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ABSTRACT

Batayneh, A.; Zaman, H.; Zumlot, T.; Ghrefat, H.; Mogren, S.; Nazzal, Y.; Elawadi, E.; Qaisy, S.; Bahkaly, 1., and Al-
Taani, A., 2014. Hydrochemical facies and ionic ratios of the coastal groundwater aquifer of Saudi Gulf of Agaba:
implication for seawater intrusion. Journal of Coastal Research, 30(1), 75-87. Coconut Creek (Florida), ISSN 0749-0208,

It 15 now fairly documented that major ion ch v of the g dwater can be used to determine an interaction
between the groundwater and saline water ln the costal aquifers, and that there exists a relationship between total
dissolved solids and C1, Na', Mg*’, and S() cancentrations of gmundwater This hypolhesm is tested on an aquifer
located along the Saud: Gulf of Aqabs coast (Red Sea). G d llected from 23 locati show
abundance of ions in the order of: Ca® > Na' > Mr’ > K'=Cl" >80} >HCO‘ = NOy. The Piper trilinear diagram
reveals two dominant clusters, i.e. the Ca® -Cl -80} facies and the Na ~CI-80; facnee Besides the major chemical
compositions, ionic ratios (HCO,/C1, Na‘*/Ca®", Na'/Cl', Ca®/Cl", Mg**/Cl", K" /Cl 803 /CI, Ca®/Mg*, Ca ’I'S()2

and Ca®/HCO;) are used to cvuluate the afrecus of ss]mo water intrusions. Famr lysis of the died

ates that ch in the gr d p are primarily o lled by mineral dissol human
activities, weathering of marine sedi ovapor i lini 0!'5. ter, and the resid, time of water. An
attempt has been made to identify hy h ] processes d with the current intrusion of seawater through

the use of ionic exchanges, Follm\mg this procedure, about 7. 97% 1 mixing rate of seawater intrusion has been estimated
for the month of March 2012, Furthermore, the seawater mixing index has also been applied, which resulted in a range of
values from 0.395 to 7.922. These results determine 13 of 23 groundwater samples (57%) as saline, with electrical

conductivity > 3000 pS/cm.
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INTRODUCTION

Salinization of fresh groundwater aquifers is a common
problem in most of the coastal areas around the world (Al-Agha
and El-Nakhal, 2004; Barker, Newton, and Bottrell, 1998;
Batayneh, 2006; Batayneh, Elawadi, and Al-Arifi, 2010;
Mondal ef al., 2010; Nwankwoala and Udom, 2011; Silva-Filho
et al., 2009). This phenomenon can be attributed to several
reasons like gentle coastal hydraulic gradients, low infiltra-
tions, ive pumy and local hydr 1 conditions.
During the past few decades, researchers produced several

blications on the subject from different areas of the waorld
tDlamanus and Petalas, 1989; Kim et al., 2009; Lee and Song,
2007a; Melloul and Collin, 2006; Mondal et al, 2008; Sarma
and Krishnaiah, 1976).
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The study area, located along the eastern cost of Saudi Gulf of
Agaba, is not immune from the effect of seawater intrusion. In
addition to the needs of the local population, an increase in the
number of tourists (mainly during summer season) has
increased a demand for water in the Gulf of Agaba coast. So
far no study has been done to examine hydrochemical behavior
of the groundwater in this area; an attempt has been made
through this study to evaluate the types of water and their
hydrogeochemical characteristics in the target area. The main
ionic processes governing the quality and composition of
groundwater in the aquifer system of the area is also assessed.
Furthermore, the study will help in establishing a basis for an
appropriate ing sy and ev lly an improved
management of the groundwater resources in the area. To
achieve the above objectives, the following tasks are carried
out: (1) analysis and interpretation of different data sets to
discriminate the effects of different hydrochemical processes;
(2) principal component analysis (PCA) for separation of
groundwater samples from natural hydrochemical behavior;
(3) calculation of ionic devi to better understand the
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hydrochemical p: ; and (4) development of an index,
called seawater mixing index (SMI), for evaluating a relative
degree of seawater mixing.

MATERIALS AND METHODS

Description of the Study Area

The NNW-SSE-oriented Red Sea zone (Figure 1), which is
located between 12° N and 28° N, is about 1930 km long and 270
km wide (Fahmy, 2003; Maillard and Soliman, 1986). In the
north, the sea splits into the western shallow Gulf of Suez and
the eastern deep Gulf of Aqaba. The Gulf of Aqaba (Figure 1) is
loecated in the subtropical arid elimate zone between 28-29°30"
N and 34°30'-35" E. It is about 180 km long and has a
maximum width of 25 km. The maximum depth in the Gulf of
Agaba is about 1830 m, with a mean depth of about 800 m
(Morcos, 1970). The Gulf of Agaba is semienclosed and is
connected to the Red Sea by the Strait of Tiran, which has a sill
depth of about 260 m (Hall, 1975). The marine environment in

in excess of 47°C (Al-Ahmadi, 2009). The primary sources of
water in Saudi Arabia are aquifers and basins that receive
feeding/recharging from annual rainfall. Two types of ground-
water aquifers have been identified: the shallow alluvial
aquifers beneath the wadi systems, and deep rock aquifers,
usually hosted by sandstone and limestone (Batayneh ef al.,
2012a). The coastal plain of the Saudi Gulf of Agaba is
approximately 0.5 to 20 km wide and is accessible by one
modern highway joining Saudi Arabia in the south with Jordan
to the north. The alluvial shallow aquifer is the primary source
of water for agriculture, domestic, and industrial uses in the
region. The recharge to this aquifer takes place either from the
elevated areas in the east, or due to local surface-water
infiltrations. Water levels vary from about 60 m above sea
level in the headwaters to about 10 m in the coastal plain.

Groundwater Sampling
Twenty-three groundwater samples were collected during
March 2012 from shallow alluvial bored production wells

the Gulf area is surrounded by arid continental envir ts

(the African-Arabian deserts) that cause an extremely high
temperature and low precipitation. These conditions have led
to the evolution of unique, and hence internationally impor-
tant, coral reef and marine ecosystems in the area, which are
particularly ptible to damage from poll or other
forms of environmental degradation (Assaf and Kessler, 1976).
The Gulf of Aqaba also provides an important source of
economic activities in terms of sea transportation, tourism
develoy t, and other industrial activities along the coastal

areas.

Geological and Hydrogeological Characteristics

A regional-scale geological map (1:250,000 scale) for north-
western Saudi Arabia has been prepared by Clark (1986). Some
other geological studies have been reported by Wyn Hughes et
al. (1999) and Wyn Hughes and Joh (2005), A ding to
these studies, the Oligocene Sharik Formation, which consists
of 1 ate and dst is determined as the oldest
sedimentary rock unit, which unconformably overlies the
Proterozoic basement (Figure 1). The metamorphic basement
varies in ition from anite to alkali feldspar
granite. The Shsnk For is then u formably overlain
by deep marine Early Miocene Musayr Formation, which

ists of dst ! ate, limest shale, and
gypsum (undifferentiated), which in turn is overlain by marine
mudstones, carbonates, and evaporites (undifferentiated) of
the Middle Miocene age of Nutaysh Formation. The Middle
Miocene marine sediments are then unconformably overlain by
the Late Miocene Bad' Formation of gypsum and anhydrite.
The Bad’ For ion is then formably overlain by
sandstone, conglomerate, sand, and local gypsum of Lisan
Formation of Pleistocene age. The youngest unconsolidated
Quaternary deposits at the surface consist of sands and
gravels,

The area under study is located in an extremely arid zone
with | average precipi of 20 mm. Rainfall generally
occurs during the winter months; however, some of the years
pass without any rainfall at all, whereas others receive heavy
rainfall of short duration, i h al flooding. The
climate of the region is very hot in summer, with temperatures

depths ranging from 10 m at the coastal area to 80 m
mland dxstnbu!ed throughout the area. Methods adopted for
the collection and analysis of water samples are essentially the
same as suggested in the standard procedure of the American
Public Health Association (APHA, 1998). Samples were

llected in the acid-cl d 1000-mL-capacity polyethylene
bottles. The hydrogen ion concentration (pH) and electrical
conductivity (EC) were measured in the field using portable pH
and EC meters (Hanna Instruments, Ann Arbor, Michigan,
U.S.A.). Total dissolved solids (TDS) were measured using a
conductivity probe that detects the presence of ions in water.
The TDS analyses were performed usging Orion 5 Star
Conductivity Meter (Thermo Scientific, Beverly, Massachu-
setts, U.S.A.). The sodium, potassium, magnesium, and
calcium ions were determined by atomic absorption spectro-
photometry. Bicarb and chloride were analyzed by
volumetric methods. Sulfate was estimated by the colorimetric
and turbidimetric methods. Silicon dioxide was colorimetrically
analyzed by ammonium molybdate method and alkalinity was
determined by titration method. Nitrate was measured by ionic
chromntography Analytical pr for the ts of
and btained from ionic balance error (IBE),
was computed in terms of ions expressed in meq/L. The value of
IBE is observed to be within a limit of £5% (Domenico and
Schwartz, 1990). Precise locations of the sampling points (as
shown in Figure 1) were determined in the field using a Garmin
instrument (Garmin Ltd., Southampton, U.K.),

Statistical Analysis

Parametric statistical methods are used to calculate
normal statistical values including range, arithmetic mean,
and standard deviation for groundwater quality parameters
such as pH, EC, TDS, Na*, K*, Ca ,Mgz* CI', HCO;, S0},
NOj, and SiO;. PCA is her p tatistical multivar-
iate technique, by which the mosv. important components
contributing to the data structure and their interrelation-
ships can be identified. It is a simple mathematical procedure
used for data reduction without any elaborate assumptions
(Sharma, 1996), which enables one to deseribe the informa-
tion with considerably fewer variables than those originally
present. For the Saudi Gulf of Agaba, hydrochemical data are
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Figure 1. Geological map for the Gulf of Aqaba-Red Sea reglon (modified after Clark, 1986). Black circles indicate barehole locations. Inset maps show the Red
Sea, the Gulf of Suez, the Gulf of Aqaba, and the Straits of Tiran.

analyzed with PCA using SPSS software package to quantify Ionic Exchanges

the effects of natural chemical weathering and seawater Ionic deviations are calculated to better understand the
intrusion on the chemical composition of groundwater in the occurrences of hydrogeochemical pr in the coastal
coastal setting. aquifers, Calculation of ionic deviations (A) iz made by
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paring the d

ration of each constituent
1

(>3000 pS/cm). On the basis of this classification, about 57% of

with its theoretical concentration of a known fr

mixture esti d from the Cl concentration in the
sample (Mondal et al., 2011) as:
AC; = C sample — Cimixed (1)

where AC; is the ionic deviation of ion #; C;ampe is the
measured concentration of ion (i) in the sample, and C; yiyeq is
the theoretical concentration of ion (i) for the freshwater-
seawater mixture. The theoretical mixture concentrations are
calculated by taking into t ter contribution (fe.),
which is based on chloride contents in the sample (Co), auugie)s
the freshwater CI” concentration (Cey ), and the seawater C1~
concentration (Cej e ):

(Cetsampte = Ceay)
= L 0amupls = SO 2
i (Cersen — Carf) @
This allows calculation of seawater contents (%) in each
sample of the study area. The seawater contribution is then
used to calculate theoretical concentration of each ion:

Cimixed = fren % Clses + (1 = faea) X Cig (3)

In these calculations the Cl” is taken as a conservative tracer
(Mondal et al., 2011), which in fact usually cannot be removed
from the aquifer system because of its high solubility. The only

inputs of CI" are either from the aquifer matrix salts or from
salinization sources like seawater intrusion.

Seawater Mixing Index
For quantitative estimation of the relative degree of seawater
mixing in the sampled water, the SMI par is adopted

the ground ples are categorized as saline, 39%
brackish, and only 4% fresh in quality.

Elevated levels of TDS in groundwater samples were
observed where the vast majority of wells showed values above
800 and up to 10,018 mg/L (Table 1). Only one borehole (23)
exhibits acceptable TDS value for drinking water (406 mg/L).
Although drinking water containing more than 500 mg/L is
undesirable (WHO, 2008), such water is commonly used in this
region as less mineralized water is rare or not available.
However, groundwater with salinity greater than 3000 mg/L is
generally suitable for stock (sheep are common is the area). The
TDS values are likely elevated due to dissolution of aquifer
materials, leaching soluble salts after irregular rainfall events.
In addition, high TDS levels may be due to sea spray,
intermittent tidal infl and intrusion. The
spatial distribution of TDS in groundwater illustrates that high
occurrences of TDS are located farther coastward (except for
wells 14 and 15). This indicates that dissolved salts are
pnmanly related to ualtwater intrusion in the vicinity of the

d by pumping of gmnndwater and
enhanced probably by evaporative ation, B
dissolving salts from evaporate formation and carbonate layers
are contributing factors to high TDS. Additionally, in winter
seasons, storms batter the coast and water near the shore
becomes rough and encroaches toward land. During summer
seasons, when the demand for water increases and over-
abstraction of g dwat: idespread, the saline
water finds its way through tidal channels and it sdmxxes with
shallow coast aquifers. Excessive withdrawal of groundwater

This parameter is based on the concentration of four major

ionic constituents in seawater (i.e. Na*, Mg®", CI", and SO} )

due to their abundance, as expressed by the following formula:
Cxa Crg Cgy Cso

SMl-axT +bx—+ch +dew‘ (4)

where constants a, b, ¢, and d denote a relative proportion of

Na", Mg*", CI', and SO?™ (a=0.31, 5=0.04, c =057, and d =

Treral 3

pled by high evaporation and significant decrease in
recharge particularly during drought years contributes sub-
stantially to increased groundwater contamination by seawa-
ter. As for the other wells (14, 15) with relatively hlghersahmty
eastward, this is likely related to leaching of st 1
evaporate outcrops and agricultural discharges after excessive
irrigation and overextraction of groundwater.
TDS data of the upper northern wells (except well 23)
exhibited significantly higher TDS values compared with those
located in the lower south of the study area. In addition to

0.08) in seawater, respectively; C is the ra-
tion of groundwater samples in mg/L; and T is the calculated
regional threshold values of the selected ions in ground
samples, which can be estimated from the interpretation of
cumulative probability curves.

RESULTS AND DISCUSSION

Groundwater Chemistry

Table 1 gives the general outline of the statistical results for
the groundwater samples (N = 23), The pH values are slightly
alkaline and do not show any significant difference, and are
comparable with drainage water that passes through the
marine sedimentary lithology. The pH values of rainwater
(average of 5.1, WHO, 1984) are low when compared with the
values of gr les (ranging from 7.02 to 7.82,
Table 1). The EC values for t.he studied samples are in a range
between 830 and 20,450 pS/em (Table 1). Examining EC,
Mondal et al. (2008) classified the g dwater into (1) fresh
(<1500 pS/em), (2) brackish (1500-3000 pS/cm), and (3) saline

seawater intrusion, surface drainage pattern in the uppermost
northern part is directed to the west and northwest, where
wells 18-22 are located down-gradient of water drainage. After
intense rainfall, salts and dissolved minerals from the
surrounding geologic formations are transported down-gradi-
ent following the general flow direction to end up in
groundwater, These wells also lie within the beach area and
are subjected to seawater seepage, particularly during
spring udos We have also observed during groundwater
sampling that these wells are extensively abstracted for public
use, livestock farming, and irrigation as they are located in
proximity to h settl ts. Additionally, groundwater
wells may have also been enriched in mineral content by
irrigation, where inhabitants rely also on agricultural activities
for their livelihoods,

On the other hand, surface water runoff is not directed to
those wells located in the lower south area and the rate of
groundwater extraction is relatively low compared with the
northern wells, which is congistent with the lower TDS value

Journal of Coastal Research, Vol. 30, No. 1, 2014
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Table 1. Hydrochemical results for 23 studicd wells. TDS = total dissolved solids, EC = electrical conductivity, Min = Max = Sh =
standard deviation,
Borehole DS EC Cancentration (meg/L)

no. pH (mg/L) (pSem) Na' Ca™t K' Mg*! HCO, S0} cl NO; 8i0,
1 7.62 1780 3620 14.7 13.4 0.49 6.14 3.70 6.29 24.03 068 0.87
2 7.42 1456 2980 1.2 12.9 0.50 5.56 3.00 6.50 20,03 0.66 0.78
3 7.43 1471 3020 10.4 23.7 0.89 5.43 3.10 16.59 20,03 0.65 0.72
4 7.52 1678 3240 9.8 186 0.44 4.94 361 8.60 21.01 0.63 0.70
5 7.67 1411 2380 83 145 0.18 477 3.51 3.1 20,03 0.65 0.60
[ 7.82 1400 2857 147 23.2 0.07 4.80 261 19.47 20.08 0.65 0.93
7 7.55 1683 3440 118 18.4 0.42 6.79 2.10 12.62 22.03 0.68 0.93
8 7.32 1184 2415 5.7 165 0.25 3.46 210 7.10 16.02 0.68 0.80
9 745 1784 3640 153 15.5 100 6.03 2.51 13.20 2208 0.11 045
10 7.36 1319 2656 19.5 15.8 0.21 487 2.20 19.26 18.02 0.73 0.37
11 7.59 985 2010 49 1.7 0.27 2.90 270 2.50 14.02 0.65 0.48
12 7.6 1048 2140 4.7 10.7 0.12 3.06 229 37 12.02 0.61 1.02
13 754 1878 3830 11.6 19.9 0.15 5.94 2.70 4.21 30.04 0.69 0.78
14 742 3028 6180 20.9 213 0.26 11.00 261 6.20 44.06 0.77 046
15 74 2583 5270 174 228 1.01 7.92 3.00 7.29 38.05 0.74 0.85
16 7.8 1124 2295 4.7 18.1 0.10 3.18 2,51 1.92 16.02 0.63 0.37
17 7.76 800 1632 28 123 0.40 2.17 2.80 2.50 12,02 0.45 0.28
18 7.18 3080 6260 79.0 25.3 0.60 2.23 1.80 8.50 96.13 0.76 0.72
19 7.05 6703 13,680 115.8 23.0 0.61 2.39 210 6.89 1322 0.74 0.65
20 7.02 10018 20,450 1688 44.9 0.73 4.58 1.90 6.29 210.3 0.69 0.77
21 7.04 2142 4370 644 14.5 0.51 1.72 2.51 29.19 38.05 0.73 0.65
22 7.08 5010 10,220 713 83.8 0.54 238 1.80 9.68 96.13 0.44 0.57
23 762 406 830.0 9.0 1.9 0.13 0.97 261 12,74 6.01 0.71 0.50
Min 7.02 406 830.0 2.8 10.7 0.07 0.97 18 1.92 6.00 0.11 0.28
Max 7.82 10,118 20,450 168.7 49 10 11.0 3.7 29.19 210.3 0.77 1.02
Mean 7.44 23422 47798 20.9 19.0 449 4.49 2.6 9.34 41.23 0.64 0.66
sD 0.24 2183.0 44546 4Ly 8.0 0.28 2.29 0.54 6.66 4851 0.14 0.20
observed for the southern wells, H , well 23 exhibited the marine sediment), sea-salt deposition, and marine intrusion.

least TDS level, where it has been probably enriched in mineral
content by dissolution of naturally occurring soluble minerals
of underground formations, rather than the effects of seawater
intrusion. In addition, saline groundwater might oceur in well
23 due to both high evaporation and dissolution of evaporate
minerals.

Assessment of TDS distribution pattern in groundwater aids
public water lies and regulatory ag in targeting
zones of lower groundwater TDS concentration by relocating
wells or by mixing multiple groundwater sources. The artificial
recharging of aquifers with fresh groundwater or harvested
rainwater can reduce groundwater salinization as the recharge
increases the groundwater pressure and reverses the pressure
gradient caused by coastal groundwater abstraction. TDS
trends also help in quantifying the optimum groundwater
abstraction rate without major increase in salinity for
sustainable utilization of this water source. Additionally,
saltwater intrusion into the shallow groundwater aquifers,
particularly those in proximity to the coast, can be minimized
by construction of tidal and subsurface barriers.

The obtained results also show that Ca** and Na' are the
dominant cati in the studied ples, wh Cl” and
807" are the dominant anions. The range of Ca®* concentration
is 10.70-44.92 meq/L and that of Na' is 2.78-168.73 meq/L
(Table 1). In addition to its relatively high mobility in water,
high Ca®" percentages (46% of the total cation) are mainly due
to leaching from minerals, and rocks weathering (gypsum and
anhydrite). The presence of Na” as a second highest concen-
tration (41%) could be attributed to rocks weathering (halite

The concentration of Mg** is 12% of the total cations, whereas
K" is observed as the lowest concentrated element in the
studied samples (Table 1), which is probably due to its low
mobility in water,

The presence of CI, SO;~, HCO;, and NOj in respective
order have been observed as dominant anions (Table 1). The
range of concentrations for C1” and SO3~ are 6,00-210.28 meq/
L and 1.92-29.19 meg/L, respectively (Table 1).The high CI-
percentage (69% of the total anions) can either be attributed to
weathering of halite or to Na'-related sources (including sea-
salt sprays). The SO%~ concentration accounts for 23% of the
total anions in the studied gr dv » which could mainly be
attributed to weathering processes of the marine-origin
gypsum and anhydrite. Next of order is HCO, (alkalinity),
which with average concentration of 2.6 meq/L represents
about 8% of the total anion concentration. HCO; in the samples
likely originated from granitic rocks weathering and decay of
organic matter in the soil. Following the Spearmen’s correla-
tion matrix (Table 2) highly positive correlations are observed
between Na” and Cl (r = 0.98), Na* and Ca®' (r = 0.80), and
Ca®" and CI" (r=0.86), as well as between pH and HCOj (r =
0.50), clearly corroborating this interpretation. On the other
hand, the pH values show highly negative correlations (i.e. r =
-0.72, —0.72, -0.78, and —0.72) with EC, TDS, Na*, and CI",
respectively. Good correlations between TDS, EC, Na®, Ca®’,
CI', and other anions suggest that groundwater resources in
the study area are affected by salinity enrichment in terms of
major ions except Si0; and NOj (Table 2).

Journal of Coastal Research, Vol, 30, No. 1, 2014
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Table 2. Crose-correlation among major chemical constituents in the shallow groundwater. Large correlation vaiues (=0.50) are marked in bold, EC =

electrical conductivity, TDS = total dissolved solids.

pH EC DS 8i0, Na' Ca®* K* Mg* HCOo;y a 803} NO;
pH 1
EC -0.72 1
DS ~0.72 0.99 1
8i0, ~0.08 0.10 0.10 1
Na' ~0.78 0.95 0.95 0.07 1
Ca®* ~0.60 0.86 0.86 0.19 0.80 1
K* ~0.52 041 0.41 0.07 0.37 0.42 1
Mg 0.12 0.00 0.00 0.18 -0.21 0.11 0.20 1
HCO; 0.50 0.45 ~0.45 0.04 -0.58 -0.43 0.00 0.32 1
ar ~0.72 0.98 0.98 0.09 0.98 0.86 0.39 -0.10 ~0.51 1
801 ~0.29 ~0.08 -0.08 0.06 0.0 0.05 0.15 ~0.09 -0.13 ~0.08 1
NO; ~0.16 0.11 0.11 0.31 0.16 0.08 ~0.81 0.09 0.01 0.15 0.03 1

Geochemical Classification
Tonic concentrations have been plotted on a Plper Lnlmear

origin, in which the appearance of Ca®* +Na'~Cl + S0}~ facies
is characterized by low concentrations of HCO; and relatively

diagram (Piper, 1944) to better und d the hydroch
processes operating in the groundwater system of the area.
This diagram (Figure 2) for the study area shows two types of
water with variable concentrations of major ions. Major
clusters are observed for Ca® —~Cl’ —SO2 and Na'-CI" —SO2
facies, indicating that groundwater in the area is mainly made
of mixtures of earth alkaline and alkaline metals and
predominantly CI'-SO}~ water, C1” is found as the dominant
anion followed by SO} . Due to the influence of recharge on the
aquifer systems in the area, a relatively higher SO /Cl™ (in
meq/L) ratio is obtained compared with the effects from
seawater. This reveals that only a part of the sulph

high ations of Ca®, Na*, CI', and SO}, These high-
concentration elements are mainly distributed in the recent
marine sediments, but their with deep
ancient marine waters could also yield Ca** + Na™~Cl~ + 803~
facies,

Lineament studies of the southern Jordan are mapped using
gravity data and field studies (Batayneh, Ghrefat, and Diabat,
2012b) and lineament study of the northwestern Saudi area
from aeromagnetic data (Elawadi et al,, 2013) were mapped to
understand the tectonic origin of these lineaments in relation
to t.he Dead Sea Transform Fault (DSTF) and the Red Sea

could have drawn from seawater and a significant proportion
came from other saline sources that differentially enriched the
groundwater in the study area. This sulphate enrichment is
accompanied by increases in calcium and magnesium, suggest-
ing a nonmarine origin for these ions. Because of the coastal
aquifer vulnerability to marine intrusion, the ion exchange
processes assume great significance in the salinized zones, and
is considered an important factor regulating ion t
in the groundwater (Appelo and Postma, 2005). The classic
bibliography on ion exch pr in the 1 aquifers
is presented by Howard and Lloyd (1983) and Tellam and Lloyd
(1986). According to them, the appearance of Ca* ~Cl™ facies in
the coastal aquifer reflects the role of inverse ion exchange,
whereas the presence of Na'~HCOj facies indicate activities of
direct exch The pred of Ca®*~Cl" facies in much
of the studied aquifer clearly indicates the existence of inverse
ion exchange. As a matter of observations, t.he gmundwater
generally tends to acquire ch 1 to
that of seawater (that is more dissolved and has a relative
increase in chloride ion) the longer they remain underground
and farther they travel.

Deterioration of groundwater quality in the wells located
near the coast is observed that is most likely caused by
increasing anthropogenic activities. Another probable reason
behind this deterioration is the length of groundwater flow
pathg, which are characterized by various dyke intrusions and
fractured zones (Lee and Song, 2007b; Silva-Filho ef al., 2009).
On the basis of the results of Piper classification (Figure 2), the
sedimentary layers in the study area are classified as marine in

ions

pening. Li t also provides important information on
subsurface fractures that may control the movement and
storage of groundwater. Subsurface permeability is a function
of fracture density of rocks (Sharma, 1997). Four sets of
lincaments trending E-W, NW-SE, NE-SW, and N-S are
identified. Potential data and field studies indicate that most
of the li s are | features that correspond to
normal faults. Most of these were subsequently reactivated i mm
strike—slip shear fractures. The ations of li

are more in areas adjacent to the DSTF zone area in the
western side than the eastern region. Therefore, the density of
lineaments increases toward the Gulf of Agaba-DSTF area,

Ionic Ratios/Relations and Sources of Major
Components

Ionic ratios of water have been often used to evaluate salinity
and origin of the groundwater in coastal areas (Barbecot et al,,
2000; El Moujabber et al., 2006; Kim, Kim, and Chang, 2003;
Sanchez-Martos et al,, 2002). The ionic relationships that are
commonly used includes: HCO;/Cl", Na'/Ca®", Na'/Cl", Ca®"/
CI", Mg®'/CI", K'/CI", SO7/CT, Ca®'/Mg*", Ca*/S0%", and
Ca*/HCO] (Table 3). The HCO,/CI ratio for freshwater
recharge is higher than the seawater ratio (0.0069). However, it
registered a gradual increase and became close to the seawater
ratio as TDS increased (Figure 3a), indicating an increaze in
seawater intrusion. As shown in Table 2, TDS is a perfect
surrogate for Cl” (r=0.98), which can consequently present the
HCO;/Cl" ratio as a good indicator for salinization due to
seawater encroachment. The Na‘/Ca*" ratio, which is indica-
tive of cation exchange reaction (Edet and Okereke, 2002),
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Figure 2. Piper diagram for the studied groundwater samples.
generally reveals a mixed behavior, but a visible enhancement extent of ground salinization, although they may have

is observed upon increase in TDS (Figure 3b).

As shown in Figure 3c and Table 3, the ratios of Na'/Cl~ show
no significant correlation with the TDS level (R” = 0.005) but
give almost similar values to that of seawater (coefficient of
variation [CV] = 0.52). This is b they ied each
other when seawater intrusion occurred. Thus, this ratio may
not be a good indicator for the salini process. The ratios of
Ca?"/Cl" (Figure 3d) generally exhibit a good negative
correlation with TDS (R? = 0.73). These ratios decrease as
TDS increases, which is most likely d by CI” enrich t
in the groundwater due to saline water intrusion. As shown in
Figures 3e and 3f, the ratios of Mg*/Cl" and SO; /Cl differ
moderately from each other (i.e. CV = 0.497 and 1.080,
respectively) and indicate a moderate negative correlation
with TDS (R” = 0.86 and 0.33, respectively). The ratio of K*/CI*
shows weak correlation with TDS, i.e. R*=0.15 (Figure 3g). For
a given range of TDS this ratio shows great variations, so could
not be taken as a good criterion for evaluating seawater
intrusion. The ratios of Ca®/Mg”" and Ca®/SO? are not
closely correlated with TDS values (R* = 0.11 and 0.10,
respectively), and show no variation in spite of increase in
TDS values (Figures 3h and 3i). The ratio of Ca*/HCO; in turn
shows good positive correlation with TDS (R* = 0.69, Figure 3),
where its low value corresponds to low TDS and vice versa. On
the basis of these explanations, it can be concluded that some of
the ionic ratios can provide useful information to delineate the

been affected by certain artifacts in the course of groundwater
lings and the subsequent ch | analyses.

Statistical Approach to Groundwater Chemistry

With increasing number of chemical and physical variables
in groundwater, a wide range of multivariate statistical
techniques are now in use. PCA is frequently applied as a
quantitative approach for plotting and interpreting the data
concerning the groundwater pollutants and geochemistry.
Batayneh and Zumlot (2012), Cloutier et al. (2008), Farnham
et al. (2003), Farooq et al. (2010), Liu, Lin, and Kuo (2003), and
Love et al. (2004) adopted the PCA technigue to determine

groundwater contamination, g | evol and rock—
water interactions. In addition, multivariate analyses have
been used to interpret a relationshi g the chemical

variables, the processes involved, and the regional impact of
human activities on groundwater composition (Briz-kishore
and Murali, 1992; Razack and Dazy, 1990; Subyani and Al-
Ahmadi, 2010). Moreover, multivariate statistical methods can
also help in understanding groundwater flow in complex
aquifer systems (Farnham et el, 2000; Stetzenbach ef al.,
2001).

Since the frequency diagrams of chemical parameters do not
follow a normal distribution; the PCA has been carried out for
Iogarithmic transformation of the data set due to its closeness
to normality condition required for these analyses. Standard-
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Table 3. Jonic ratios for 23 groundwater samples from the study ares, SD = standard deviation, CV = coefficient of variation, GOA « Gulf of Agaba.

WellNo.  HCO3/Cl-  Na'/Ca®  Na'/Cl-  Ca®/Cl-  Mg®'/CI° SOY/CI” K'ClI© Ca®Mg® Ca®/80%°  Ca“/HCO;
1 0.265 1.259 0.397 0315 0.088 0.354 0.022 3.601 0.889 1189
2 0.258 0.990 0.362 0.365 0.095 0.439 0.028 3.843 0.831 1417
3 0.266 0.501 0.335 0.670 0.093 1123 0.049 7.204 0.697 2516
4 0.295 0.606 0.304 0.501 0.081 0.554 0,023 6.225 0.904 1.608
5 0.501 0.655 0.269 0.410 0.082 0.251 0.010 5.019 1.635 1.360
6 0,224 0.728 0476 0.654 0.082 1.32 0.004 7.966 0.497 2921
7 0.164 0.737 0.348 0.472 0.106 0.776 0.021 4.469 0.608 2.880
N 0225 0.400 0.232 0.581 0.074 0.600 0017 7.841 0.968 2579
9 0.196 1.130 0.450 0.398 0.094 0.812 0.050 1244 0.491 2,083
10 0.210 1414 0.700 0.495 0.093 1.448 0.013 5.345 0.342 2361
1 0.332 0.480 0.226 0.470 0.071 0.241 0.021 6.623 1.948 1417
12 0.329 0.508 0.256 0.503 0.087 0418 0.011 5.763 1.204 1.531
13 0.155 0.671 0.251 0.374 0.068 0.190 0.006 5.521 1.973 2416
14 0.102 1127 0.308 0273 0.085 0.191 0.007 3.204 1.434 2,688
15 0.136 0.878 0.297 0.338 0.071 0.259 0.029 4.734 1.303 2491
16 0.270 0.415 0.192 0.462 0.067 0.162 0.007 6.903 2851 1714
17 0.401 0.260 0.150 0577 0.062 0.282 0,037 9.318 2.060 1.439
18 0,032 3.689 0533 0.148 0.008 0.120 0.007 18.672 1.240 4,600
19 0.027 5.768 0,568 0.098 0.006 0.071 0.005 15.907 1.394 3,604
20 0.016 4310 0520 0.121 0.007 0.041 0,004 16.189 2,980 7,759
21 0.113 4314 0.927 0215 0.015 1039 0,015 13.876 0.207 1.895
22 0.032 2.422 0.481 0.199 0.008 0.136 0.006 23.408 1455 6.150
23 0.746 0.865 0972 1123 0.066 2.873 0.024 20.280 0.391 1.505
Mean 0.222 1.479 0.415 0.425 0.065 0.596 0.018 8963 1.226 2616
sD 0.157 1.522 0216 0223 0.082 0.643 0.014 5.945 0.756 1.608
cv 0.710 1.029 0.520 0.524 0.497 1.080 0754 0.663 0617 0.615
GOA water 0.0069 19.1662 0.556 0.0265 0.0726 01810 00228 0319 0.152 3.8200

ization has been applied to the log-normal distribution to
ensure that each variable is weighted equally. Log transfor-
mation of positively skewed chemical par as well as
daba standardization are commonly carried out by multivariate
tatistical lysis (Cloutier et al, 2008). Results obtained
afier the PCA show five PCs (Table 4), which account for
93.77% of the total variance.
Factor 1, which is 42.71% of the total data variance, presents
significantly high positive loading for EC, Ca®*, Na*, and CI',

Factor 4 is attributed to SiO; (Table 4), which is a major
constituent resulting from the hydrolysis of K-feldspars
(weathering process) and plagioclase. This factor is responsible
for 10.59% of the variance in the data set, and is probably
related to the contact time along the flow path (principal
fractures), which is long enough for significant dizsolution of
silicate minerals. A representative example of this process can
be observed in well 6, where relatively higher concentration of
8i0; and pH have been found (Table 1), indicating a long path

St

and negative loading for pH (Table 4). These high-loadi
elements are interpreted as being related to salinity in the form
of NaCl. The high Na* and CI" contents detected in certain
samples may suggest the dissolution of chloride salts. Disso-
lution of halite in water rel equal ations of Na®
and CI” into the solution. Enrichment of Na™ and CI” is also
possible, which may be related to urban wastewaters and high
rate of evapotranspiration. Negative association of this factor
with pH may suggest a mixed zone of water formed during 1.he|r
contacts with diabase dykes, which p pyrite oxid
increasing SO’ concentration and decreasing pH level.

Factor 2 accounts for 18.26% of the total variance and
contains a high positive loading for K and SO}~ (Table 4). This
behaviour is probably due to a contribution from agricultural
activities and weathering of K' feldspar from the surrounding
basement rocks (mainly granite). High loadings for SO} could
also be caused by marine processes (marine intrusion or marine
sedimentation).

Factor 3, which corresponds to 12.81% of the total data
variance, represents a significant positive loading for Mg®*
(Table 4) and is related to evaporation/salinization of the
groundwater.

in with gr /gneiss. Despite the elevated SiO,
concentration in wells 1, 7 8, 12, and 15 (Table 1), the pH
values show no increase, which is probably due to its lower
water residence time.

Factor 5 is primarily related to HCOj (Table 4), which is the
major conahtuent resulting from evaporation/salinization of

ground or dissolution of marine sediments. This factor is
responsible for 9.40% of the total data set.
Seawater Mixing

On the basis of Equations (1), (2), and (3), a mixing
composition of seawater and freshwater is calculated and then
compared with the ud ions in the studied

£ ples. The r g ionic exchanges in all the
studied wells are presented in Table 5. The mixing rate in all
wells (W-1-W-23) during the sampling period was about 7.97%.

Figure 4 shows ionic exchanges (AC) calculated for Ca*', Na”,
Mg*, K', CI', 80}, and HCOj in all studied wells during
March 2012. The most marked pattern is observed for Na® and
Ca**. The heterogeneous patterns shown by these two ions are
most probably due to a direct contact between Na'-enriched
water (seawater) with Ca® -enriched water (fresh groundwa-
ter). The ionic exchange for Na® is usually positive since fresh
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Figure 3. lonic ratios of the studied groundwater with respect to total dissolved solids levels. Dashed line indicates a ratio for the Gulf of Agaba.

groundwater contains only a small amount of Na™. However, all A higher value for Na* in the studied groundwater is
the studied wells revealed negative values except for well W-23 probably attributed to direct cation exchange process at the
during the study period (see Figure 4). The negative value of seawater—freshwater interface. Usually and as a result of
ACy, indicated a simple mixing between the groundwater and carbonate dissolution, the ition of fresh groundwa-
seawater, as indicated by the high EC values, ter in coastal areas is often dominated by Ca®" and HCO,
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Table 4. Principal loadings and the esti) { vari for five
components obtained through Varimax normalized rotation. EC = electrical
conductivity.

Parameters Factor 1 Factor2 Factor3 Factor4 Factor §
pH -0.86 -0.18 0.31 ~0.09 0.08
EC {pS/em) 0.96 0.01 0.22 0.07 0.12
Ca®' (mg/L) 0.78 017 0.29 0.12 ~0.30
K' (mg/L) 012 0.89 0.26 ~0.15 ~0.10
Mg** (mg/L) 0.06 0.08 0.92 0.15 0.19
Na* (mg/L) 0.92 0.27 ~0.14 0.08 -0.12
HCO; (mg/l)  ~0.40 ~0.09 0.26 0.02 0.86
CI™ img/L) 0.97 ~0.02 0.10 0.04 -0.17
807 imgL) 0.12 0.94 ~0.14 0.18 ~0.01
Si0; (mg/L) 0.15 0.03 0.13 0.97 0.01
% of variance 421 18.26 12,81 10.59 9.40
Cumulative % 42.71 60.96 73.78 8437 9377

Bold values = loadings > 0.50.

Table 5. Chemical constituents (meq/L) of seawater and freshwater and
the calenlated fraction of seawater from the monifored wells.

Collected

Chemical Samples, Change,
Constituents  Seawnter”  March 2012 Freshwater®  March 2012
Ca®* 21056 19.00 3.04 14.62
Mg*' 3230 4.49 0.99 1.00
Na™ 1126.00 29.90 0.04 ~59.88
K 10.96 449 0.12 3.61
HCO, 149 26 5.83 -2.88
Cl- 461.11 41.23 4.82 0.00
803‘ 45.80 9.34 0.83 4.93
foun 100,00 .97 -
* After Mondal ef al. (2011).

40 m
s: -
3
i I
i z
38 3
i1 3
iz £
i :
) JR— %
T 33338 TROMNEOREGNBIBSN DN
Monitoring wells
a0 ot e
e —— x*+ " ncoy

Figure 4. lonic changes in the ground: les of the constal aquifers
(Saudi Gulf of Agaba).

ions. When the seawater, which is dominated by Na™ and
Cl™ ions, intrudes the coastal aquifers, an exchange of
cations occurs (Appelo and Postma, 2005). This is clearly
indicated by a relationship between Na® and Ca®" and a
negative value ACy, in samples. Such a process is highly
influenced by seawater signature, i.e. when more seawater
intrudes the aquifer, a negative value of ionic ACy,
increases (see Figure 5a). This influence iz comparatively
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Figure 5. lonic changes (AC) for (a) Na*, (b) Mg®, and (c) SO} in the
callected samples.

higher in the wells (W-18, W-19, W-20, and W-22) where
negative Na'-ionic exchanges of less than —100 meq/L are
observed. The element of Mg?* showed a positive ACyy
(>20 meq/L) in the samples that are marked by higher
seawater signature (see Figure 5b). The downward trend
for Na* and upward trend for Mg”" with the increased
fraction of seawater show the effects of seawater intrusion
on the studied gr . This ph can be
observed by a negative value of ACy, for Na™ and a positive
value of ACy, for Mg*'. In the case of ionic exchanges for
807 (Figure 5¢), it was >15.0 meg/L for groundwater
samples (W-6, W-10, and W-5) collected from around the
outcropping gypsum area, whereas the calculated seawater
fractions of groundwaters of W-18, W-19, W-20, and W-22
monitoring wells were >20%. The ACgo, in both cases were
within approximately 90° phase.
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Figure 6. Cumulative probability curves for the distribution of (n) Na”, (b) Mg™, (¢) C1', and (d) SO}~ in the studiod groundwater.

Intersection of Seawater Mixing

Results of the interpretation of cumulative probability curves
for Na*, Mg**, CI", and SO}  are shown in Figure 6. The
intersection points on the plot (Figure 6) can be considered as
regional threshold values (T) in differentiating the effects of
seawater mixing in the samples of the study area. The
calculated (T) values are 490 mg/L, 56 mg/L, 794 mg/L, and
316 mg/L for Na*, Mg*, CI', and SOf', respectively. These
values were then used to calculate SMI values (from Equation
[4]), which varied from 0.395 to 7.922. Figure 7 shows the plots
of SMI with EC and CI, which indicate 13 of 23 groundwater
samples as saline (with EC > 3000 uS/cm), representing about
57% of the studied samples. The SMI values for these samples
range between 0.825 and 7.922. As shown in the plot, one
sample (Z.e. W-23) is fresh with SMI < 0.5, EC < 1500 uS/em,
and CI” < 215 mg/L. The SMI values for the groundwater

ples infl d by intrusion are >5.0.
CONCLUSIONS
This study provides an outline for geochemical pr

controlling the chemistry of the groundwater aquifer under the
Saudi Gulf of Agaba coast. Groundwater in the study area is
dominantly characterized by Ca*'-Cl —SOf and Na'-Cl -
SO}' as hydrochemical facies. Major ionic compositions
(including the higher concentration of CI” and TDS) clearly
indicate the effects of seawater intrusion, and the resultant
salinization of the studied groundwater.

Besides the major chemical compositions, ionic ratios are
efficiently used to delineate seawater intrusion. Among others,
the ratios of HCO;/Cl", Na'/Ca*", Ca®"/CI", Mg?'/CI", and
Ca®"/SO} appeared the most useful indicators. The processes
that govern changes in the groundwater composition of the
study area (as revealed by statistical analysis) are mainly
linked with five factors. The first factor is associated with the

processes of mineral dissolution involving water and the
geological media. The second factor is associated with human
activities, weathering processes, and marine inputs. The third
one is linked to evaporation/salinization of the groundwater.
The fourth one is attributed to long water residence time, in
which the relatively elevated C1°, Ca®', and SO} concentra-
tions indicate a slow path flow within the salt-enriched media
(probably marine sediments). The fifth factor is associated with
evaporation/salinization of groundwater and dissolution of
sediments,
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Figure 7. Cross-plot of seawater mixing index vs. electrical conductivity and
CI” of the studied groundwater samples,
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The mixing rate of intrusion during the sampling
period ig about 7.97%. The most dominant process that takes
place with the freshwater—seawater mixing is the cation
exchange, which occurs mainly as a direct exchange between
Na“ with Ca® and Mg*. In the case of SO}, the ionic
exchanges of >15.0 meg/L are observed in the groundwater
samples collected from gypsum outcrop area. Variations in the
SMI values (0.395 to 7.922) and the TDS values (406 to 10,018
mg/L) indicate that 57% of the sampled water is saline with EC
> 3000 pSfem and SMI values >0.8.
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