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ABSTRACT

Seawater intrusion into groundwater aquifer is an issue that adversely affects freshwater
resources and infrastructure. This phenomenon particularly exacerbated in the coastal
cities through the exploitation of groundwater for agricultural activity and development.
The determination of hazardous zones and the extension of seawater intrusion is critical
to identify the affected areas and to contribute to developing appropriate solutions. This
study aims to assess the extent of Seawater intrusion on the coastal aquifers in Al
Qunfidhah Province. The objective is to identify areas of vulnerability using geographic
information systems (GIS) to generate maps of seawater intrusion into groundwater using
a groundwater quality index specific for seawater intrusion (GQISWI) to build a
variogram model. GIS can help to make the results of complex models more visible
through visual representation, providing a viable tool for decision-makers. The effect
range map shows three categories: low, moderate, and high, depending on groundwater
quality index specific for seawater intrusion (GQISWI). These maps can be used as
preliminary maps to plan detailed studies to monitor interference as well as sustainable
land use planning and groundwater management in Al Qunfidhah Province.
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INTRODUCTION
Overview

The constant supply of freshwater is critical for ensuring a good life. It also contributes to
economic growth and environmental sustainability in urban areas. Approximately a third
of our source for drinking and living purposes water supply is groundwater. (Davila
Pdrcel, De Ledn Gomez and Schuth, 2011). The hydrochemical differentiation of the
salinization processes is very complex as there is considerable hydrochemical variability
due to the superposition of different processes: marine intrusion, recycling of
wastewaters, continental saltwater contribution and pollution phenomena by agricultural
activities (Zghibi et al., 2014).


about:blank

Multi-Knowledge Electronic Comprehensive Journal for Education and Science Publications (MECSJ)
ISSUE (31), April (2020)
ISSN: 2616-9185

WWW.mecsj.com

The phenomenon of groundwater salinization due to Seawater intrusion in the coastal

cities is a threat to groundwater. Seawater intrusion occurs mainly due to over pumping/
extraction of freshwater and Sea-level Rise, which causes lateral and vertical movements
of seawater into the coastal aquifers. (Sridharan and Senthil Nathan, 2017). Seawater and
freshwater have different hydrochemistry, with seawater characterized by nearly regular
chemistry where chloride (CI) and sodium (Na*) represent 84% of the total ionic
composition. On the other hand, the freshwater composition varies, usually dominance by
calcium (Ca?*) and bicarbonate (HCO3") (Tomaszkiewicz, Abou Najm and El-Fadel,
2014).

Study area

Al Qunfidhah City lies on the Red Sea coast at downstream of Wadi Qanuna Basin. Wadi
Qanuna is one of the largest wadis in the South-West of Saudi Arabia, with a total length
of about 108 kilometers. (Facts and figures 2017 Saudi Geological Survey). This wadi
begins from the high mountains of the Hijaz West heading in the flow downward towards
the Red Sea passing through Al-Qunfudhah city. The average slope of Wadi Qanuna is
about 10.7 m/km (1:250,000 Topographic map, Ministry of petroleum and mineral

resources 1980).

Figure 1: Location map
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Figure 2: Qunouna Basin
Methodology

= Collecting data for the study area; topography, wells location, and hydrochemical
analysis.

=  Applying the statistical analysis for groundwater physical parameters; Electrical
conductivity (EC), Total dissolved solids (TDS), pH, and the depth to water, in
addition to and the chemical composition of groundwater (cations and anions).

=  Applying QGIswi, which extracts from hydrochemical technics and theory to
determines contribution of Seawater into groundwater.

= Applying geographic information system as the following:

= Spatial analysis for EC using spatial autocorrelation (Moransl) to find out if we
have a cluster and define high cluster area.

= Spatial interpolation methods were used to create the intrusion map.

Hydrogeological data
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According to the information collected from the project of Groundwater Rise hazards in

Makkah Region (unpublished report 2017 by Saudi Geological Survey). The study area is
formed mostly from alluvial deposits. The aquifer is unconfined and shallow that directly
recharged by rainfall and occasional floods. Most of the rainfall appears as runoff and
flows towards the Red Sea through Al Qunfidhah where the quaternary deposits, areal
extension, and thickness are comparatively small. Floods from Qunouna Basin constitute
a significant source of groundwater recharge. High infiltration rates are enough to fill the
alluvial deposits in a short time, and consequently, at places of high permeability, there
appear surface water depressions that are directly connected to shallow unconfined

aquifers.

As the Red Sea coastal area is approached, the groundwater quality deteriorates and
becomes very saline due to seawater intrusion. On-site measurements of temperature,
electric conductivity (EC), alkalinity, pH, and redox potential (Eh) were taken for the
groundwater sampling point in the study area figure (3). Additionally, groundwater
samples were analyzed at the Saudi Geological Survey Laboratory using inductively
coupled plasma mass spectrometry (ICP-MS).

41°1230" 41°150" 41°:1730"

19°15'0"

foxt
=1
0
~
2

Red Sea

41°12'30" 41°17'30"

Figure 3: EC distribution in the ground water sample

Hydrochemical Analysis
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The groundwater quality takes its final chemical compositional structure depending on

the types of rocks that it crosses through. The knowledge about the chemical composition
of different rock types in the area reflects the physical features of the hydrochemistry of
the groundwater samples collected in the field. The rocks have a unique and direct effect
on the alteration of groundwater chemistry. It is possible to infer from the hydrochemical
analysis to a certain extent what the possible rock types are or vice versa. They also help
to detect and identify any other sources affecting groundwater such as Seawater intrusion.

Seawater and freshwater are characterized by various aquatic chemistry, the first being
characterized by almost identical chemistry where chloride (CI-) and sodium (Na+)
make up to 84% of the total ionic composition. Moreover, the composition of freshwater
varies widely, with calcium (Ca2+) and bicarbonate (HCO3-) dominating. Mixing this
water is usually depicted by increasing the concentration of Cl- within the aquifer, which
can be easily traced due to the conservative nature of the anion. In fact, the fraction of
seawater (fsea) in a water sample can be approximated by the concentrations of CI- (mCl)
(in meg/l) as shown in the equation (1) . (Appelo and Postma, 2005) Table (1) shows
Classification of groundwater Adapted from Konikow and Reilly, 1999; Rhoades et al.,
1992,

M) (sample) — Mcl(freshwater
(1) = Fsea = (sample) ( )

mcl(seawater) - mcl(freshwater)

Table 1: Classification of groundwater

Class CI (meqg/l) TDS (ppm) EC
Fresh groundwater <2.8 0-500 <700
Slightly saline 2.8-7.1 500-1500 700-2000



about:blank

Multi-Knowledge Electronic Comprehensive Journal for Education and Science Publications (MECSJ)
ISSUE (31), April (2020)
ISSN: 2616-9185

WWW.mecsj.com

groundwater
Moderately saline 7.1-14.1 1500-7000 2000-10000
Highly saline 14.1-28.2 7000-15000 10000-25000
groundwater
Very Highly saline 28.2-282.2 15000-35000 25000-45000
groundwater
Seawater >282.2 >35000 45000

Adapted from Konikow and Reilly, 1999; Rhoades et al., 1992.

Piper diagram groundwater quality indices

The diamond field in the Piper diagram is divided into six different zones: I, 11, 1I1, IV, V,
and VI, which can demonstrate CaHCO3, NaCl, mixed CaNaHCO3, mixed CaMgCl,
CaCl, and NaHCO3, mixed waters respectively see figure(4) (Subramani et al. 2005;
Sarat Prasanth et al. 2012). Freshwater is generally illustrated in the | zone, while saline
water, including seawater, is in the Il zone. The simple mixing of freshwater and
seawater is indicated by a horizontal line across the centre of the diagram that is given a

numerically by GQIPiper (mix) as shown in equation (2):

(2) = GQIpiper(mix)
(Ca2 + +Mg2+) (Hco3-)
Total cations Total anions

= ] X 50 (in meq/I)
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Figure 4: The GQIlpiper (mix) and GQIpiper (dom)

The output of GQIPipermix ranges from 0, illustrate extremely saline water (zone 11), to
100, illustrate extremely freshwater (zone I). Further definition of the other domains in
Figure (4) can be accomplished when GQIPiper (mix) is used as the same time with
another index, GQIPiperdom (Equation (3)), that equally ranges from 0, demonstrating
CaeCl water (zone V), to 100, demonstrating NaHCO3 type waters (zone VI).

(Na + +K+) (Hco3-)

(3) = GQlpiperdom = [Total cations Total anions

] X 50 (in meq/I)

The ranges of GQIPiper (mix) and GQIPiper (dom) and the corresponding
hydrogeochemical zones are presented in table (2). to define hydrogeochemical water
zones based on measured water quality data. (Tomaszkiewicz, Abou Najm and El-Fadel,
2014).

Table2: Ranges of GQIPiper(mix) and GQIPiper(dom)

Zone GQIlpipermix GQIlpiperdom

I 50-100 25-75

| 0-50 25-75
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i 25-75 50-75
AV 25-75 25-50
V 25-75 0-25

VI 25-75 75-100

Seawater fraction as a groundwater quality index

The fraction of seawater (FSEA) consider as another common tool for determining
seawater intrusion with values ranging from 0 to 100 by definition, which gives itself
easily towards the GQIfsea index, where freshwater has less FSEA (equation (4)).
Locally measured Cl concentrations are permanently used to estimate fsea to reduce
background CI impact. When the Cl is not available, it can be assumed that it equals 0-

566 meq/ | for freshwater or seawater, respectively. (Appelo and Postma, 2005).
(4) = Fsea=1—-Fsea x 100

Like the Piper diagram, FSEA has weaknesses and might not be an appropriate indicator
independently. It fails to identify most of the hydro-chemical reactions associated with
seawater leakage, such as cation exchange, which can affect the numerical composition
of aquifers subject to overflow of seawater more than concentrations - on which FSEA
depends. Also, cl- content can increase by nearly 1% three times the salinity of
groundwater, especially if the background concentration is low, indicating a high
sensibility to the parameter. Moreover, alkaline water can be less salty, even with a
higher FSEA existence. (Bakari et al., 2011).

Groundwater quality index specific for seawater intrusion (GQISWI)

In this study, we use the combination of FSEA and GQIPiper results (mix) which could
be a more representative indicator of seawater mixing. The GQISWI is index (equation

(5)) and is equally derived from the values of GQIPiper (mix) (equation (2)) and GQIfsea
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(equation (4)) to guarantee that recompense the strengths in one index the weaknesses in
another (Fig. 4)). (Tomaszkiewicz, Abou Najm and El-Fadel, 2014).

In descriptive statistics, Data can be described with frequency distributions and other

measures such as range, minimum, maximum, mean value, variance & standard

deviation, skewness, and kurtosis see table (3). EDA (Exploratory Data Analysis )

Statistics that tries to maximize the insight into complex data sets by uncovering the

underlying trends and structures and detecting outliers such as boxplot ( which can

represent five quantities for a set of data: the median; the first quartile and the third

quartile; the maximum and minimum values) (Dodge, 2008).

Table 3: Statistical summary

Std.
N Range Minimum | Maximum | Mean Deviation Variance Skewness | Kurtosis
EC 95| 112384.00 | 916.00 | 113300.00 | 19380.20 | 28851.92 | 832433312.35 211 3.48
TDS 95 | 88069.23 591.30 88660.53 | 14509.67 | 22304.50 | 497490704.05 2.25 4.14
Ph 95| 742.23 6.77 749.00 15.27 76.08 5788.27 9.75 95.00
Depth_to_water | 95 64.97 1.04 66.00 10.88 8.30 68.95 3.21 19.56
Ca 95| 2174.27 30.68 2204.95 410.38 423.20 179098.73 191 3.74
Mg 95| 2881.51 11.89 2893.40 378.74 568.91 323663.37 2.52 6.67
Na 95 | 29868.93 49.00 29917.93 | 4398.32 7550.06 57003417.39 2.34 4.56
K 95| 1803.60 0.01 1803.61 226.65 384.62 147930.33 231 4.86
Cl 95 | 53406.70 72.30 53479.00 | 7503.97 | 12898.30 | 166366018.08 2.34 4.55
HCO3 95| 526.00 83.00 609.00 258.71 115.60 13362.87 1.03 0.71
NO3 95| 105.99 0.01 106.00 18.94 23.31 543.46 1.84 3.05
SO4 95| 6447.00 133.00 6580.00 | 1311.51 1217.53 1482380.25 1.77 3.68
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The frequency distribution of my data doesn't entirely overlap with their normal curves.

The histograms and their curves do not take the shape of the bell, so we tested by
applying tests of Normality by Kolmogorov-Smirnov and Shapiro-Wilk (Mohd Razali
and Wah Yap, 2011).

Table 4: Tests of Normality

Kolmogorov-Smirnov? Shapiro-Wilk
Statisti Statisti
C df Sig. c df Sig.
EC .287 95 .000 642 95 .000
Ph 526 95 .000 .080 95 .000
TDS .266 95 .000 626 95 .000
Water
evel 119 95 .002 762 95 .000
Ca .205 95 .000 762 95 .000
Mg 273 95 .000 641 95 .000
Na .282 95 .000 596 95 .000
K 278 95 .000 629 95 .000
Cl .284 95 .000 .600 95 .000
HCO3 151 95 .000 920 95 .000
NO3 228 95 .000 735 95 .000
SO4 195 95 .000 812 95 .000

a. Lilliefors Significance Correction
Kolmogorov-Smirnov testing if a variable follows a normal distribution in a population.
It reflects in one number how different my data is from a zero hypothesis. Therefore, it
indicates the extent to which observed data deviate from normal distribution. So, a large

deviation has a low p-value, and low deviation has high p-value.
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If p < 0.05, we don't believe that our variable follows a normal distribution in our

population. As shown in the above table, all significant value less than 0.05 which mean

they don’t follow normal distribution shows in table (4).
Spatial Analysis

Spatial characteristics of the data set such as central tendency, spared and direction.
Analysis that shows the mean center of the sample, and the standard deviation ellipse
(showing the directional trend). The mean center is the average x and y coordinate of all
the features in the study area. It's useful for tracking changes in the distribution or for
comparing the distributions of different types of features. Central Feature: Identifies the
most centrally located feature in a point, line, or polygon feature class. The Standard
Distance tool (displayed graphically as a circle) is calculated using the distance of each
well from the calculated center.

Directional Distribution: Creates standard deviational ellipses or ellipsoids to summarize
the spatial characteristics of geographic features: central tendency, dispersion, and

directional trends.

Samples Geographic Distribution Map

Figure 5: Sample Geographic Distribution Map

Patterns Analysing
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Moran’s Index and z-score show in the figure show that we have a significant cluster. So,

we have to identify at what scale or distance the autocorrelation maximizes. (distance at
which cluster maximizing) However, to do so we need to know at which distance at least

we have one neighbor the function to do [calculate distance band from neighbor count]

As we can see, the minimum distance to find one neighbor is 169 meters but, what is
really we need is the average distance at least for one neighbor, which equals t01240
meters will be used in the Incremental spatial autocorrelation function. Incremental
spatial autocorrelation function measures spatial autocorrelation for a series of distance

and draws a graph line showing distances and corresponding values of z-scores.

Global Moran's | Summary by Distance

Distance Moran's Index Expected Index Variance z-score p-value

1240.00* 0.437311 -0.016129 0.017084 3.469125 0.000522
1840.00* 0.475165 -0.012048 0.007838 5.503195 0.000000
2440.00* 0.586615 -0.011494 0.004461 8.954535 0.000000
3040.00* 0.550982 -0.011111 0.003026 10.218378 0.000000
3640.00* 0.416052 -0.010638 0.002154 9.192928 0.000000
4240,00* 0.384215 -0.010526 0.001479 10.264039 0.000000
4840.00* 0.349265 -0.010526 0.001192 10.421482 0.000000
5440.00 0.302086 -0.010417 0.000910 10.357174 0.000000
6040.00 0.262697 -0.010417 0.000725 10.145046 0.000000
6640.00 0.228606 -0.010417 0.000589 9.845210 0.000000

First Peak (Distance, Value): 3040.00, 10.218378
Max Peak (Distance, Value): 4840,00, 10,421482
Distance measured in Meters

* At least one distance increment resulted in features with no neighbars which may invalidate the significance of the corresponding results.

Figure 6: Spatial autocorrelation

Statistically significant peak z-scores Indicates the distances to spatial processes
promoting clustering are most pronounced. These peak distances are often appropriate
values to use for tools with a Distance Band or Distance Radius parameter. Max Peak
4840m that where you find maximum clustering, and now we can do cluster and outlier

analysis, and this will generate a map of the hot spot.

Spatial interpolation
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There are several types of interpolation methods used in creating surfaces Thiessen

polygons, Inverse Distance Weighted (IDW), Natural Neighbour Inverse Distance
Weighted (NNIDW), Spline, Kriging, and Trend. (Tan, Qulin & Xu, Xiao.,2014).

Deterministic and geostatistical techniques are used to understand the spatial variation of
groundwater. (KUMARI et al., 2018) We did perform one of deterministic, which Inverse
Distance Weighted (IDW), selected as the simplest procedure and one of the
geostatistical, which is ordinary kriging is the most commonly used.

Inverse Distance Weighted (IDW)

IDW method supposes that the averages of correlation between neighbors are
symmetrical to the distance between them. Applying IDW for our variables of interest
QGIswi, the out but sell size as the area of study with the default input point will be used

to interpolate the value for each cell in the output raster as shown in figure (20).
Kriging interpolation

Ordinary Kriging use semivariogram to measure the average degree of dissimilarity
between no sampled values and nearby data value, and depict autocorrelation at a various

distance.

Z(s) = p +&(s)

where [ is an unknown constant. One of the main issues concerning ordinary kriging is
whether the assumption of a constant mean is reasonable. Sometimes there are good
scientific reasons to reject this assumption. However, as a simple prediction method, it

has remarkable flexibility.
Semivariogram:

In order to find the best model, we test several models to fit our data. Finally, we decided

to choose Bessel K as shown in figure (21).

Choice of Neighborhood
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Many different sizes and the optimal number of samples were tested using punctual

estimation comparing the weighted attached to the mean near to zero and the slope of the

regression Z / Z* near to one figure (24) shows the result.

Negative weight

The negative weight is typically very small negative values and usually does not create
any problems. However, the small negative weight is applied to relatively high value.
This means a high negative contribution to the overall kriged value, which can result in a
negative estimate (see The Art and Science of Resource Estimation By Jacqui Coombes
2008).

Standardized Error
3.728

3.054
2381
1.708
1035
L e e
0.312
-0.985
-1.658

-2.332

-3.005

-3.678
-2.658 -2.093 -1.628 -1.163 -0.698 0.233 0.233 0.693 1.163 1.628 2.093 2558
Normal Value

Figure 7: Normal g-q plot
The mean of standardized error close to zero and it is variance close to one.
Regression function 0.571368811596074 * x + 22.4397084110537
Prediction Errors

Samples 95 0f 95
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Mean 0.9717759522148266

Root-Mean-Square  21.112321324306798

Mean Standardized 0.03365657839978571
Root-Mean-Square Standardized 1.0566174745528134

Average Standard Error 19.338247730312652

Result and discussion

From the statistical analysis, we found the Correlation between EC and TDS is significant
at the 0.01 level (2-tailed). The scatterplot shows the Positive relationship all point
assembling around the line figure (8) so we don’t need to perform cluster analysis on

both EC and TDS.
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Figure 8: Scatterplot for EC and TDS

We chose to perform the cluster analysis on EC and the result is shown in figure (9),
demonstrating the area with high electric connectivity (EC). The values of EC which

classified as high cluster ranges between 39500 to 113300 and these values according to
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the table Adapted from Konikow and Reilly, 1999; Rhoades et al., 1992 table (2) are
classified as very high saline groundwater and seawater.

Cluster Outlier Analysis of EC

—_—
Legend o .
Not Significant
® Cluster: High
®  High Outlier

»  Low Outlier

s Cluster: Low
Study Area

411008

Figure 9: Cluster Analysis

Figure (9) show map of Anselin local moran’s I, and we can recognize the high cluster
sample redpoint it means high value of EC around each other. On the other hand, one
blue point indicates a low outlier point, which mean the value of EC less than their

neighbor.

The following table (5) demonstrated a newly proposed groundwater quality index
specific for seawater intrusion (GQISWI) derived by combining the seawater fraction
index (GQIfsea) and the freshwater seawater mixing index (GQIPiper (mix)) of the Piper
diagram, showing a more representative performance over each factor alone.
(Tomaszkiewicz, Abou Najm and El-Fadel, 2014).


about:blank

Multi-Knowledge Electronic Comprehensive Journal for Education and Science Publications (MECSJ)
ISSUE (31), April (2020)
ISSN: 2616-9185

WWWw.mecsj.com

Table 5: GQISWI ranges

GQISWI based on worldwide Typical
Water type literature GQISWI

Min | Max Mean Min | Max
Freshwater 73.5 | 90.1 82.7 75 100
Mixed

47.8 | 79.9 63.4 50 75
groundwater
Saline

4.8 | 58.8 27.5 10 50
groundwater
Seawater 31 | 9.2 5.8 0 10

Tomaszkiewicz et al. / Environmental Modelling & Software 57 (2014) 13e26

Both interpolaition of Deterministic and geostatistical techniques show approximatlly
same result for the coastal area and the shades of red represent variation of Seawater
intrusion in figure (10). Inverse Distance Weighted (IDW), and figure (11) Ordinary
Kriging.
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The objective is to identify areas of vulnerability using geographic information systems

(GIS) to generate maps of seawater intrusion into groundwater using a GQISWI to build
a variogram model. GIS can help to make the results of complex models more visible
through visual representation, providing a viable tool for decision-makers. The goal of
the GIS-based index is to rapidly aggregate chemical data into a quantifiable value that
can be spatially and temporally mapped. However, the effect range map shows three
categories: mixed, saline groundwater, and seawater, depending on GQISWI.

The resulting maps provide by geographic information system a helpful visual tool for
researchers and decision-makers towards defining corrective or adaptive measures. The
early seawater intrusion is evident in the western quadrant of the study area is alarming,

as the groundwater is a source for domestic use.

e There is no fresh water in the study area and the salinity levels vary from seawater
to saline groundwater and mixed salinity.

e It turns out that the water in the study area is not suitable for humans, and maybe
suitable for some types of animals.

e Inthe eastern part of the study area, the mixed groundwater zone is suitable for

growing certain types of crops.
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