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ABSTRACT

Groundwater is a major drinking water resource in arid coastal regions.
The groundwater quality of Bosaso city experienced degradation due to
rapid urbanization and industrialization. This study was carried out to
delineate the spatial distribution of groundwater quality parameters and
evaluate groundwater suitability for drinking and irrigation uses. The
groundwater samples were collected from Bosaso Plain to determine the
pH, electrical conductivity (EC), total dissolved solids (TDS), and
sodium and chloride concentrations. To categorize water quality for
irrigation purposes, sodium adsorption ratio (SAR) was calculated.
Ordinary kriging procedure was performed in order to map the spatial
distribution of groundwater quality parameters. The interpretation of

in the study area is unsafe for drinking purposes due to high salinity,
except for the central area (Biyo Kulule). In terms of irrigation uses, the
minor area may be under the risk of alkalinity or sodium hazard.
However, all groundwater supply points are not suitable for irrigation
due to the salinization risk and can be only used to irrigate high salt-
tolerant crops. The final maps show that the groundwater quality
decreases from southeast to the north of the plain. This indicates that the
groundwater is probably subjected to the seawater intrusion. In this
regard, the implementation of a groundwater monitoring program is
necessary to achieve concrete results. Nevertheless, the most suitable
groundwater quality is found to be at the central part of the Bosaso
plain.

laboratory analysis results revealed that the most of groundwater wells
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1. Introduction

Coastal areas in arid and semi-arid regions highly depend on groundwater resources due to the lack of surface water. Bosaso is
the major city of Puntland state, and groundwater is the main water source. The city faces degradation in water quality and
water supply shortage due to the rapid population growth in recent years and effects of climate change and droughts (Said et al.
2019). Although groundwater monitoring is necessary for taking effective measures, currently there is no groundwater
monitoring program in place. Proper management of groundwater resource is very important to meet the increasing demand for
water. Furthermore, understanding the spatial distribution of groundwater quality helps authorities to develop optimal
management strategy of groundwater resources in order to ensure sustainable development of the society.

Mapping groundwater quality parameters through using geostatistics has become well known. There are numerous studies
on groundwater quality evaluation using geostatistical techniques all around the world (Nur et al. 2012; Shamsudduha 2007;
Goovaerts et al. 2005; Zehtabian et al. 2013). Sarath Prasanth et al. (2012) conducted a study to assess the spatial distribution
of groundwater quality in the coastal city of Alappuzha in India. The results revealed the groundwater is entirely suitable for
drinking water supply. Additionally, it presents that the groundwater is appropriate for irrigation purposes excluding a few
sites. Arslan (2012) used ordinary kriging procedures to analyze the spatial distribution of groundwater salinity in the Bafra
plain of Turkey. Based on the research results, it was shown that groundwater salinity levels were in a decreasing trend
behavior. Nas & Berktay (2008) used geostatistical techniques to map and evaluate groundwater in Konya province in Turkey.
The results revealed that the groundwater quality decreased from south to north. Although geostatistical techniques have been
made widely applicable in the hydro-sciences all over the world since the early 1970s, literature review leads us to believe that
application of kriging procedures to the water science needs to be further popularized in Somalia.

The objectives of the study are two-fold: a) to delineate the spatial distribution of some groundwater quality parameters in a
coastal aquifer of Bosaso plain, Somalia, through using geostatistical approach, b) to make preliminary evaluations whether the
groundwater resource unique in the area is suitable for drinking and irrigation uses.
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2. Material and Methods
2.1. Study area

Formerly known as Bandar Qasim, Bosaso is located Puntland state of Somalia on the Gulf of Aden coast, lies between
Latitude 11° 17'N and Longitude 49° 11" E (Figure 1). Bosaso is the third largest city in the country and its population is
estimated about 430,000 residents. Based on the Koppen-Geiger climate classification, the climate of the study area is arid type
and has a hot desert climate (Rubel & Kottek 2010). Furthermore, the city annually receives very little rainfall, on average, less
than 50 mm year?. Groundwater is the primary source of drinking water for the services sector and irrigation water for
agricultural sector.

Bosaso plain is a wide plain (approximately 70 km? area) having a triangular shape. Depths of groundwater wells are subject to
change, varying between 1 to 100 m. The deepest water table, i.e. maximum depth of groundwater from soil surface, is 51.6 m
in the south-eastern part of the plain. However, depth-to-watertable is minimum (3 m) in the northern coastline and zero at the
interface between land and ocean surface. General groundwater flow direction is from south to north, towards the ocean.
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Figure 1- Location map of the study area and spatial distribution of groundwater wells (sampling points)
2.2. Data

Groundwater sampling locations were spatially distributed to cover the entire study area. Water samples were collected from
groundwater wells in the study area in July of 2018. A total of 22 groundwater wells was visited. Location of sampling sites
was determined by utilizing a hand-held Garmin GPS device. The collected water samples were returned to the water quality
laboratory of Department of Agricultural Structures and Irrigation in Adana, Turkey, within four days. Groundwater quality
parameters such as pH, electrical conductivity (EC, dS m?), total dissolved solids (TDS, mg L), sodium (Na, meq L),
chloride (CI, meq L), calcium (Ca, meq L) and magnesium (Mg, meq L) were determined in the lab. Based on Ayers &
Westcot (1994), TDS was calculated by using chemical analysis results of Na, K, Ca, Mg, Cl, CO3, HCOg3, SO, ions in the unit
of mg L. Additionally, following the procedures given in Fetter et al. (2017), sodium adsorption ratio (SAR) was calculated
for each water sampling location by using Na, Ca and Mg analysis results in meq L™ unit.
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2.3. Geostatistical methods

In this study, we adopted semivariogram models for determining the spatial dependence structure of groundwater parameters
and ordinary kriging (OK) estimation technique for mapping the variables considered. Kriging interpolation is known as the
best linear unbiased estimation technique (BLUE). In this regard, it is an objective mapping technique by allowing the user to
make optimal spatial interpolations at unsampled, i.e. unvisited, locations (Cetin & Kirda 2003). The OK techniques are well
documented in the latest literature (Masoud 2014; Sheikhy Narany et al. 2014). One of the main benefits of kriging estimation
method is that it might be able to provide the user with the interpolation error, i.e. kriging estimation error, of the values of the
regionalized variable where there are no initial measurements. This feature provides a measure of the estimation accuracy and
reliability of the spatial distribution of the variable (Yunsel et al. 2002; Theodossiou & Latinopoulos 2006). The step-by-step
procedure for ordinary kriging application is given in Figure 2.
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Figure 2- Flow chart of the procedure for ordinary kriging analaysis

The geostatistical modelling approach of kriging known as spatial interpolation technique (Clark & Harper 2007; Cetin &
Kirda 2003) was adopted and, in turn, the semivariance structure of each water quality parameter was obtained by calculating
experimental semivariogram values (Equation 1).

P(h) = =3 (gi — Gis1)? @)

2Np
Where; h stands for the separation vector, i.e. distance between pairs of observations; 7(h) is the calculated value of the
semivariogram, i.e. semi-variance, for h; N, is the total number of pairs separated by h; g; and g;,, are values of the variable
“g” at the point x; and at a point of distance h from the point x;+1. Theoretical semivariogram models and respective parameters
were determined by applying methodology given in Figure 2.
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3. Results and Discussion

In this study, some of the water quality parameters were used to evaluate if groundwater is suitable for drinking and irrigation
uses, or not. Groundwater samples have been classified based on drinking water quality standards given by WHO (2008). Due
to the fact that groundwater wells have been utilized for irrigation in the region, suitability of groundwaters for irrigation
purposes have been assessed on the basis of SAR and EC by adapting the standard procedures given in Richards (1954), Ayers
& Westcot (1994). Therefore, groundwater quality parameters consisting of pH, EC, TDS, Na, Cl, and SAR were obtained
from the laboratory analysis. Practical information derived from the interpretation of results was, in turn, discussed below.

3.1. Geostatistical analysis results

Conventional statistical analysis has been carried out to check the normality of data because the kriging interpolation method
gives best prediction when data are normally distributed. As seen from the descriptive statistics given in Table 1, only pH data
agree with the assumption of normality, and all the other parameters are characterized by a right-skewed distribution.
Distribution of skewed data might be rendered symmetrical by using a 3-parameter lognormal (LN3) probability distribution
function. The descriptive statistics of data sets and the transformation method was given in Table 1.

Table 1- Descriptive statistics of groundwater quality parameters

Statistics pH EC (dS m?) TDS (mg L) SAR (meq L'1)%5  Cl(mgL?%)  Na(mgL?)
N 22 22 22 22 22 22
Min 7.03 1.44 1035.3 142 149.74 82.22
Max 8.00 16.50 10083.5 15.40 4502.40 2172.1
Mean 7.42 3.91 2665.4 4.09 775.51 404.69
Median 7.33 2.02 1427.3 2.07 273.65 145.56
SD 0.25 3.67 2357.0 3.98 1022.50 533.32
CV (%) 3 94 88 97 132 132
Skewness 0.86 2.22 1.87 1.74 2.61 2.18
Kurtosis 0.25 5.79 3.53 2.35 8.09 4.98

Transformation Normal  3-parameter lognormal

Semivariogram analysis was carried out in the ArcGIS platform by using “Geostatistical Analyst Tool”. In order to obtain
experimental semivariograms for each variable, Euclidian distances between observation pairs were calculated at the very
beginning of the geostatistical analysis. Consequently, geographical coordinates of observation wells were transferred to
Universal Transverse Mercator (UTM) coordinate system for rendering possible distance calculations. Then, experimental
semivariograms have been obtained for each variable; hence, seven candidate experimental semivariogram models (Gaussian,
Spherical, Circular, Exponential, Tetraspherical, Pentaspherical, Hole effect) and their parameters were determined and
goodness-of-fit tests of each model have performed accordingly. The best fitted theoretical semivariogram model for each
variable or groundwater quality parameter was chosen based on the lowest value of RMSE. Figure 3 shows omni-directional
experimental semivariogram data points (semivariogram cloud) around the theoretical semivariogram model (solid line in blue
color). Table 2 illustrates best-fitted theoretical semivariogram models and their fixed model parameters after conducting the
cross-validation checks. After fixing the theoretical model and its parameters for each variable of interest, kriging maps of
groundwater quality variables were generated by performing ordinary kriging interpolation technique. Based on the
semivariogram analysis results, our conclusion was that all groundwater quality parameters were spatial dependent; therefore,
range of influence varied between 1100 and 1950 m as seen in Table 2 as well as in Figure 3.

Table 2- Best-fitted semivariogram models and their estimated parameters for the transformed data, i.e. LN3, except for pH

Semivariogram Nugget Sill
Parameters Model (Co) (Co+C) Range (m) RMSE
pH Hole effect 0.0002 0.0005 11315 0.242
EC (dS m?) Exponential 0.0000 0.2803 1893.9 3.539
TDS (mg L) Exponential 0.0000 0.2800 1948.9 2272.495
SAR (meq L1)%5  Exponential 0.0000 0.3159 1840.0 3.654
Cl(mg LY Hole effect 0.0646 0.4580 1678.1 1013.851
Na (mg L?) Exponential 0.0000 0.5835 1858.1 520.058
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Figure 3- Best fitted semivariogram models; (a) pH, (b) electrical conductivity (EC), (c) total dissolved solids (TDS), (d)
sodium adsorption ratio (SAR), (e) chloride (Cl), and (f) sodium (Na). Easting and northing stand for distance between
sample pairs and semivariance value of the variable considered, respectively

3.2. Groundwater quality assesment for drinking water
3.2.1. Changes in pH

pH is an important indicator of water that is changing chemically. Not only does the pH of a stream affect organisms living in
the water, but also a changing pH in a stream can be an indicator of increasing pollution or some other environmental factors.
This is also true for groundwater. In this study, pH values of groundwater samples ranged from 7.03 to 8.00 as shown Figure
4a, indicating alkaline conditions in the groundwater system. Geology of the Bosaso plain corroborates alkaline character of
the aquifer system. Additionally, pH data for the variables clearly revealed that the groundwater in Bosaso plain was within
limits of pH range 6.5-8.5 as specified by WHO (2008). Based on WHO standards, it could be concluded that groundwater in
the study site met the drinking water quality requirements with regard to pH.

3.2.2. Electrical conductivity
Electrical conductivity (EC) is a measure of water potential to deliver an electric current. The higher the salinity concentrations

of water are, the higher EC is expected if measured. Pursuant thereto, EC values were found to be higher than 1.5 dS m
except for three samples, and groundwater was classified as saline water according to Langenegger (1990). In line with WHO
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standards for drinking water, the maximum allowable limit of EC is 1.5 dS m™. Spatial distribution map of EC (Figure 4b)

shows that EC is increasing from south-east inland to the northern coastline of the study area. According to WHO standards,

most of the groundwater samples are above the permissible EC limit with the highest value of 16.51 dS m. As seen in Figure

4b, EC of groundwater is remarkably increasing while approaching the shoreline. Substantial rises in EC values shorewards
may be a clear indication of seawater intrusion into coastal aquifers of the study area. It could be concluded that areas
stretching along the shore are potentially subject to severe salinization risk.
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Figure 4- Spatial distribution map of analyzed groundwater parameters in Bosaso plain: (a) pH, (b) electrical conductivity
(EC), (c) total dissolved solids (TDS), (d) sodium adsorption ratio (SAR), (e) chloride (Cl), and (f) sodium (Na)
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3.2.3. Total dissolved solids

Total dissolved solids (TDS) contain inorganic salts such as potassium, magnesium, calcium, sodium, bicarbonates, sulfates
and chlorides and some small quantities of organic matter. The values of TDS in groundwater in the study area varied from
1035.3 mg L to 10,083.5 mg L, revealing a very high and dominant salinization problem in some specific locations in the
study area. As stated by WHO standards, the acceptable level limit of TDS for drinking water is 500 mg L. In this respect, all
TDS concentrations in the study area exceed the acceptable limit, indicating the salinization pressure. On the other hand, based
on WHO standards, the maximum allowable amount of TDS is 1500 mg L. TDS map in Figure 4c shows that total dissolved
solids in the central part of the study area are within the maximum allowable amount. But in the north, TDS is above the
maximum allowable amount. It is globally postulated that coastal aquifers, like Bosaso Plain, are under the risk of seawater
intrusion, i.e. water quality deterioration. However, seawater intrusion was corroborated with the EC, SAR, TDS, Cl and Na
distribution maps. It is important to emphasize that the relationship between EC and TDS is rather high as seen in Figure 4b
and 4c. On the other hand, regression analysis revealed that the relationship was in the form of linear [TDS (mg L?%)=
659.72*EC(dS m™)] and statistically significant (R>=0.972). Our conclusion was that this type of mathematical relationship can
be used confidently in practice for estimation of TDS from precise EC measurements in the field.

3.2.4. Chloride

The source of chloride in groundwater is both natural and anthropogenic, such as run-off containing road deicing salts, the use
of inorganic fertilizers, landfill leachates, septic tank effluents, animal feeds, industrial effluents, irrigation and drainage
waters, and seawater intrusion in coastal areas (Karanth 1987). Chloride concentration increases when mineral content
increases (Sawyer et al. 2002). The chloride ion concentration in fresh waters is fairly low and typically less than 100 mg L™,
except for brackish or saline waters (Fetter et al. 2017). Higher chloride concentrations in drinking water may cause
cardiovascular disease and blood pressure (McCallum et al. 2015). Therefore, the chloride concentrations of groundwaters in
the urban coastal aquifer of Bosaso plain needs determining due to the fact that the aquifer is a source of drinking water for the
local community. Chloride concentrations of groundwater samples collected in this study varied from 149.74 to 4502.4 mg L™
as seen in Table 1. The highest concentration of chloride is witnessed to be in the north along the coastline. CI concentrations
are higher than the maximum allowable limits by WHO standards (250 mg L) as shown in Figure 4e. The closer to the sea is,
the higher CI concentration is in the groundwater body. The increasing trend in Cl concentration towards the sea may be an
apparent indication of seawater intrusion to the coastal aquifer in use. Likewise, the spatial distribution of Na concentration
supported the postulate of seawater intrusion in the study site.

3.2.5. Sodium

All groundwater samples contain sodium element to some extent because most rocks and soils naturally contain sodium
compounds. The origin of sodium in groundwater may be from varied sources such as the erosion of salt deposits and sodium
bearing rock minerals. As a matter of fact, over-exploitation of the coastal aquifer can lead a lateral movement of seawater into
freshwater body (Hem 1985), causing to increase of sodium concentrations remarkably. High sodium contamination in
drinking waters is quite risky, for high sodium in drinking water can cause higher systolic and diastolic blood pressure
(Hallenback et al. 1981). In this study, the aquifer is contiguous to the sea, and the area is almost flat with a slope of less than
0.6%, on the average. Sodium concentration map in Figure 4f shows an increasing trend in the concentrations from the
southeast to the north. Sodium concentrations in the northern parts of the study area exceed the maximum permissible limit of
250 mg L indicated by WHO and groundwater with Na concentrations higher than 250 mg L is not safe for drinking
purposes. It is important to emphasize that the variability in sodium concentrations are extremely high (CV>130%), revealing
the evidence of seawater intrusion into the aquifer. On the other hand, spatial distribution of EC, TDS, SAR, Cl and Na shows
that interpolated values by the shore increase remarkably. This might be attributed to the effect of seawater intrusion, too.
Therefore, groundwater abstraction strategy should consider the seawater intrusion issue and degradation in groundwater
quality, which jeopardize the sustainable use of urban coastal groundwater aquifer in the future.

3.3. Groundwater quality assessment for irrigation water supply

Electrical conductivity (EC) and the sodium adsorption ration (SAR) of any source of water are among the most widely used
irrigation water quality parameters (Appelo & Postma 2005). However, Ayers & Westcot (1994) points out that some specific
ionic composition of water is of great importance regarding irrigation water quality standards. On the other hand, SAR
indicates the effect of relative cation concentration on sodium hazard and its accumulation in the soil. SAR is a more reliable
method (Richards 1954) for determining the suitability of water for irrigation purposes. SAR gives a very good assessment of
water quality of irrigation uses with respect to sodium hazard, since it is more closely related to exchangeable sodium
percentages (Tiwari & Manzoor 1988). Hence, SAR is calculated using the following formula (Equation 2):

Na

Caiig &)
T2

SAR =
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Where; concentrations are in the unit of meq L.

Some descriptive statistics of SAR values were given in Table 1. As seen from Table 1, SAR values were characterized
with a right-skewed distribution and rather high variability (CV=97%). Therefore, SAR values in the study area varied from
1.42 to 15.40 (meq L™1)%® as shown in the Figure 4d. Nevertheless, SAR values of all samples were found to be less than 10
(meqg L)% except two samples and were classified as excellent in terms of irrigation water quality standards according to
Todd (1980) and Richards (1954). However, the permissible value of SAR in irrigation waters is 13 (meq L1)%%. If the
permissible level of SAR is considered, it is clear from the Figure 4d that some parts of the study area contiguous to the sea is
under the risk of sodium hazard. Farmers leaving in those areas should pay attention to sodium hazard risk to the crops and
soils as well. On the other hand, as seen clearly from Table 1, minimum, mean and maximum EC of groundwater is 1.44, 3.91
and 16.5 dS m?, respectively. The salinity of groundwater samples in the area was found to be beyond the usual rage, i.e.
0<EC<3 dS m™ and 0<TDS<2000 mg L (Ayers & Westcot 1994) in irrigation waters. Based on permissible salinity levels in
terms of irrigation, we have enough evidence to conclude that majority of groundwater wells in the study area are rather risky
to the agricultural crops based on the irrigation water quality criteria given in Ayers & Westcot (1994).

Richards (1954), Todd (1980) and many others, e.g. Appelo & Postma (2005), noted several advantages of joint evaluations
of SAR and EC values on a graph, apart from individual assessments. And consequently, groundwaters in the study area were
assessed according to the US Salinity Laboratory (USSL) classification (Richards 1954) by plotting groundwater salinity (EC)
data against SAR values (Figure 5). Surprisingly, graphical results indicated that 68% of water samples fell within the C3S1
and C4S1 categories/classes -low risk of sodium hazard associated with high and very high salinity hazard, respectively-and
only 9% fell into the C4S2 class—appreciable sodium hazard particularly in fine textured soils associated with very high
salinity hazard, i.e. not suitable for irrigation under ordinary conditions, albeit used presently- as shown in Figure 5. This
groundwater of poor quality is in turn suitable only for high salt-tolerant crops. Results further indicated that 23% of water
samples, belonging to category C4S3 and C4S4, were generally not suitable for irrigation due to poor water quality associated
with high salinity as well as high sodium hazard risk. Therefore, farmers in the area must restrict themselves to adopt modern
irrigation methods such as drip irrigation and subsurface irrigation in the area in order to prevent crops and soils from
salinization risk or salinity hazard as well as sodium injury for sustainable agriculture.
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Figure 5- Classification of groundwater samples by US Salinity Laboratory diagram

4. Conclusions

Groundwater resources are essential for drinking water supply of Bosaso city. Ordinary kriging was utilized to map the spatial
distribution of groundwater quality parameters. The study illustrated that the kriging method was a useful tool for delineating
the spatial distribution of the groundwater quality parameters. According to the drinking water standards, results showed that
the most of groundwaters in the study area was unsafe for drinking purposes, except in the central area (Biyo Kulule) where
municipal water supply was located. As regards to irrigation uses, the very minor area may be under the risk of alkalinity or
sodium hazard. However, half of the study area is under the salinization risk, not suitable for irrigation, except for high salt-
tolerant crops/vegetation. Spatial distribution of groundwater quality maps reveals that quality decreases from the southeast to
the north (coastline) of the plain. Research findings indicated that the Bosaso aquifer has been affected by seawater intrusion
due to the over groundwater extraction. Therefore, we are recommending to be closed all wells located in the contaminated
areas especially in the northwest (Balade) to avoid further groundwater degradation by seawater intrusion. Currently, the
groundwater quality in the study area has not been monitored. Therefore, this study will assist the water authority for taking
appropriate measures in order to maintain efficient groundwater exploitation and management plans in Bosaso plain. Our final
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concrete conclusion is that further research is needed in this area to figure out the extent of seawater intrusion and develop
seawater intrusion model. In turn, monitoring of groundwater depths and quality parameters has been highly recommended for
the sake of reliable future studies.
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