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ABSTRACT

Hydrogeologists in general and hydrogeochemists in particular are commonly asked to collect and
interpret groundwater chemistry data for determining the groundwater quality at a particular site. More
often, this involves graphical representation of data and a comparison with the drinking water quality
standards. However, public laws and regulations require rigorous and a comprehensive quantitative
approach, including statistical analysis to interpret the groundwater chemistry data. The analysis might
be helpful in identifying the contaminated sites.

A total of 19 groundwater samples were collected from Wadi Bani Malik located 40 km to the east of
Jeddah, Saudi Arabia. The area once known to be a dumping ground for untreated waste has now been
partially remediated. To establish that the higher concentration of salts found in the Wadi is due to the
sewage dumping, the data were compared with an adjacent Wadi Madsus that was not known to have
any history of dumping. A distribution-free method of multivariate data analysis was employed to
compare the variation in species abundance and composition among sampling sites.

Principal Coordinate Analysis indicates that some of the wells in both the wadis have same compositional
trend and also some samples overlap within the same area. Analysis of similarity (ANOSIM) using R
package vegan software indicates a strong correlation (R = 0.82) between Wadi Bani Malik and Wadi
Madsus. The P factor calculated while performing the analysis suggests that sewage dumping significantly
contaminated

(P =0.001) the groundwater quality of the Bani Malik area.
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1. Introduction

Groundwater is considered as a substantial share of total natural water resources in arid and semi-arid
regions. The quality of the groundwater variation is a function of chemical and physical patternsin an area
determined by geological and anthropogenic activities. The effectiveness of water for a precise function
is defined by the water quality (Srinivasamoorthy et al., 2014; Subyani and Al Ahmadi, 2010). The
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properties and ionic concentrations in groundwater depend on the hydrogeochemical processes. These
properties are controlled by natural processes, mineral weathering, precipitation and evaporation
crystallization. Understanding groundwater quality and hydrochemistry are significant because they are
the principal ingredients that influence water chemistry, mechanisms controlling chemistry, classification
of water type, water rock interaction, geochemical evolution, and water relevance for different uses (Jabal
et al., 2015). The information of hydrochemistry is vital to find the source of chemical composition of
groundwater. The significance of hydrochemistry of groundwater has led to a number of detailed written
reports on groundwater quality decline and geochemical evolution of groundwater in many regions of the
world (Srinivasamoorthy et al., 2014; Zhang et al., 2011). This success of hydrochemistry dictates the
hydrogeologists in general and hydrogeochemists in particular to collect groundwater interpret
groundwater chemistry data for determining the groundwater quality at a particular site. More often, this
involves graphical representation of data and a comparison with the drinking water quality standards.
However, public laws and regulations require rigorous and a comprehensive quantitative approach that
might be helpful in identifying the contaminated sites.

In late years, with increasing number of chemical and physical variables of groundwater, a broad scope of
statistical methods is now utilized for proper analysis and interpretation of information. The generally
used techniques for groundwater contamination studies are statistical techniques, especially multivariate
statistics. By applying multivariate statistical analysis of a vast data set, the interpretation can be simplified
by means of rotational procedures, finding similarities among variables and hence contributing to
meaningful insight. Multivariate statistical analysis includes a number of statistical methods or a set of
algorithms that may be used in various areas of empirical investigation. The purpose of these techniques
for evaluating the water quality is to identify the most severe vicinities forbidden from drinking and
irrigation uses. Instead, it can be achieved to distinguish the studied localities into groups; each has its
specific composition and geographic setting; taking into consideration the depiction of the various
ingredients in water and water usage (Dragon, 2008; Lin et al., 2012; Morsi et al., 2015; Subyani and Al
Ahmadi, 2010; Sun and Gui, 2015). Multivariate statistical analysis includes a number of techniques, e.g.
Principal Coordinates Analysis, Principal Component Analysis, Analysis of Similarity, Analysis of Variance,
Cluster Analysis, Hierarchical cluster, Shannon index, Factor analysis, etc. Some of the those methods have
given a better apprehension of the physical and chemical attributes of the groundwater system in place
as well as in time (Clarke and Warwick, 2001; Dehghanzadeh et al., 2014; Forrest et al., 2013; Subyani and
Al Ahmadi, 2010; Suresh et al., 2009; Zuur et al., 2007).

From all the multivariate statistical analyses as mentioned above, Analysis of Similarity and Principal
Coordinate Analysis techniques are rarely used in groundwater contamination studies. But when it come
to find out the differences between groups of samples, similarities and dissimilarities and variance in data
sets, these methods have successfully been used in biological and marine sciences by several investigators
(Clarke and Warwick, 2001; Forrest et al., 2013; Morsi et al., 2015; Ramette, 2007). Because of their
successes in determining the similarities and dissimilarities between the two data sets in other disciplines,
the Principal Coordinate Analysis (PCoA) and the Analysis of Similarity (ANOSIM) remain the primary focus
for finding the presence (or absence) of groundwater contamination in our study area.

2. Materials and Methods

2.1. Study Area

The subject field is situated around 40km east side of Jeddah, one of the major urban centers in Saudi
Arabia. It delivers more than three hundred thousand residents and population is increasing 2.35% per
year. The water depletion is approximately 200 liters per capita per day. On average, 80% of drinkable
water used for urban purposes proceeds to the environment as waste water. Approximately 70% of
Jeddah area are not related to sewerage pipelines; waste water collected in underground cesspools and
then by truck tankers wastewater is transported to the Al Misk lake for the past more than 10 years. It
was estimated that more than 800 tankers dumped 40,000 cubic meters of waste water into the lake
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every day and the amount has expanded drastically (Elfeki et al., 2010; Ewea, 2010; Rehman et al., 20163;
Rehman and Cheema, 2016). According to Moore and Al-Rehaili (1989) the rock units of the study area
are subdivided into following units; Madrakah formation, unassigned metagabbro and gabbro, Dighbij
complex, Hafnah complex, syenogranite and finally Quaternary deposits and mafic dykes. Basement rocks
are formed of Late Proterozoic basaltic to rhyolitic volcanics and volcanistics. Cenozoic sedimentary rocks
are recorded underlying a cover of flat lying lavas and quaternary deposits (Rehman et al., 2016b; Sharaf,
2012).

2.2. Groundwater Sampling and Analysis

A groundwater well survey was directed in order to gather the field hydrogeological parameters and to
identify the groundwater wells for geochemical analysis. Total 19 water samples gathered up for major
ion analysis from Wadi Bani Malik area. The geochemical analysis was done by following standard
techniques. The major cations include calcium, magnesium, sodium, potassium (Ca**, Mg**, Na*, K),
whereas anions comprise of sulfate, carbonate, bicarbonate, chloride (SO4~, COs~, HCOs and CI') along
with the total dissolved solids, electrical conductivity and total hardness.

Hydrochemical analysis results indicate a very high concentration of major cations, anions, total dissolved
solids and total hardness. As the Wadi Bani Malik has a history of dumping untreated sewage waste and
higher concentration of ions in this location might be as a result of this dumping. Groundwater analysis of
Wadi Bani Malik was compared with a pristine (non-contaminated) Wadi Madsus located in the same
hydrogeologic setting in the vicinity of Jeddeah. Groundwater data of Wadi Bani Madsus were collected
from literature (Sharaf, 2012)

2.3. Statistical Analysis

Statistical analysis, including the basic statistics, ANOSIM (Analysis of Similarity) and PCoA (Principal
Coordinate Analysis) analyses were performed by using R package vegan software. R signifies statistical
computation and graphics. The software also has the abilitity to run a program stored in script files. Vegan
is potentially used for different purposes including diversity analysis, statistical analysis and element
distribution. The analysis was performed by making use of 32 samples. Samples 1 to 19 are related to
Wadi Bani Malik while the remaining 20 to 32 samples represent Madsus area.

2.3.1. PCoA (Principal Coordinate Analysis)

Principal coordinate analysis is also referred as classical scaling, metric multidimensional scaling and
correspondence analysis. The objectives of Principal Coordinate Analysis are similar to the Principal
Component Analysis in that it applies a linear mapping of the distance or deviations between objects to
explicate most of the variance in the original data set (lbekwe et al., 2012; Ramette, 2007; Zuur et al.,
2007). Principal Coordinate Analysis is used to identify and to envision the similarities and dissimilarities
of data (Morsi et al., 2015).

2.3.2 ANOSIM (Analysis of Similarity)

ANOSIM is nonparametric and multivariate equivalent to ANOVA (Analysis of Variance) and test the
differences among groups. ANOSIM gives the significance level (P value) and the strength of the factors
on the samples (R value). The strength of the factor (R value) is supposed to vary between 0 and 1.
Negative values of P can also be obtained, but they are always close to 0. The value of R can never lie
outside the range of -1 and 1. The strength of the factor close to 1 indicates a high separation between
levels of the factor (value of R close to 1 proposes dissimilarity between groups), while close to 0 indicate
no separation between the levels of the factor (if the R value is low e.g. 0.2 this means factor have small
effect on variables). The value of R only equal to 1 when all replicates within the sites are more similar to
each other than any replicates from different site (Clarke and Warwick, 2001; Forrest et al., 2013; Griebler
et al., 2010; Hahn and Fuchs, 2009; Schmidt et al., 2007).
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3. Results and Discussion

3.1. Groundwater Chemistry Data
3.1.1. Wadi Bani Malik

Major cations present in the ground water are calcium, magnesium, sodium and potassium, whereas the
major anions are sulfate, carbonate, bicarbonate and chloride. Summary statistics for concentration of
physicochemical parameters in Wadi Bani Malik area is shown in Table 1. Also shown in the Table is the
drinking water standards of the Kingdom of Saudi Arabia (KSA). In the study area, the concentration of
calcium varies from 160.32 to 3767.5 mg It with a mean value of 1556.77 mg IX. The maximum allowed
concentration of calcium is about 200 mg I"X. According to allowable concentration, only one sample was
found to be within the desirable limit. The concentration of magnesium ranges from 0.4864 to
1605.12 mg I with average value of 588.92 mg I'*. Only one sample which is about 5.2% of total samples
placed in the allowed concentration. Sodium concentration in the study area ranges from 3000 to
17900 mg It with an average value of 7349.05 mg It. Compared with KSA and WHO standards, all the
samples fall in the undesirable limit which is about 200 mg I"X. The potassium concentration varies from
6.1 to 320 mg I with a mean value of 38.79 mg I"*. About six samples that are about 31.5 % of total
samples fall in the safe limit prescribed by WHO (2011) which is 20 mg I,

Sulfate concentration ranges 724.3 to 8645.5 mg I'* with an average value of 3665.24 mg |'X. The maximum
allowed concentration of Sulfate is 400 mg I and none of a water sample in the study area falls in the
safe limits. In the study area, carbonate ranges from 10 to 1128 mg I'* with a mean value of 218.98 mg I
! whereas a value of bicarbonate ranges from 24.4 to 1040.66 mg I'* with an average value of 283.82 mg
I1. All the water samples in the study area exceeded the allowed chloride limit which is about 600 mg I,
whereas in the study area, chlorides limit ranges from 3195 to 29820 mg I with a mean of 12303.55 mg
I1. Total dissolved solids range from 10008 to 26130.21 mg It with an average value of 57240 mg I, All
the water samples have very high TDS concentration as compared to the allowed concentration in
Kingdom of Saudi Arabia and WHO (2011) those are 1500 and 1000 mg I respectively. Electrical
conductivity and ions concentration present in the water are directly related and in the study area its
value range from 12.49 to 92.5 mS cm™ with a mean of 36.29 mS cm™. Electrical conductivity values
indicate the amount of TDS, which in turn specifies the inorganic pollution load of water and assists as an
index to symbolize the total absorption of soluble salts in water. All the water samples in the study area
exceeded the suggested limit by WHO (2011) which is about 1.5 mS cm™. Generally, total hardness
increases with the increase of calcium and magnesium ions. In the study area total hardness range from
1404.79 to 13008.38 mg It with an average of 6306.47 mg I't. Whereas the desirable limit for total
hardness is about 300-500 mg It according to KSA standards and 500 mg I from WHO (2011) standards.

Table 1. Summary statistics for concentration of physicochemical parameters in Wadi Bani Malik area.

Parameters Units Min Max Ave St. Dev KSA
Ca** mg I 160 3767 1557 848 200
Mg* mg I 0.5 1605 589 331 30-150
Na* mg It 3000 17900 7349 3536 200

K* mg It 6 320 39 69 -
S04~ mg | 724 8645 3665 1794 400
COs~ mg | 10 1128 219 256 -
HCOs mg | 24 1041 284 259 -

cr mg It 3195 29820 12303 6616 600
TDS mg It 10008 57240 26130 10923 1500

E.C mS cm) 12 92 36 19 -

Total Hardness mg It 1405 13008 6306 2729 300-500

Figure 1 shows the percentage of major ions in all 19 groundwater samples in the study area. From
examination, it is clear that the chloride and sodium are most abundant anions and cations respectively
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in the study area. Chloride is most abundant ion in all the wells, which ranges from 31 to 59% of the wells.
Sodium is the second most abundant ion that ranges from 21 to 32% of the wells. Third most abundant
ion is Sulfate that ranges from 3 to 31% in the study area. The less abundant ions in the study area are
calcium, magnesium, bicarbonate and carbonate whereas the least one is potassium.
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Figure 1. Percentage of major ions in all the water wells of Wadi Bani Malik Area

3.1.2. Wadi Madsus

Summary statistics of physicochemical parameters obtained after analyzing 13 groundwater samples of
Wadi Madsus (Table 2) show that the most abundant ions are chloride and sulfate whereas sodium is the
third most abundant ion. Figure 2 shows the percentage of major ions in all 13 groundwater samples from
Wadi Madsus. The concentration of Chloride is maximum followed by sulfate and sodium.

Table 2. Summary statistics for concentration of physicochemical parameters in the Wadi Madsus area
(Sharaf, 2012)

Parameters Units Min Max Ave St. Dev
Ca*™ mg It 72 1082 316 290
Mg* mg It 45 608 210 179
Na* mg It 121 1685 555 487
K* mg I 0.2 6 3 2

SO~ mg I 224 2404 982 870
COs~ mg I 0 48 19 13
HCOs5" mg I 154 227 197 20

cl mg I 276 4417 1211 1187

TDS mg I 1112 13556 4203 3759
E.C mS cm™? 1 17 5 5

Total Hardness mg I 420 5198 1653 1438

A comparison of major ions in Wadi Bani Malik and Wadi Madsus is shown in Figure 3. The concentration
of sodium, potassium and chloride is much higher (around 90%) and lower in bicarbonate (55%) when
compared with Wadi Madsus. The higher concentration in wadi Bani Malik as compared to Wadi Madsus
indicates the presence of most common salts as a result of dumping of untreated waste in Wadi Bani
Malik. Overall average concentration of major ions in wadi Bani Malik is around 74% more than the wadi
Madsus (Figure 3).
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3.2. PCoA (Principal Coordinate Analysis)

The correspondence analysis of groundwater samples in Wadi Bani Malik and Wadi Madsus is shown in
the form of plots in Figures 4 and 5. As the groundwater samples could not be plotted in Figure 5, Figure
4 was generated that showed all the groundwater samples of both the wadis. Every single well is
represented by a point and the distance between the points represents how the wells composition is
different from one another. Figure 4 shows few wells overlapping others and are plotted as clusters. This
indicates that the overlapping wells have similar chemical composition within two wadis (e.g., well no
9,14,19 etc in Bani Malik and 26,27 in Madsus). Few wells in Wadi Madsus (e.g., 25-27, 29, 32) deviate
from the other wells due to high variation in composition within same Wadi.
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Figure 2. Percentage of major ions in all the water wells in Wadi Madsus Area
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Figure 3. Comparison of major ions in Wadi Bani Malik and Wadi Madsus
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Figure 5 shows two intersecting lines connecting the data points of Wadi Bani Malik and Wadi Madsus.
(e.g., well no 2 with 24 and well no 5, 10 with well no 20). The similarity of chemical composition of one
wadi with the other is shown by these intersecting lines.
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Figure 4. Correspondence Analysis plot of water samples in Wadi Bani Malik (sit 1-19) and Wadi Madsus
(sit 20-32). (Sit represents: well no)
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Figure 5. Correspondence Analysis plot of water samples in Wadi Bani Malik and Wadi Madsus

3.3. ANOSIM (Analysis of Similarity)

Analysis of similarity (ANOSIM) using R package vegan indicates a strong correlation (R = 0.82) between
Wadi Bani Malik and Wadi Madsus with a significance level of P = 0.001 (figure 6). According to ANOSIM,
the strength of the factor closer to 1 indicates a high separation between the two datasets. Therefore,
the high value of R found for the dataset provides an evidence that specifies the high dissimilarity in
between the two wadis. In the case of Wadi Bani Malik scenario, the results show that in term of
concentration of contamination, wells of Wadi Bani Malik area are significantly different from the wells
of Wadi Madsus. And it is shown that sewage dumping significantly (P = 0.001) contaminated the
groundwater quality in the Bani Malik area.
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R=0.82, P= 0.001
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Figure 6. Analysis of Similarity between Wadi Bani Malik and Wadi Madsus

4, Conclusions

The results of groundwater chemical analysis performed on 19 samples obtained from Wadi Bani Malik
showed much higher concentrations of major ions as compared to the drinking water standards. As the
Wadi had a history of being a dumping site for untreated sewage, the data were compared with the
hydrogeochemical data of an adjacent wadi not known to have the historic contamination (i.e., Wadi
Madsus). Both the datasets were statistically analyzed to determine the similarities and to provide the
statistical evidence of the contamination at Wadi Bani Malik. Principal Coordinate Analysis indicated that
some of the wells in both of the wadis have same compositional trend and also some samples overlap
within the same area. The data were compared by performing the Analysis of Similarity. Analysis of
similarity (ANOSIM) using R package vegan indicates a strong correlation (R = 0.82) between Wadi Bani
Malik and Wadi Madsus. The P factor calculated while performing the analysis suggests that sewage
dumping significantly contaminated (P = 0.001) the groundwater quality of the Bani Malik area.
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