study area, the dominant groups
include Na-Cl, Ca-HCO;, Na-Ca-Cl and Na-HCOs;.
Samples with Na—Ca—Cl water type plotting above the
mixing line (signifying effect of salinization) are dominant
in the unconfined aquifer comparing to the semi-confined
aquifer. Samples from both unconfined and semi-confined
aquifer, plotting below the mixing line, are signifying both
mixing and freshening processes.

Cation exchange is one of the most important factors
modifying groundwater quality and as well one of the most
significant geochemical processes taking place in aquifers
affected by salinization or freshening (Al Farrah et al.
2011; Walraevens and Van Camp 2005; Cruz et al. 2011).
In coastal aquifers, where the relationship between sea-
water and freshwater is complex, cation exchange con-
tributes significantly to the final composition of the
groundwater (Walraevens and Van Camp 2005): the ion
exchange reaction (reaction 4) of Nat and Ca®" often
occurs when seawater intrudes fresh groundwater. When
seawater intrudes a fresh groundwater aquifer, Na™ is
adsorbed and Ca®" is released into the water. This process
leads to the change of NaCl water type to the CaCl water
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type (Walraevens and Van Camp 2005; Imerzoukene et al.
1994). The opposite process takes place with re-freshening
of groundwater. It is quite well known that the displace-
ment of seawater by freshwater in an aquifer is shown by a
NaHCOj; type water (Stuyfzand 1993; Walraevens et al.
1992, 2007; Coetsiers et al. 2009; Blaser et al. 2010a, b).
Ca*" from fresh CaHCO; water type exchanges with
adsorbed Na™.

The freshwater’s end member has a CaHCO3 major ion
composition. Formation of NaHCO3; water types, provide
evidence of freshening. Brackish and saline groundwater
samples appearing in the mixing line have a Na—Ca—Cl
major ion composition. Dissolution of calcite and dolomite
in recharge areas results in fresh Ca—HCO5; and Ca—Mg—
HCO; groundwater types. Further along flow paths, Ca®"
and Na*t ion exchange causes groundwater evolution to
Na-HCOj; type. Samples of most of the boreholes located
close to the coastline plot in the NaCl area while those
located further from the coast appear to plot in the fresh-
water mixing line (Fig. 6b). Chloride concentration shows
a general increase down gradient to the east towards the
coastline (Fig. 7): C1™ values range from 6.4 to 15,478 mg/
1. This further indicates that groundwater in close proximity
of the coast is influenced by the intrusion of seawater.

Apart from saltwater intrusion, the Piper diagram fur-
thermore reveals that the hydrogeochemical composition of
some groundwaters in some areas is affected by nitrate
contamination, evidenced by the Na(Mg,Ca)-NO; water
type. Excessive nitrate concentrations in groundwater of
the study area are the result of contamination by waste-
water from pit latrines and leakage from septic tanks. This
problem is mainly affecting the unconfined aquifer.
Figure 8 shows nitrate distribution in the study area. High
nitrate concentrations have been encountered in various
parts of the aquifer especially in the high-density housing
settlements. Nitrate levels of 50-100 mg/l within the City
Centre can be related to the leaking from the unrehabili-
tated aging sewerage system. Nitrate values of 100-200 and
>200 mg/l in dense informal settlements reflect the exis-
tence of high to very high density of pit latrines, respec-
tively. The study which was done by Mato (2002) about a
decade ago reported high values of nitrates above 100 mg/1
in the study area. This included areas such as Ilala and
Buguruni which showed elevated levels of up to 151 mg/l,
Keko and City Centre areas values ranging from 74 to
108 mg/l. A study conducted by Mjemah (2007) 5 years
later reported a maximum value of nitrate of 421 mg/l in
Mbagala area (Fig. 8). The current study has shown values
of nitrate ranging from 0 to 435 mg/l, the maximum value
observed at Kawe (Fig. 8) in a shallow well (unconfined
aquifer). Although water samples were not taken in the
same boreholes in previous studies, it indicates ground-
water pollution by nitrate mainly shows an increasing
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Table 5 Water type classification according to Piper (1944) and Stuyfzand (1986) methods

No. Piper Stuyfzand Aq No Piper Stuyfzand Aq
1 Na—Cl Bs6-NaCl+ ucC 68 Ca—Na-HCO;-Cl F2-Ca-mix+ SC
2 Na-Mg-Cl Bs6-NaCl+ ucC 69 Na—Ca—Cl B4-NaCl+ ucC
3 Na—-CI-HCO; B3-NaCl+ SC 70 Na-Ca-CI-HCO; F2-Na-mix+ SC
4 Na-HCO5-Cl F2-NaHCOs+ SC 71 Na—-Ca—CI-HCO; F3—-Ca-mix+ SC
5 Ca—Na-HCO;—C1 F3-CaHCO;+ ucC 72 Ca—Na—CI-NO;-HCO; F3—Ca-mix+ ucC
6 Na-Cl Bs4-NaCl+ ucC 73 Na-Ca-HCO5-Cl F2-Na-mix+ SC
7 Na—CI-HCO; B2-NaCl+ ucC 74 Na—-Ca-HCO3-Cl F2-Na-mix+ SC
8 Na-CI-HCO; B3-NaCl+ ucC 75 Na-Mg-NO;-CI-HCO; F*-Na-mix+ SC
9 Na-Mg-Ca-Cl Bs6-NaCl+ ucC 76 Na-Mg-Ca F1-MgNO;+ SC
10 Na-CI-HCO; B4-NaCl+ ucC 77 Na-Ca-Mg—-Cl-NO; FO-Ca-mix+ SC
11 Na-Mg—CI-HCO; B4-NaCl+ ucC 78 Na-Mg-NO;—Cl F*-NaNOs;+ SC
12 Na—-CI-HCO; B4-NaCl+ ucC 79 Na-CI-NO; FO-NaCl@ ucC
13 Na—Cl S6-NaCl+ ucC 80 Na—Cl-NO; FO-NaCl+ SC
14 Na—Ca—CIl-HCO; B3-NaCl+ ucC 81 Na—Cl Bs4-NaCl+ SC
15 Na—Cl Bs5-NaCl+ ucC 82 Na—Ca—Cl B3-NaCl@ SC
16 Na—Cl Bs5-NaCl+ ucC 83 Na—-Ca-Mg-Cl Bs4-CaCl@ ucC
17 Mg-Ca-HCO;-SO, F4-MgHCO;+ ucC 84 Na—Ca—Cl B3-NaCl+ ucC
18 Na-Mg S7-NaCl+ ucC 85 Na—Ca—CI-NO3-SO,4 Fb3-NaNO;+ ucC
19 Na-S0,—Cl Fb2-NaCl+ SC 86 Na—Ca-Cl-SO4~HCO; F1-Ca-mix@ ucC
20 Na—Ca-Mg—Cl-SO, F2-Na-mix+ SC 87 Na-Ca—CI-NO5;-HCO3 B3-Na-mix+ ucC
21 Na—-Ca-Mg—Cl-SO, Fb2-NaCl+ SC 88 Ca—Na-Mg-CI-HCO; B3-CaCl@ ucC
22 Mg-Ca—Na—Cl F2-MgCl+ SC 89 Na-HCO;-Cl F*-Na-mix+ SC
23 Na-Mg—-Cl Fb3-NaCl+ SC 90 Na—-Ca-HCO; F1-NaHCO3;+ ucC
24 Na-Mg-Ca-Cl B3-NaCl+ ucC 91 Na-Ca-HCO5-NO; F1-Ca-mix+ ucC
25 Na—-Cl Bs4-NaCl+ ucC 92 Na—-Ca-NO5;-HCO; F2-Na-mix+ ucC
26 Na-Cl-SOy4 B2-NaCl+ SC 93 Ca-Mg-Na-HCO;-Cl F1-Ca-mix+ ucC
27 Na-Cl Bs4-NaCl+ SC 94 Ca—Mg-HCO;-NO3;—Cl F2-Ca-mix+ SC
28 Na-Mg—Ca—Cl-SO,4 B4-NaCl+ SC 95 Ca-Mg-HCO; F1-CaHCO;+ SC
29 Na—Ca-Mg-Cl B4-NaCl+ SC 96 Na—Cl-HCO; B1-Na-mix+ ucC
30 Na—Cl Bs5-NaCl+ ucC 97 Na-HCO;—Cl B2-Na-mix+ ucC
31 Ca—Mg—Na—Cl B3-CaCl+ SC 98 Na—-Cl-HCO;-SO,4 B3-Na-mix+ ucC
32 Ca—Na-Mg-CIl-SO, B3-CaCl+ SC 99 Na-Ca-HCO;-NO;-Cl FO-Na-mix+ SC
33 Na—-Cl S6-NaCl+ ucC 100 Na—Ca—CI-HCO; FO-Na-mix@ SC
34 Na-CI-SOy4 F2-NaCl+ ucC 101 Ca-Mg-HCO;3;-NO;-Cl FO-CaNO;+ ucC
35 Na-Ca—CI-HCO; F3-Na-mix+ SC 102 Ca-Na—-CI-HCO; F1-Ca-mix@ ucC
36 Na—Cl B3-NaCl+ SC 103 Ca—Mg—Na-HCO;—Cl F3-CaHCO;+ ucC
37 Na—Cl B3-NaCl+ SC 104 Ca—Na-HCO3;—-C1-SOy4 F2—Ca-mix+ ucC
38 Na-Mg-Cl B4-NaCl+ SC 105 Ca—Na-HCO; F2-CaHCO;+ ucC
39 Na-Ca-Mg-HCO5-Cl F2-NaHCO3;+ ucC 106 Ca-Na-NO5-Cl F2-CaNO;+ ucC
40 Na—-Cl B4-NaCl+ ucC 107 Na-HCO5-Cl F*-Na-mix+ ucC
41 Na—-Cl Bs5-NaCl+ SC 108 Na-Mg—CIl-NO;-HCO; FO-Na-mix+ ucC
42 Na-HCO3;—Cl F2-NaHCOs+ ucC 109 Na—Ca-HCO; F1-CaHCO;+ ucC
43 Na-Mg—Ca-HCO;3-Cl F3-Na-mix+ SC 110 Ca-Mg-Na-HCO;-Cl F1-Ca-mix+ SC
44 Na—CIl-HCO; B2-NaCl+ SC 111 Na—Ca-HCO3—Cl F*-Na-mix+ SC
45 Na—CIl-HCO; B2-NaCl+ SC 112 Na-HCO; F*-NaHCO;+ SC
46 Na-CI-HCO; Fb3-NaCl+ SC 113 Na-Ca-Mg-HCO-Cl F1-Ca-Mix+ SC
47 Ca—Na-HCO5-Cl F3-Ca-mix+ SC 114 Na—-Cl Bs3-NaCl@ ucC
48 Na—-Ca-HCO;3 F2-NaHCO3+ SC 115 Na-CI-HCO; Fb1-NaCl+ ucC
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Table 5 continued

No. Piper Stuyfzand Aq No Piper Stuyfzand Aq
49 Na-Ca-Cl Fb3-Na-mix+ ucC 116 Na-CI-SO,4 FO-NaCl® UucC
50 Na-Ca—Cl Fb3—Na-mix+ ucC 117 Na-Ca—Cl Bs5-NaCl@ ucC
51 Na-Ca—CI-NO; F3—-Ca-mix+ SC 118 Na-HCO; F1-NaHCO3;+ ucC
52 Na-Ca-HCO;—Cl F2-Na-mix+ SC 119 Na-HCO;3-Cl FO-NaHCO3+ ucC
53 Ca-Mg-Na-CI-HCO;3 F2—-Ca-mix+ SC 120 Na-Ca-Cl-HCO; B2-NaCl@ ucC
54 Ca—Na-NOj; F3-CaNO;+ ucC 121 Na-HCO3-NO;3 F1-NaHCO3+ ucC
55 Na-HCO3-Cl Fb1-Na-mix+ SC 122 Na-HCO3;—Cl F1-NaHCO3+ SC
56 Na—-CI-HCO; F2-Na-mix+ SC 123 Na—-Ca-HCO5;-NO; F1-Na-mix+ ucC
57 Ca-Na—CI-HCO; F3-Ca-mix+ SC 124 Na-Ca-HCO;-Cl FO-Na-mix+ SC
58 Ca-Na—CI-HCO; F2-Ca-mix+ ucC 125 Na-Ca—CIl-NO; FO-Na-mix+ ucC
59 Na-Ca—CI-HCO; Fb3-NaCl+ SC 126 Na-Ca-HCO;3;-NO;—Cl F2-Na-mix+ SC
60 Na-Ca—CI-HCO3 F2-Na-mix+ SC 127 Na-Mg—Cl Fb2-Na-mix+ ucC
61 Na—Ca—CIl-HCO; Fb3—-Na-mix+ SC 128 Na-NO3;—C1 F1-NaNO;+ SC
62 Na—Ca—Cl-HCO; B3-NaCl+ SC 129 Na-Ca-NO;-Cl F2-NaNO;+ SC
63 Ca-Na-HCO5-Cl F2-Ca-mix+ ucC 130 Ca—Na-HCO3;-NO; F1-NaHCO;+ SC
64 Ca-HCO; F3-CaHCO;+ ucC 131 Ca—Na-HCO; F2-CaHCO;3+ ucC
65 Na-Ca-HCO;—Cl F1-Na-mix+ SC 132 Na-Cl Bs5-NaCl+ ucC
66 Na-Ca-HCO;-Cl-SOy4 F2-Na-mix+ SC 133 Ca-Na-HCO;-Cl Fb3-CaHCO3+ ucC
67 Na-Ca-HCO;—Cl F1-Na-mix+ SC 134 Na-HCO;-Cl Fb2-Na-mix+ ucC

Agq aquifer, UC unconfined aquifer, SC semi-confined aquifer

trend, reflecting the increased use of pit latrines and leak-
age from the unrehabilitated sewage system.

Stuyfzand water type classification

The chloride concentration of the samples has a wide range
from 6.42 to 15,478 mg/l, ranging from fresh to salt
(Table 5). The majority of the samples accounting to 54 %
are grouped as fresh (F). The second most important class
is brackish for 21 % of samples.

In the study area, the total hardness varies through a
wide range from very soft (0.46 mmol/l) to extremely hard
(90.6 mmol/l). However, it is clear that most of the samples
are hard (30.6 %), or very hard (26.8 %). Generally, these
high values of total hardness are related to the dissolution
of carbonate (calcite and dolomite) yielding high concen-
trations of Ca>" and Mg>* (Appelo and Postma 1993).

Groundwater was classified into several categories based
on dominant cation and anion, i.e., sodium-chloride,
sodium-bicarbonate, calcium-bicarbonate, magnesium-
bicarbonate, sodium-mix and calcium-mix. Most of shallow
wells close to the shoreline have “Brackish-saline extre-
mely hard NaCl” to “Brackish very hard CaCl” water.

Table 5 shows the Stuyfzand (1986) classification results
of the groundwater samples analysed from the study area. It
is observed that most samples have a positive cation
exchange code. This would refer to freshening. However,
the concept supposes that the only freshwater cation is
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Ca”*, while Mg " is only contributed by the seawater end
member. In the study area, this assumption is not valid: part
of the Mg " derives from dolomite dissolution. Therefore in
the study area, the corrected sum of marine cations is
increased by the dolomite-derived Mg”", upgrading the
cation exchange code. Water samples, affected by active
salinization can therefore show equilibrium, or even a
positive cation exchange code, instead of the expected
negative code. Dissolution of calcite, dolomite and/or Mg*"
bearing calcite is an important process in most groundwa-
ters (Al Farrah et al. 2011; Morse and Mackenzie 1990).
The same process of saltwater intrusion has been estab-
lished in many other coastal regions (Trabelsi et al. 2012;
Ahmed et al. 2012; Reddy 2012). A study conducted in
Libya (Al Farrah et al. 2011) gives a comparable example to
this study: the water types indicated that groundwater
chemistry is changed by cation exchange reactions during
the mixing process between freshwater and seawater.

Processes affecting groundwater quality

Hydrogeochemical data on dissolved major cations and
anions analysed in groundwater samples reveal the main
processes responsible for their geochemical evolution.
Groundwater is mainly affected by four factors: (1) dis-
solution of calcite and dolomite in recharge areas; (2)
weathering of silicate minerals; (3) seawater intrusion due
to aquifer overexploitation; and (4) nitrate pollution mainly
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Fig. 6 a Piper diagram with a
classification of major ions and
groundwater types in the study

area. b Piper diagram showing
boreholes/wells located in close
proximity to the coastline

(<2 km) and further from

coastline (>2 km)

mixing line
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Ca
caused by the use of on-site sewage disposal systems, in
particular pit latrines and septic tanks, as well as by the
leaking sewerage system in the City Centre.

Suitability of groundwater quality for different uses

Groundwater in Dar es Salaam is used for domestic,
industrial and irrigation purposes. The domestic water

Na HCO3 Cl

used for drinking should comply with WHO standards.
Irrigation water is tested based on the sodium absorption
ratio (SAR), EC, soluble sodium percent (SSP), C1~ and
SO,>". These evaluations will be made in the following
section. Required groundwater quality for industrial
purposes depends on the different industrial uses, and
cannot be generalized. However, high salinity is
undesirable.
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Fig. 7 Chloride distribution in the study area
Groundwater quality for drinking purposes
The unregulated boreholes/wells and the virtually unregu-

lated abstraction of groundwater, have exacerbated the
declining water quality situation as a result of saline water
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intrusion. The depths of the sampled boreholes range from
7 to 100 m (Fig. 9). Groundwater types are from the inland
toward the coast: Ca-mix, Na-mix, and NaCl, showing
increasing influence of salinity. Groundwater samples
collected in most of the boreholes drilled more inland show
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good quality of water in regard to salinity. Most of the
boreholes near the coastline are drilled at shallow depth to
minimize the possibility of meeting saline water. In areas
close to the coastline such as Msasani, Oysterbay and City
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Centre, in 60 % of sampled boreholes, drilling depths
range from 10 to 20 m. These boreholes are located within
a distance of 1.5 km from the ocean. Samples from these
boreholes show elevated chloride and sodium concentra-
tions and comprise about 83 % of the total samples which
are beyond the permissible chloride and sodium limits of
WHO (2004) (Table 1). Due to their high solute concen-
trations, they are not suitable for domestic purposes, as
they do not comply with the limits set by the WHO. The
effect of salinization is greatest in the City Centre for
boreholes drilled within 1 km from the ocean (Mtoni et al.
2012). The situation is expected to worsen over the coming
years, due to the increasing trend of groundwater depen-
dence for water supply.

Apart from chlorides, other main contaminants
encountered in groundwater are nitrate and sulphate. Based
on the permissible nitrate and sulphate limits of WHO
(2004) (Table 2), 38 and 12.68 % of all samples from the
study area are regarded as unsuitable, respectively.
Improper disposal of solid and liquid wastes is leading to
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Table 6 Classification of irrigation water according to USDA (1954)

Parameter ~ Range Water class Number of Percentage
samples of total
SAR <10 Excellent 105 78.36
10-18 Good 21 15.67
18-26 Doubtful 2.24
>26 Unsuitable 3.73
EC (micro 100-250 Low salinity 2.99
mhos/cm) water
250-750  Medium 31 23.13
salinity
water
750-2,250 High salinity 60 44.78
water
>2,250 Very high 39 29.10
salinity
water

groundwater contamination. From the results of water
analysis it is observed that shallow boreholes contain
higher nitrate and sulphate than deeper ones (Table 2). This
implies that the shallow aquifer is more vulnerable to
anthropogenic pollution than the lower aquifer. This is of
particular concern to the people who use shallow drinking
water wells that can be easily contaminated. About 75 % of
the city’s residents live in unplanned and un-serviced
settlements. General characteristics of these settlements
include high population density, overcrowding, haphazardly

laid out infrastructure and poor provision of basic services
such as water supply and sanitation. Mainly residents living
in these settlements use shallow wells for water supply and
as well use pit latrines/septic tanks which are usually
poorly constructed, causing health and major environ-
mental problems.

Groundwater quality for irrigation purposes

The United States Department of Agriculture (USDA)
(1954) classifies irrigation water with respect to its SAR.
SAR is calculated from the following formula, all con-
centrations expressed in milli-equivalents per litre:

Na*

a2t M2
2

The waters having SAR values less than 10 are
considered excellent, 10-18 as good, 18-26 as fair, and
above 26 are unsuitable for irrigation use (USDA 1954)
(Table 6) (Fig. 10). Wilcox (1955) diagram (Fig. 10) is
widely used and is especially implemented to classify
groundwater quality for irrigation (Ebraheem et al. 2012;
Banoeng-Yakubo et al. 2009; Ganyaglo et al. 2011; Swarna
Latha and Nageswara Rao 2012). The calculated SAR
ranges from 0.11 to 93.40 in groundwater in the study area
and almost all samples fall into excellent and good classes,
except 8 samples which fall into doubtful and unsuitable
class (Table 5). The USDA (1954) has also classified

SAR =

Fig. 10 Groundwater 100 i 300 400 o0 gog. 090 2000 3000 4000 5000
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Table 7 Classification of water based on percent sodium (%Na)

Parameter Range Water class Number of Percentage of
samples total
%Na <20 Excellent 5 3.73
20-40 Good 30 22.39
40-60 Permissible 41 30.60
60-80 Doubtful 47 35.07
>80  Unsuitable 11 8.21

Table 8 Irrigation water classes based on chloride and sulphate
contents

Parameter Range Water Class Number of Percentage of
samples total
Cl (mg/l) <142 Excellent 71 52.99
142-249  Good 8 5.97
249-426 Permissible 17 12.69
426-710 Precaution 11 8.20
usable
>710 Unsuitable 27 20.15
S0,%~ <192 Excellent 115 85.82
mg/) 192336 Good 9 6.72
336-575 Permissible 7 5.22
575-960 Precaution 2 1.49
usable
>960 Unsuitable 1 0.75

irrigation waters on the basis of electrical conductivity
(EC) as indicated in Table 6. Most samples in the study
area fall into medium, high and very high salinity water
(Table 6) (Fig. 10).

Soluble sodium percentage (%Na) was also used to
evaluate sodium hazard. %Na is defined as the ratio of
sodium to the total cations. Water with %Na greater than
60 % may result in sodium accumulations that will cause a
breakdown in the soil’s physical properties (Khodapanah
et al. 2009). %Na determines the ratio of sodium to total
cations including sodium, potassium, calcium and magne-
sium. All concentration values are expressed in milli-
equivalents. %Na is calculated as follows:

Na

Na = X
% Na Na+ K + Ca + Mg

100.

The values for %Na in the study area range from 5.96 to
90.60 %. It is observed that 58 samples have very high
sodium percentage (above 60 %) (Table 7).

Other parameters such as chloride and sulphate have
been also used for assessment of suitability of water for
irrigation (Sagnak 1991; Bauder et al. 2004; Hopkins et al.
2007). Chloride is an essential element for plants and also
an important criterion for irrigation water. Sulphate is
necessary for plant nutrition, but water containing more

than 1,000 ppm of sulphate has a disadvantage for plants
with respect to absorbing of calcium (Sagnak 1991). It is
observed that 79 samples with respect to chloride con-
centration fall into excellent and good classes, while 17
samples fall into permissible class. 38 samples are con-
sidered to be doubtful or unsuitable (Table 8). For sulphate
concentration, 124 samples fall into excellent and good
classes, while 7 samples fall into permissible class. Only
three samples are considered to be doubtful or unsuitable
(Table 8).

According to USSL’s diagram (US Salinity Laboratory
Staff 1954), which is widely used for rating the irrigation
waters, water can be grouped into 16 classes. It uses SAR
(vertical axis) and specific conductance (horizontal axis)
(Fig. 10) (Table 9). The conductivity (horizontal axis) is
classified into low (C1), medium (C2), high (C3) and very
high (C4) salinity zones. These zones (C1-C4) have the
value of EC <250, 250-750, 750-2,250 and >2,250 uS/
cm, respectively. The SAR (vertical axis) is subdivided
into four classes, with decreasing limiting values as EC
increases: low (S1), medium (S2), high (S3) and very high
(S4) sodium hazard. Significance of classes in relation to
EC and SAR is presented in Table 10. The overall results
based on the use of USSL’s diagram are presented in
Tables 9 and 10. The results show that 56 % of all samples
from the study area was graded as suitable for irrigation
use, while 31 % as unsuitable. 13 % of samples were
regarded as suitable under specific conditions. Groundwa-
ter samples classified as C2S1, C3S1, C3S2 and C4S4 were
the dominant classes.

Conclusions and recommendations
Conclusions

Results from the hydrogeochemical investigation in the
study area indicate that the Dar es Salaam quaternary
coastal aquifer (DQCA) is experiencing contamination
primarily by seawater intrusion due to overexploitation and
the use of on-site sewage disposal systems, in particular pit
latrines and septic tanks. Seawater intrusion is limited to
the area nearby the coast, whereas pollution by sewage is
more widely spread. Dissolution of calcite/dolomite min-
erals in the aquifer matrix in the recharge areas, weathering
of silicate minerals, as well as cation exchange also modify
the concentration of ions in groundwater.

The study area can be divided into two areas based on
the lithology: (1) coastal strip, the area adjacent to the
ocean with reef limestone; (2) inland area adjacent to the
coastal strip which consists of sands and clay. Saturation
indices indicate the geology in the study area has a
potential influence on the saturation status towards
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Table 9 Groundwater quality results using USSL diagram for 134 samples

No. EC SAR Class No. EC SAR Class No. EC SAR Class

1 2,810 23.72 Cy4=S4 46 1,780 6.72 Cs-S, 91 767 2.55 Cs-S,
2 17,930 21.12 Cy4=S4 47 950 1.62 Cs-S; 92 850 2.51 Cs-S,
3 2,010 8.44 Cs-S, 48 980 3.47 Cs-S, 93 481 0.84 C-S,
4 990 7.25 Cs3-S, 49 1,370 341 Cs-S; 94 634 0.55 Cr-S,
5 1,640 1.13 C3-S4 50 1,780 4.98 C3-S, 95 549 0.52 Cr-S,
6 3,820 14.58 Cy=S4 51 1,300 2.14 Cs-S, 96 2,540 14.75 C4-S4
7 2,532 17.20 Cy=S4 52 850 2.41 Cs-S, 97 6,680 12.99 C4-S4
8 3,940 18.23 Cy4=S4 53 454 0.90 Cx-S, 98 4,220 15.31 C4-S4
9 1,640 9.05 Cs-S, 54 1,250 2.05 Cs-S, 929 355 2.26 Cx-S,
10 3,480 8.51 C4-S, 55 1,860 14.27 C3-S3 100 402 2.37 (O
11 2,580 6.78 C4-S, 56 1,200 5.57 Cs-S, 101 138.4 0.11 Cs-S,
12 3,520 12.44 Cy=S3 57 940 1.85 Cs-S; 102 502 0.93 C-S;
13 19,000 93.40 Cy=S4 58 790 2.08 Cs-S, 103 1,126 1.27 Cs-S;
14 6,100 7.66 Cy=S3 59 1,750 7.08 C3-S, 104 889 1.53 Cs-S,
15 7,800 15.44 Cy=Sy 60 640 2.37 Cr-S, 105 923 1.64 Cs-S,
16 6,130 14.75 Cy4=S4 61 1,530 5.90 Cs-S, 106 1,231 1.93 Cs-S,
17 1,456 0.89 C4=S,4 62 1,765 5.72 Cs-S, 107 356 3.56 Cr-S,
18 15,478 48.45 Cy4=S4 63 830 2.09 Cs-S, 108 492 2.19 C-S,
19 1,340 6.98 Cs3-S, 64 700 0.77 C-S; 109 600 1.37 C-S;
20 1,050 4.52 C3-S4 65 560 3.89 Cr-S, 110 500 0.96 Cr-S,
21 990 3.44 Cs-S,4 66 760 1.87 Cs-S, 111 170.2 1.16 C-S,
22 424 0.79 C-S, 67 416 1.53 Cr-S, 112 595 6.07 Cr-S,
23 2,810 1.78 C4=S4 68 490 1.47 Cx-S, 113 683 1.79 Cr-S,
24 1,640 3.87 Cs3-S, 69 2,480 5.03 CsS, 114 6,480 12.34 C4S4
25 3,820 12.86 C4-S3 70 660 1.57 C-S, 115 1,405 6.54 C4S,
26 1,880 12.12 C3-S3 71 870 2.02 Cs-S, 116 816 5.15 Cs-S,
27 4,350 15.57 Cy4=S4 72 1,400 2.25 Cs-S, 117 10,850 13.63 C4=S4
28 2,030 3.20 C3-S4 73 780 2.32 Cs-S, 118 941 5.77 Cs-S,
29 2,030 3.32 Cs-S,4 74 730 2.45 Cr-S, 119 1,528 12.86 C4=S4
30 19,310 15.44 Cy=S4 75 178.9 1.87 C-S, 120 2,210 4.10 Cs-S,
31 1,270 1.81 Cs-S, 76 525 1.57 Cr-S, 121 1,149 6.16 Cs-S,
32 1,390 8.68 Cs-S, 77 384 1.28 Cr-S, 122 1,087 6.09 Cs-S,
33 19,200 88.73 Cy4=S4 78 181.5 1.40 C-S, 123 982 3.77 Cs-S,
34 3,750 3.17 C4=S; 79 615 2.65 C-S; 124 503 2.13 C-S;
35 1,060 3.10 Cs-S,4 80 590 3.64 Cr-S, 125 1,232 1.81 Cs-S;
36 4,020 12.43 Cy=S4 81 5,960 11.92 C4=S4 126 411 2.98 Cr-S,
37 4,280 17.65 Cy4=S4 82 3,430 6.49 C4-S, 127 1,205 4.68 Cs-S,
38 3,970 8.68 C4=S, 33 4,210 6.45 CsS, 128 1,198 5.04 Cs-S,
39 850 2.29 Cs-S, 84 3,140 5.16 CsS, 129 1,483 3.89 Cs-S,
40 3,510 9.11 Cy=S3 85 2,410 5.07 Cs=S, 130 625 1.69 (O
41 17,600 28.15 Cy=S4 86 642 1.93 C-S; 131 767 1.84 Cs-S;
42 1,270 6.59 Cs3-S; 87 2,200 4.52 C3-S, 132 19,310 28.01 C4=S4
43 1,320 3.24 Cs-S,4 88 1,640 1.80 Cs-S, 133 1,778 2.88 Cs-S,
44 2,470 14.74 Cy=S4 89 316 2.59 Cr-S, 134 2,440 10.66 C4-S3
45 2,740 15.57 Cy=S4 90 736 3.59 Cs-S;

carbonate minerals. Most of the groundwater samples from  However, all groundwater samples are undersaturated with
the coastal strip range from equilibrium to oversaturation  respect to sulphate minerals (gypsum and anhydrite) and
with respect to carbonate minerals (calcite and dolomite). halite.
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Table 10 Summary of groundwater classification based on USSL diagram (134 samples)

No. Category No. of samples Salinity/sodium hazard Status for irrigation

1 C=S; 3 Low salinity hazard—low sodium hazard Suitable

2 Cr-S; 30 Medium salinity hazard—low sodium hazard Suitable

3 C3-S; 42 High salinity hazard—-low sodium hazard Suitable

4 Cy=S; 3 Very high salinity hazard—low sodium hazard Suitable in specific conditions
5 C5-S, 15 High salinity hazard-medium sodium hazard Suitable in specific conditions
6 Cs-S, Very high salinity hazard—-medium sodium hazard Unsuitable

7 C3-S;3 2 High salinity hazard-high sodium hazard Unsuitable

8 Cy—S;3 5 Very high salinity hazard-high sodium hazard Unsuitable

9 C4—Sy 25 Very high salinity hazard—very high sodium hazard Unsuitable

The hydrogeochemical results show that different pro-
cesses determine major ionic composition of groundwater
in the study area. The distribution pattern of major ions
shows compositional variation in the groundwater samples.
In general, the concentration of cations decreases in the
order Na > Ca > Mg > K and of anions in the order
Cl > HCO; > SO, > NOj;. However, HCO3~ dominates
over Cl™ in some samples. Correlation analysis indicates
that most of the ions are positively correlated. The rea-
sonably good correlation among the ions especially Na™,
Cl™, and Mg*", indicates that such ions are mainly derived
from the same source of saline waters. This implies that the
salinization of the study area occurring near the coastline is
associated with seawater.

High electrical conductivity (EC) and chloride (CI7)
concentration values decrease away from the coastline.
Fresh groundwater that is not affected by pollution is
characterized by low values of EC and Ca—Mg—HCO3 or
Ca-HCO; water type. Hydrogeochemical data of shallow
well samples are dominated by Na—Ca—Cl type with C1™ as
the dominant anion, due to the effect of seawater intrusion.
The deep groundwaters are slightly to moderately miner-
alized and are of Na-HCO; type induced mainly by ion
exchange reactions.

Over-abstraction of groundwater to meet freshwater
demand has contributed to the deterioration of the water
quality by seawater intrusion. Most boreholes located close
to the coastline, due to their high solute concentrations, are
not suitable for domestic purposes. The increase of sali-
nization limits the application of groundwater for both
domestic and irrigation purposes. Furthermore, high levels
of nitrate and sulphate, observed especially in the shallow
aquifer, due to lack of proper sanitation do not comply with
the limits set by WHO.

The salinity and sodicity hazards of groundwater of
DQCA were mainly classified as C2S1, C3S1, C3S2 and
C484, i.e., high salinity with medium sodicity problems.
Other factors such as soil and crop types need to be

considered, since they play an important role in deciding
on the suitability of water for irrigation.

Recommendations

These research results are useful for making better
groundwater protection and exploitation plans for limiting
the increasing saltwater intrusion and anthropogenic aqui-
fer contamination. Application of rational groundwater
management practices, including the decrease of pumping
rates, is crucial in attaining the sustainability of ground-
water resources in the study area. Establishing a ground-
water monitoring programme close to the coast is equally
important, based on which, measures may be taken to avoid
the advancement of seawater intrusion on a large scale.
Analyses of bromide would allow determining Br/Cl ratios
that help to identify sources of salinity.

Lack of data, knowledge and capacity hinder sustainable
management of groundwater resources. Sustainable
groundwater management is needed and will require
restriction of well development and appropriate monitoring
of potential saltwater intrusion, particularly near the
coastline. Given the highly specialized nature of the field of
seawater expertise, there is great need for the training of
hydrogeologists for effective monitoring, evaluation and
management of coastal aquifers.
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