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a b s t r a c t

The Quaternary coastal plain aquifer down gradient of the Wadi Watir catchment is the main source of
potable groundwater in the arid region of south Sinai, Egypt. The scarcity of rainfall over the last decade,
combined with high groundwater pumping rates, have resulted in water-quality degradation in the main
well field and in wells along the coast. Understanding the sources of groundwater salinization and
amount of average annual recharge is critical for developing sustainable groundwater management
strategies for the long-term prevention of groundwater quality deterioration. A combination of
geochemistry, conservative ions (Cl and Br), and isotopic tracers (87/86Sr, d81Br, d37Cl), in conjunction with
groundwater modeling, is an effective method to assess and manage groundwater resources in the Wadi
Watir delta aquifers. High groundwater salinity, including high Cl and Br concentrations, is recorded
inland in the deep drilled wells located in the main well field and in wells along the coast. The range of
Cl/Br ratios for shallow and deep groundwaters in the delta (~50e97) fall between the end member
values of the recharge water that comes from the up gradient watershed, and evaporated seawater of
marine origin, which is significantly different than the ratio in modern seawater (228). The 87/86Sr and
d81Br isotopic values were higher in the recharge water (0.70,723 < 87/

86Sr < 0.70,894, þ0.94 < d81Br < þ1.28‰), and lower in the deep groundwater (0.70,698 < 87/

86Sr < 0.70,705, þ0.22‰ < d81Br < þ0.41‰). The d37Cl isotopic values were lower in the recharge water
(�0.48 < d37Cl < �0.06‰) and higher in the deep groundwater (�0.01 < d37Cl < þ0.22‰). The isotopic
values of strontium, chloride, and bromide in groundwater from the Wadi Watir delta aquifers indicate
that the main groundwater recharge source comes from the up gradient catchment along the main
stream channel entering the delta. The solute-weighted mass balance mixing models show that
groundwater in the main well field contains 4e10% deep saline groundwater, and groundwater in some
wells along the coast contain 2e6% seawater and 18e29% deep saline groundwater.

A three-dimensional, variable-density, flow-and-transport SEAWAT model was developed using
groundwater isotopes (87Sr/86Sr, d37Cl and d81Br) and calibrated using historical records of groundwater
level and salinity. d18O was used to normalize the evaporative effect on shallow groundwater salinity for
model calibration. The model shows how groundwater salinity and hydrologic data can be used in
SEAWAT to understand recharge mechanisms, estimate groundwater recharge rates, and simulate the
upwelling of deep saline groundwater and seawater intrusion. The model indicates that most of the
groundwater recharge occurs near the outlet of the main channel. Average annual recharge to delta
alluvial aquifers for 1982 to 2009 is estimated to be 2.16 � 106 m3/yr. The main factors that control
groundwater salinity are overpumping and recharge availability.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Alluvial aquifers in arid to semiarid coastal regions worldwide
supply freshwater, such as the coastal plain aquifers in the Nile
Delta (Sefelnasr and Sherif, 2014) along the northwestern coast of
Egypt (Eissa et al., 2015a;b), the Korba plain in Tunisia (Salma et al.,
2010), the Eastern Batinah region in northern Oman
(Weyhenmeyer, 2002), and along the Arabian Gulf in northern
United Arab Emirates (Alsharhan et al., 2001). In the Wadi Watir
delta in Sinai, Egypt, as in many arid coastal regions of the world,
potable water is limited to a shallow alluvial aquifer that provides
the main potable water supply for Nuweiba Harbor located on the
coast of the Gulf of Aqaba (Fig. 1). In this aquifer, a thin lens of
groundwater floats over a deep saline layer that is very sensitive to
pumping induced stresses (El Kiki et al., 1992; El-Refaei, 1992; Eissa
et al., 2010). The aquifer has a thickness of about 90 m and high
porosity that exceeds 30% (Khalil, 2010). Excessive groundwater
withdrawal, undertaken to meet increasing water demands, has
resulted in a declining water table, groundwater salinization from
an upwelling of deep saline groundwater beneath the delta aquifer
(Ismail, 1998; El Sayed, 2006; Shalaby, 1997; Mabrouk and Nasr,
1997), and seawater intrusion at the coast (Abuelfadl, 2004; Abd
El Hafez, 2001). The delta was filled with high-saline water dur-
ing the Pleistocene epoch and its deep layers are composed of
mainly clayey sand and clay intercalations that represent three
sequential phases of regression and transgression of gulf water
(Abbas et al., 2004; Mabrouk and Nasr, 1997). In the Gulf of Aqaba
drainage system, recharge is limited throughout the dry season,
and groundwater salinization becomes a severe problem (Himida,
1997; Eissa et al., 2010; Isawi et al., 2016). Therefore, understand-
ing the groundwater recharge sources and the upwelling mecha-
nism of deep saline groundwater are important for groundwater
management, and necessary to ensure groundwater sustainability
at local and regional scales.

In this study, groundwater chemistry and multiple isotopes (87/
86Sr, d37Cl, d81Br, and d18O), combined with groundwater modeling,
were used to evaluate the water-rock interactions, the origin of
groundwater recharge, seawater mixing, and the upwelling of deep
saline groundwater in the delta. The isotopes used in this study
have been used in previous studies to better understand the origin
of deep groundwater salinization and improve the understanding
of the hydrogeological system of the Canadian Shield, the Russian
Siberian Platform, and deep groundwater fromVienne granitoids in
France (Stotler et al., 2010; Shouakar-Stash et al., 2007; Negrel et al.,
2002).

The variable density groundwater SEAWAT model is an efficient
tool for understanding groundwater hydrodynamics, tracing the
upwelling of deep saline water, quantifying seasonal variations in
groundwater recharge, and evaluating seawater intrusion along
coastal aquifers (Guo and Langevin, 2002). However, the assess-
ment and accuracy of the model’s output, including groundwater
recharge and solute transport, mainly depend on the uncertainty of
the input hydrologic parameters (Sibanda et al., 2009). Therefore,
using environmental isotopes in conjunctionwith a numerical flow
model could provide further insights into the hydrogeological
model framework and model calibration. Several mathematical
flow models have been used for the quantitative evaluation and
formulation of isotopic data in a hydrological system (IAEA, 1993;
Malosazewski et al., 1989). Isotope tracers have been used to pro-
vide further insights into the hydraulic properties of natural
hydrogeologic systems in an Alpine catchment in Germany
(Plumacher and Kinzelbach, 2000), and to calibrate regional
groundwater flow models for carbonate-alluvial groundwater sys-
tems in southern Nevada in the United States (Kirk and Campana,
1990). Natural isotope (d18O and d2H) approach models have been
used in combination with numerical models to evaluate ground-
water recharge in an alluvial aquifer in the Nasunogahara area in
central Japan (Liu et al., 2014).

In this study, isotopes were used to provide qualitative data for
helping to understand the hydrogeological flow system, such as
system boundaries, processes of replenishment, and the origins of
groundwater recharge and salinization. Quantitative data were
inferred, such as the mixing ratios of different water sources and
the evaporation factor for shallowgroundwater, from these isotopic
data. d18O values were used to calculate the amount of groundwater
evaporation, which was needed for estimating the normalized
groundwater salinity needed for SEAWAT model calibration.

This study aimed to: (1) determine the primary source(s) of
groundwater salinization in the main well field and gain a better
understanding of the effect of deep saline groundwater, (2) develop
a SEAWAT model framework based on the isotopic data and the
dominant processes that affect groundwater in the Wadi Watir
delta, (3) improve SEAWAT model calibration using groundwater
level and normalized groundwater salinity data, and (4) estimate
the seasonal groundwater recharge sources and rates in the alluvial
coastal aquifer system using a tracer approach and numerical
simulations.

2. Study area, geology, and hydrogeology

The Wadi Watir delta is located down gradient of the Wadi
Watir watershed on the southeastern part of the Sinai Peninsula,
Egypt, between longitude 34B 380 and 34B 410 E and latitude 28B

570 and 29B 030 N (Fig. 1). The Wadi Watir watershed is considered
to be the most important watershed in this region because the city
of Nuweiba, a tourist destination, and Nuweiba Harbor are on the
coast of this delta. Ships sailing from Nuweiba Harbor connect
Egypt, Saudi Arabia, and Jordan.

The Wadi Watir watershed is predominantly composed of Pre-
cambrian granitic, metamorphic, and volcanic rocks intruded by
acidic to basic dykes (Said, 1962). Thewatershed formed as a part of
the eastern tectonic rift of the Sinai, which is delineated by a series
of shear faults that form structurally elongated downfaulted rift
valleys (Eyal, 1973; Bartov et al., 1979a,b). The rift is mainly
composed of Paleozoic clastic and carbonate rocks and is covered
by recent Quaternary alluvial deposits (Issar and Gilad, 1982). The
Wadi Watir delta is comprised of alluvial aquifers underlain by an
impermeable Precambrian basement (Fig. 2).

Groundwater from El Shiekh Attia, the Main Channel, and Fur-
taga Springs (site At1,2, Mc, and F1; Figs. 1 and 2) are the main
recharge sources of groundwater and are located up gradient of the
alluvial aquifers of the delta (El Ghazawi, 1999; Eissa et al., 2013b).
The primary potable water supply for theWadiWatir delta is from a
well field located adjacent to the mountain block where the Wadi
Watir watershed drainage enters the delta (Fig. 1; sites 17e23).
Well pumping began in 1982 and since that time, the pumping rate
has varied depending on groundwater availability and recharge (El
Ghazawi, 1999). The major source of recharge to the alluvial aqui-
fers of the Wadi Watir delta is infiltration from infrequent, heavy
rains and floods in the mountain block area of the Wadi Watir
watershed (El-Refaei, 1992).

The delta alluvial deposits are mainly composed of Quaternary
fine-to-coarse sands, gravels, and boulders that are often within a
silty and clayey matrix. These deposits are primarily derived from
carbonate and basement rocks (El-Shazly et al., 1974; Eyal et al.,
1980; El Kiki et al., 1992). The Quaternary deposits of the Wadi
Watir delta can be divided into five layers (Fig. 2b, modified from
Abbas et al., (2004)). The two uppermost layers are generally <10m
thick, grouped as surface layers, and are comprised of heteroge-
neous alluvial deposits. The third layer is a sandy-clay layer that is



Fig. 1. a) Location map of the Wadi Watir watershed, Sinai Peninsula, Egypt. b) Location map of the Wadi Watir delta and groundwater wells. Dashed line A-B indicates location of
cross section shown in Fig. 2 c) Water level map of Wadi Watir delta aquifers.
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30e45 m thick. The fourth layer is alluvial clastic sand and gravel
that is 20e40 m thick. The fifth layer is sand with interlayered clay
that is 20e50 m thick. These five layers are underlain by bedrock
that is mainly composed of very-low-permeability granitic rocks.
The Wadi Watir delta alluvial aquifers are unconfined water-table
aquifers. The depth to water in these aquifers ranges from 2.3 to
40.8 m below land surface. Water levels in the Wadi Watir delta
aquifers vary from <1 to approximately 2.3 m above sea level (Eissa



Fig. 2. a) Geological map of the Wadi Watir watershed and b) stratigraphic cross section of the Wadi Watir delta constructed from vertical electric sounding field data (modified
from Abbas et al., (2004)). The location of the cross section is shown in Fig. 1 and is in a northwest-southeast direction across the delta (AeB).
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et al., 2013a).

3. Methods

3.1. Field and laboratory methods

Thirty-nine water samples were collected from 32 hand-dug
wells and seven drilled wells in March 2007. In September 2009,
an additional six samples were collected from the well field area
(Fig. 1 and SM 1). Rock samples representing different aquifers
located in the watershed above the delta were collected from four
different locations: the Wadi El Ain (An1,2,3), Main Channel (Mc),
Furtaga Springs (F1,2,3), and El Shiekh Attia areas (At1,2) (SM 1,
Table 1; Figs. 1 and 2). The depth to water, total well depth, pH, and
electrical conductivity (EC) were measured in the field. The EC was
measured using a YSI model 35 conductivity meter. The pH was
measured using a WTW model LF 538 pH meter. The EC and pH
meters were calibrated daily. Water samples were filtered in the
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field using a 0.45 mm cellulose acetate filter and samples for major-
ion and isotope analyses were collected in polyethylene bottles.
Major-ion water chemistry analyses (SM 1) were conducted in
Cairo, Egypt, at the Desert Research Center, Water Central Labora-
tory using the standard methods of Rainwater and Thatcher (1960)
and Fishman and Friedman (1985). Chemical analyses for major
ions were accepted only when the charge balance for the cations
and anions was less than ±5%.

To determine the isotopic ratio signatures for different rocks
within different aquifers located up gradient of the Wadi Watir
delta, twenty rock samples were crushed and ground to a fine
powder. A 1:1 vol ratio of water and rock was shaken for three
weeks to obtain equilibrium. The samples were centrifuged and
filtered through a 0.45 mm filter paper to obtain the water extract
for each sample and isotopic signatures for d37Cl, d81Br, and
87Sr/86Sr. The d37Cl, d81Br, and 87Sr/86Sr samples were analyzed at
Isotope Tracer Technologies Inc. (IT2), inWaterloo, Canada (Table 1).
The method and procedures described byMcNutt et al. (1990) were
used for 87Sr/86Sr analysis, via thermal ionization mass spectros-
copy with an analytical precision value of (±0.0001). The d37Cl was
determined using the method described in Eggenkamp (1994) and
Shouakar-Stash et al. (2005a). The d81Br was determined using the
method described in Shouakar-Stash et al. (2005b). Analyses were
performed on CH3Cl for d37Cl and CH3Br for d81Br with a precision
of 0.1‰ for both isotopes.
3.2. Mass balance mixing model

To provide quantitative information on groundwater mixing, a
solute-weighted mass balance mixing model was performed using
isotopes and solutes that behave conservatively. Recharge water,
deep saline groundwater, and seawater were used to investigate
the recharge and salinization source(s) for the Wadi Watir delta
alluvial aquifers because they are representative end members. The
isotopic values of 87Sr/86Sr, d37Cl, and d81Br, as well as Cl and Br
concentrations in different end members, were used in the mass
balance equation to estimate mixing fractions in the final ground-
water (Faure, 1986). The average isotopic signatures and chemistry
of recharge water (R) at sites At1,2, Mc, and F1 were calculated to
mimic the recharge water that comes from the watershed catch-
ment. The highest groundwater salinity and chloride concentra-
tions (TDS ¼ 24,975 mg/l; Cl ¼ 13,186 mg/l: SM 1) were recorded at
site S, a deep drilled well located in the well field (Total
depth ¼ 68 m). This site was selected to represent the deep saline
groundwater. Modern seawater was represented by a sample
collected from the Gulf of Aqaba (site G). The ternary solute-
weighted mass balance equation (Clark, 2015) has been used with
Table 1
Isotope analyses (87Sr/86Sr, d 37Cl) for rock samples from different aquifers in the Wadi W

Locality
Area

Site
Map

Rock
Type

Aquifer

Wadi El Ain An1 Granite (Basement Rocks) Basement
An2 Granite (Basement Rocks) Basement

Main Channel Up.Cr Limestone Upper Cretaceous
L.Cr Sandstone Lower Cretaceous (Nub
O.Gra Granite (Basement Rocks) Basement
Mc1 Granite (Basement Rocks) Basement
Mc2 Granite (Basement Rocks) Basement

Furtaga Springs F1 Granite (Basement Rocks) Basement
F2 Granite (Basement Rocks) Basement
F3 Granite (Basement Rocks) Basement

Note: Locations for the rock samples are shown in Fig. 2a.
a 87/86Sr analyses for the older granitic rocks are from after (Bielski, 1982).
different implicit mixing percentages of three end members
ranging from 0 to 100% to investigate the main source(s) of
groundwater recharge and salinization as follows:

FðTÞ ¼ f1 þ f2 þ f3 ¼ 1 (1)

ClðTÞ ¼ f1Cl1 þ f2Cl2 þ f3Cl3 (2)

dXðTÞ ¼ f1dX1 þ f2dX2 þ f3dX3 (3)

(X refers to Sr, Cl or Br isotopes)
F(T), Cl(T) and dX (T) are the sum of total mixing fractions, chloride

(or bromide) concentration (mg/l), and isotopic signature values
(‰), respectively; Cl1,2,3 and X1,2,3 are the chloride concentration
(mg/l) and isotopic signature values (‰) in each end member,
respectively; and f1, f2, and f3 are the anticipated mixing fractions
from different end members. In cases of a simple conservative
mixing ratio of two end members, f3 is considered to be zero.
Equations (1)e(3) can be solved using Excel Solver or trial and error
to estimate accurate mixing ratios of each member (f1, f2, and f3).

3.3. Solute transport and flow model

The computer program SEAWAT (Guo and Langevin, 2002) was
used for groundwater flow and transport modeling because it can
simulate three-dimensional variable-density groundwater flow in
porous media and seawater intrusion into coastal aquifers. This
program combines a groundwater flow model, MODFLOW
(Harbaugh et al., 2000) with a solute transport model, MT3DMS
(Zheng and Wang, 1999), into a single program that solves the
density-dependent groundwater flow and solute-transport equa-
tions derived by Guo and Langevin (2002).

4. Results and discussions

4.1. Groundwater geochemistry

Groundwater chemistry was obtained from deep and shallow
wells completed in the Quaternary alluvial aquifers (SM 1).
Groundwater in the aquifers of the Wadi Watir delta contain total
dissolved solids (TDS) that range from 942 (site 51) to 24,975 (site
S) mg/l. High groundwater salinity was recorded in the main well
field (site S) and near the coast (sites 35 and 42). Chloride and
bromide concentrations were used to investigate the mechanisms
that lead to groundwater salinization in the delta alluvial aquifers.
These halogens have a uniform ratio in seawater and are considered
to be good conservative markers for determining groundwater
atir watershed.

Rock
Age

d 37Cl (‰) 87/86Sr

Precambrian (Younger Granite) �0.20 0.71,557
Precambrian (Younger Granite) �0.58 0.72,182

Upper Cretaceous 1.41 0.70,835
ian sandstone) Lower Cretaceous �0.22 0.70,788

Precambrian (Older Granite) e 0.70,290
Precambrian (Younger Granite) �0.62 0.71,330
Precambrian (Younger Granite) 0.15 0.70,854

Precambrian (Younger Granite) �0.12 0.71,206
Precambrian (Younger Granite) �0.57 0.71,780
Precambrian (Younger Granite) �0.69 0.71,228
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mixing, salinization origin, and recharge sources (Du et al., 2015;
Vengoush, 2014; Stotler et al., 2010). A simple mass balance mix-
ing model was developed using the chloride and bromide con-
centrations in the rechargewater (R) and gulf of Aqaba seawater (G)
as end members (see section 3.2 and SM 1). In Fig. 1S (Supporting
Material), most of the groundwater samples do not fall along the
seawater dilution mixing line as they have different observed Cl/Br
ratios, with ratios ranging from approximately 50 to 97. This ratio
range strongly suggests that groundwater salinity is not related to
mixing with modern seawater (Gulf of Aqaba Cl/Br ¼ 287).

To gain insight into the source(s) of groundwater salinity, the Cl/
Br ratios were plotted against Cl for all groundwater samples along
with endmember waters of rechargewater, Gulf of Aqaba seawater,
sabkha groundwater, and evaporated ancient seawater. Fig. 3 shows
that shallow and deep groundwater samples fall between two end
members: the recharge water from the watershed and evaporated
ancient seawater (Collins (1975), which is similar to sabkha water
(Gavish, 1974). Evaporated seawater is from the salt-water invasion
layer of marine origin (sandstone intercalated with clay layer
overlying the bedrock; Fig. 2b), and this highly saline groundwater
mainly originated from three sequential sea transgressions and
regressions during the Pleistocene epoch (Abbas et al., 2004;
Mabrouk and Nasr, 1997). The fresh groundwater in the Wadi
Watir delta aquifers has been affected by mixing with this older
deep saline groundwater that is approximately 2400e3600 years
old (Eissa et al., 2013a). The Cl concentration and Cl/Br ratio data
confirm that groundwater salinization in the Wadi Watir delta
aquifers primarily originates from upwelling of a deep saline
groundwater, which is caused by overpumping.

According to Sulin (1946), groundwater can be classified into
two main groups based on ion ratios (ion ratio [r] is the ratio of the
ion to total cations or total anions inmeq/l). Groundwater is divided
into water types based on an rNa/rCl ratio [(Na(epm)/Total Cat-
ions)]/[Cl(epm)/Total anions] > 1 or < 1. According to Sulin (1946)
and Schoeller (1962), the former case (>1) is subdivided into two
fundamental water types. A ratio of [rNa - rCl]/[rSO4] > 1 indicates
an Na:SO4 water type, whereas a ratio of [r(Naþ K) - rCl]/[rSO4] < 1
indicates a Na:HCO3water type. In the latter case (<1), a ratio of [rCl
- r(Na þ K)]/[rMg] < 1 indicates an Mg:Cl water type, whereas a
Fig. 3. Chloride concentrations (mg/l) versus Cl/Br ratios in groundwater from the rechar
Groundwater samples collected in 1998, 2000, and 2007 are from Abuelfadl (2004), Abd El H
the highest salinity groundwater sample from the main well field.
ratio of [rCl - r(Na þ K)]/[rMg] > 1 indicates a Ca:Cl water type.
Four samples have a ratio of [rNa/rCl] > 1 so they represent an

Na:SO4 water type (sites 19, 36, 38, and 51). These groundwaters
have relatively low salinity and their chemistry is primarily derived
from terrestrial salt leaching and/or rock-water interactions. The
majority of groundwater samples have a ratio of [rNa/rCl] < 1 and
are characterized by Ca:Cl or Mg:Cl water types. Deep drilled wells
(sites 17e22), a dug well located close to these wells (site 45), and
two dug wells located along the coast (sites 35 and 42) are Ca:Cl
water types. The deep drilled wells with high pumping rates
contain Ca:Cl type groundwater because of upwelling of a deep
saline groundwater of old marine origin. Shallow dug wells with
low to moderate pumping rates generally contain a Mg:Cl type
groundwater. This water type is derived primarily from leaching of
upper Cretaceous carbonate rocks of marine origin that are
embedded in the alluvial clastic deposits (Fig. 2a).

4.2. Groundwater origin and salinization processes

The d18O and d2H values of groundwater in the main well field
area are similar to the isotopic composition of the shallow
groundwater in the alluvial aquifers of the Wadi Watir delta (Eissa,
2012; Abuelfadl, 2004). Thus, the potential mixing of a deep saline
groundwater and shallower groundwater in the well field area
cannot be uniquely determined using these isotopic tracers. In this
study, 87Sr/86Sr, d37Cl, and d81Br isotopic data are combined with
major-ion chemistry to address the origin of groundwater and
groundwater salinization in the Wadi Watir delta aquifers.

4.2.1. Strontium isotopes (87Sr/86Sr)
The 87Sr/86Sr in groundwater is controlled by water-rock in-

teractions and reflects the isotopic signature of strontium-
containing minerals in aquifers (Lyons et al., 1995). The isotopic
ratio of 87Sr/86Sr in water has been used to determine the
geochemical history of groundwater (water-rock interactions),
groundwater mixing, groundwater recharge sources, and sources of
salinity (McNutt et al., 1984; Lyons et al., 1995; Clark and Fritz,
1997).

In the Wadi Watir catchment and delta area, 87Sr/86Sr in
ge area watershed catchment (Watershed Mountain) and Wadi Watir delta aquifers.
afez (2001) and Eissa et al. (2013a,b), respectively. G is Gulf of Aqaba seawater and S is
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groundwater ranges from 0.70,698 (site 17) to 0.70,823 (site An3),
and seawater from the Gulf of Aqaba has a value of 0.70,925. Lower
87Sr/86Sr values were measured in groundwater samples from the
main well field, whereas higher 87Sr/86Sr values were measured in
groundwater samples from the watershed catchment (sites At1,2,
Mc, and An1,2,3).

The higher 87Sr/86Sr values for groundwater in the watershed
catchment area (Watershed Mountain) at sites At1,2, Mc, and An1,2,3
indicate water-rock interaction with younger granitic rocks that
have high 87Sr/86Sr values (Table 1, Fig. 4). In contrast, Furtaga
Springs issues mainly from older granitic rocks and has a lower
87Sr/86Sr value. The 87Sr/86Sr value of these springs is within the
range of the average 87Sr/86Sr content of the older granitic (O.Gr),
upper Cretaceous limestone (Up.Cr), and lower Cretaceous sand-
stone (L.Cr) rocks that outcrop in the upper watershed (Fig. 2a).
Older granitic rocks in the Sinai Peninsula are subduction-related
granites formed by the partial melting of mafic gneiss or amphib-
olite, so they have a low 87Sr/86Sr value that is around 0.7029 (Arth
and Hanson, 1975; Bielski, 1982).

A solute-weighted mass balance mixing model was developed
using three end member waters, as described in section 3.2. A mass
balance mixing line that extends from the average recharge water
(R) through deep groundwater samples collected in 2007 at sites 17,
19, and 21 is extrapolated with the same slope to estimate the
87Sr/86Sr isotopic signature of a deep saline groundwater end
member in the same area as these wells, which is represented by a
groundwater sample at site S with a high chloride concentration
(13,186 mg/l).

All 87Sr/86Sr values for groundwater samples from the Wadi
Watir delta aquifers fall within the three end member mixing lines
developed using the average recharge water (R), deep saline
groundwater (S), and Gulf of Aqaba seawater (G) values. The
87Sr/86Sr values for shallow groundwater (hand-dug wells) in the
WadiWatir delta alluvial aquifers are similar to the isotopic value of
the average recharge water that comes from the watershed catch-
ment (Fig. 2a). Furtaga Springs (F1) and site 35 represent the initial
(most dilute) and final (highest chloride concentration) end
members of shallow groundwater evolution from leaching and
Fig. 4. a) 87Sr/86Sr values for rocks, groundwater, and seawater in the study area (Table 1 and
groundwater (S), and seawater from the Gulf of Aqaba (G). The groundwater site locations a
Fig. 2a.
dissolution of the aquifer rock matrix. These data strongly support
the hypothesis that groundwater from the upper watershed
catchment area (sites At1,2 and Mc), that flows through the main
channel (site F1), is the primary source of groundwater recharge
supplying the Wadi Watir delta aquifers (El Ghazawi, 1999; El
Sayed, 2006; Eissa et al., 2013a,b).

Groundwater from the deep drilledwells (sites 17,19, 21, and 23)
in the main well field has lower 87Sr/86Sr values compared with
other groundwater in the study area (Fig. 4b). Deep groundwater is
in contact with older granitic bedrock and boulders and clastic al-
luvium (Fig. 2b). Consequently, groundwater has lower 87Sr/86Sr
values because of thewater-rock interaction inwhich the Sr isotope
exhibits no detectable fractionation by any natural processes
(Stober and Bucher, 2002). The 87Sr/86Sr data shows that ground-
water from the deep drilled wells in the mainwell field is a mixture
of upwelling saline water with lower 87Sr/86Sr values, and
groundwater recharge from the upper watershed with higher
87Sr/86Sr values.

The coastal groundwater sites 34, 35, and 42 have high
groundwater salinity and chloride content, which indicates po-
tential seawater intrusion and/or potential upwelling of deep saline
groundwater (Fig. 4b). 87Sr/86Sr values indicate that the source of
increased salinity in these coastal groundwaters can be from either
seawater intrusion or upwelling of a deep saline groundwater.

Solving equations (1)e(3) using chloride concentrations and
87Sr/86Sr values produces mixing fractions of the end member
waters, which are groundwater recharge, a deep saline ground-
water, and Gulf of Aqaba seawater. For deep wells in the main well
field (sites 17, 19, 21, and 23) increased salinity in these ground-
waters was derived from 4.0 to 10.2% upwelling of a deep saline
groundwater (Table 2). For shallow wells located along the coast
with increased salinity (sites 34, 35, and 42), the increased salinity
is derived from a mixture of 18e28.8% of an upwelling deep saline
groundwater and 2.2e5.5% of seawater intrusion from the Gulf of
Aqaba into the shallow alluvial aquifers.

4.2.2. Chloride isotopes (d37Cl)
The main factors responsible for d37Cl values in groundwater are
SM 1). b) 87Sr/86Sr versus chloride concentration in groundwater, the most saline deep
re shown in Fig. 1. The rock sample locations (Up.Cr, L.Cr, O.Gr, and Y.Gr) are shown in



Table 2
Calculate mixing fractions of end member waters for higher salinity groundwater in
deep drilled wells located in the mainwell field and in shallowwells along the coast.

Well No. Estimated mixing
Percentage (%)

Well No. Estimated mixing
Percentage (%)

(G) (R) (S) (G) (R) (S)

17 0 89.8 10.2 34 2.2 79 18.8
19 0 96 4 35 2 80 18
21 0 92.7 7.3 42 5.5 65.7 28.8
23 0 92.2 7.8

G, R, and S denote seawater, recharge water, and deep saline groundwater,
respectively.
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rock-water interactions and mixing of waters with different d37Cl
compositions (Shmulovich et al., 1999; Liebscher et al., 2006a,
2006b).

In the Wadi Watir delta alluvial aquifers, d37Cl ranges from
�0.85‰ (site 52) to þ0.22‰ (site 17) relative to Standard Mean
Oceanic Chloride (SMOC ¼ 0‰, Kaufmann et al., 1984). The Gulf of
Aqaba seawater (G) has a value of �0.01‰. The solute-weighted
mass balance mixing model indicates that groundwater located in
the up gradient catchment area is the main source of groundwater
recharge (sites At1,2, F1 and Mc) to the delta alluvial aquifers. This
groundwater has low d37Cl values (�0.42‰ < d37Cl < �0.06‰)
(Fig. 5).

The majority of shallow groundwater (hand-dug wells) in the
WadiWatir delta alluvial aquifers has a d37Cl isotopic signature that
is within the range of the recharge water that comes from the up
gradient catchment (Watershed Mountain; Fig. 5). The d37Cl and
chloride concentration both increase down groundwater flow
paths in the study area from the recharge area (R) to the delta al-
luvial aquifers. Shallow groundwater d37Cl values are similar to that
of felsic granitic, lower Cretaceous (sandstone), and upper Creta-
ceous (limestone) rocks (Table 1 and Fig. 5a; b). The d37Cl signature
of the shallow groundwater primarily reflects leaching and disso-
lution of the aquifer matrix (Eggenkamp, 1994; Frape et al., 2004),
which mainly consists of upper Cretaceous felsic granitic and ma-
rine carbonate boulders embedded in the aquifer matrix (El Kiki
et al., 1992).
Fig. 5. d37Cl versus Cl concentration for groundwaters, a deep saline groundwater (S), and G
data are presented in SM 1. The Up.Cr, L.Cr, and Y.Gr rock sites are shown in Fig. 2a and pr
The deep drilled wells in the main well field (sites 17, 19, 21, and
23), and one shallow dug well located along the coast (site 35), are
characterized by higher d37Cl values than all other groundwaters in
the study area. The high d37Cl values in the main well field
groundwater are caused by the upwelling of a deep saline water
that is in contact with old evaporated marine deposits beneath the
freshwater lens in the well field. The first salt to be deposited
during evaporation of saline water is generally enriched in d37Cl
(more positive values), whereas salt deposited later has more
negative d37Cl values (Eggenkamp et al., 1995). The d37Cl record in
marine salt deposits varies considerably in stratigraphic units of
different ages, from �0.5 to þ0.5‰ relative to SMOC (Eastoe et al.,
2007; Shouakar-Stash, 2008). The difference between the values of
d37Cl in seawater and the deep saline groundwater is 0.27‰, which
is approximately two times the maximum standard deviation
measurement precision error (stdev ¼ 0.13). Therefore, mixing ra-
tios from different end members have not been estimated using
this isotope.
4.2.3. Bromide isotopes (d81Br)
The natural distribution of d81Br has only been reported for

sedimentary formation waters, and the fractionation processes are
poorly understood (Stotler et al., 2010). Eggenkamp and Coleman
(2000) were the first scientists since 1920 to report d81Br values
of natural samples with good precision. Shouakar-Stash et al.
(2005a) subsequently presented a method for determining d81Br
with excellent precision and accuracy that used continuous-flow
mass spectrometry with seawater as the standard. d81Br in
groundwater in the study area ranges from þ0.22‰ (site 19)
to þ1.28‰ (site Mc), relative to Standard Mean Oceanic Bromide
(SMOB), and seawater from the Aqaba Gulf is þ0.57‰ relative to
SMOB. Groundwater in the Wadi Watir watershed recharge area
(sites F1, At2, andMc) has low bromide concentrations (2.5e3.2 mg/
l) and high d81Br values (þ0.94 to þ1.28‰) as compared to
groundwater in the Wadi Watir alluvial aquifers (Fig. 6). Dilute
recharge area groundwaters have d81Br values similar to those
observed for freshwater (þ0.5 to þ1.2‰), as reported by Shouakar-
Stash (2008).

Shallow groundwater in the delta alluvial aquifers has lower
ulf of Aqaba seawater (G). The groundwater site locations are shown in Fig. 1 and the
esented in Table 1.



Fig. 6. d81Br ‰ (SMOB) versus Br concentration (mg/l). Groundwater site locations are
shown in Fig. 1 and data are presented in SM 1.
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d81Br values than both recharge groundwater and Aqaba Gulf
seawater (Fig. 6; site G). Samples from two of the drilledwells in the
main well field (sites 17 and 19) have two of the three lowest d81Br
values for groundwater in the study area. The lower d81Br values of
these two samples are primarily caused by the upwelling of saline
groundwater that comes in contact with evaporated marine de-
posits beneath the well field (Fig. 6). The rechargewater (R) to deep
saline water (S) mixing line was interpolated to estimate the d81Br
value of site S groundwater, which had a high bromide concen-
tration (101 mg/l). This extrapolated d81Br value of about 0.1‰ is
within the range of d81Br isotope values (�0.3 toþ0.27‰) for water
in a deep water formation that is in contact with evaporated
seawater at the Siberian Platform (Shouakar-Stash et al., 2007), and
is similar to a deep saline water in the Quaternary coastal plain
aquifer in Laizhou Bay, China (�0.68 to �0.16‰), which also has an
overlying fresh water lense with a d81Br value of þ0.35‰ (Du et al.,
2015) similar to that of the fresh water lense in this study area.
Samples from wells along the coast (sites 34, 35 and 42) plot be-
tween the shallow groundwater and the Gulf of Aqaba (G) and/or
deep saline water d81Br values and Br concentrations, which in-
dicates that these waters have likely been influenced by seawater
intrusion and/or mixing with a deep saline water.

4.3. Solute-transport and flow dynamics model

Solute transport modeling was performed using observed
chemistry and water level (head) data to: (1) simulate potential sea
water intrusion along the coast, (2) simulate vertical movement
and migration of deep saline groundwater into shallower aquifers
caused by overpumping in the main well field, (3) estimate
recharge rates from the mountain blocks into the alluvial aquifers,
and (4) refine pumping rates for the Wadi Watir delta alluvial
aquifers. Model results were compared to and calibrated using
observed seawater intrusion along the coast (identified using water
chemistry and isotopic data), salinity increases in the main well
field water, estimated groundwater recharge from an earlier study
(Eissa et al., 2013a), and observed pumping data.

4.3.1. Governing equations and model framework
SEAWAT (Guo and Langevin, 2002; Langevin and Guo, 2006), a

program for simulating water flow with variable density, was used
to simulate the migration of solutes from a deep saline source into
the shallowalluvial aquifers and seawater intrusion along the coast.
Solute transport in porous media includes the advection, molecular
diffusion, and mechanical dispersion described by Zheng and
Bennett (1995), which can be calculated using the following par-
tial differential equation:

vC
vt

¼ V:ðDVCÞ � V:ðnCÞ �
�q
q

�
Csþ

XN

K¼1

Rk (4)

where, vC=vt is the changing of groundwater concentration (C
[ML�3]) with time (t), D is the hydrodynamic dispersion coefficient
(L2T�1), C is the solute concentration (mg/l), Cs is the solute con-
centration of the recharge water (mg/l), n is the water velocity
(LT�1), and Rk is the rate of solute production or decay.

In this study, the R factor was not included (R ¼ 0) because the
model is a solute transport nonreactive model. Baxter and Wallace
(1916) developed the empirical relationship between the densities
and concentration of fresh water, deep saline water, and seawater
concentrations described in the following equation:

r ¼ rf þ EC (5)

where, E is a dimensionless constant factor that is a function of the
salt concentration (ML�3), and r and rf are the densities of seawater
and fresh water, respectively (ML�3). The slope E ¼ vr

vC has a value of
0.7143 for the range of fresh (recharge) water and seawater.

The SEAWAT program depends on the concept of a fresh-water
equivalent head in a saline groundwater or seawater environment
(Guo and Langevin, 2002) according to the following equation:

h ¼ rf
r
hf þ r� rf

r
Z (6)

where, h is the saline or seawater head (L), hf is the equivalent
fresh-water head (L), rf is the density of fresh water (ML�3), r is the
density of seawater (ML�3), and Z is elevation (L). If sea level is used
as the standard, Z will equal zero, which makes the second term of
the equation equal to zero so that the equation can be simplified to:

h ¼ rf
r
hf (7)

The parameters and data used for the simulations are summa-
rized in Table 3. The model boundaries were selected to be: (1) the
Gulf of Aqaba to the east, (2) the mountain block alluvial contact to
the west, and (3) the mountain block alluvial contact where the
western block meets the Gulf of Aqaba to the north and south. A
finite-difference grid oriented along the north-south and east-west
axes of the Wadi Watir delta was used for the model. There are 60
columns and 120 rows with uniform grid spacing of 98 m in both
directions (Fig. 7a). In the vertical direction, the model grid consists
of 27 layers that represent the five hydrostratigraphic units of the
Wadi Watir delta aquifers (Fig. 2b). Model layers 1 to 12 correspond
to layer A1 (Fig. 7a; b), which contains the top three hydrostrati-
graphic units that are comprised of surficial alluvial deposits and
sandy clay and have a hydraulic conductivity of 4m/day (Eissa et al.,
2013a). Layers 13 through 18 correspond to layer A2, which con-
tains the fourth hydrostratigraphic unit beneath the land surface,
which is comprised of sands and gravels and has a hydraulic con-
ductivity of 11 m/day (El-Refaei, 1992). Layers 19 to 27 correspond
to layer A3, which contains the fifth hydrostratigraphic unit
beneath the land surface and is primarily comprised of sand
intercalated with clay and has a hydraulic conductivity of 10�3 m/
day (Fetter, 2001). Land surface elevations used in the model are
from the Digital Elevation Model STRM-90 m (U.S. Geological
Survey, 2004) coupled with 22 ground elevation surveyed spots
that represent the wells. The model layer thickness was taken from
the geoelectrical cross section of Abbas et al. (2004).



Table 3
Parameters of the groundwater flow and transport model for the Wadi Watir delta alluvial aquifers.

Parameter Model value

Hydraulic Conductivity (m/day) 4 m/day for Layer A1; 11 m/day for Layer (A2) and 10�3 m/day for Layer A3 (Eissa et al., 2013a)
(Kx ¼ Ky ¼ 10Kz)

Total Porosity 30% (Khalil, 2010)
Longitudinal Dispersivity aL ¼ 100 m (Gelhar et al., 1992)
Longitudinal (aL)/Horizontal (aT) aL/aT ¼ 0.1

aT/aV ¼ 0.01
Molecular Diffusion Coefficient (m2/day) 10�9 m2/day
Storage Coefficient 3.14 � 10�4 (Himida, 1997)
Density/Concentration Slope E ¼ vr=vC 0.7143 (Baxter and Wallace, 1916)

Fig. 7. The finite difference grid cells, boundaries, and observations used for the SEAWAT model: a) in the x and y directions; b) in the z direction.
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4.3.2. Model parameters, boundary conditions, and internal sinks
The model parameters are summarized in Table 3. The longi-

tudinal dispersivity is assumed to be homogeneous in the flow
system, and is set at 100 m based on the overall model scale of
4000 m (Gelhar et al., 1992). The boundary conditions for both flow
and transport are shown in Fig. 7. Themodel base is assumed to be a
no-flow boundary and is represented by the consolidated granitic
basement. For the flow model, a constant head boundary is set to
sea level at the coast, which represents the mean seawater level at
the shore line of the Gulf of Aqaba (Fig. 7a). A constant concen-
tration boundary was applied for the 27 model layers at the coast
and this concentration was assumed to be 41,000 mg/l, based on a
gulf water sample analysis (Eissa et al., 2013b). This concentration
value corresponds to a fluid density of 1042 kg/m3, according to
Equation (5). The Wadi Watir delta alluvial aquifers are primarily
recharged from the mountain block aquifer along the western
boundary of the groundwater flow model area. The boundary be-
tween the mountain block and the unconsolidated delta aquifers is
simulated by coupling the injection recharge wells (RW-1 to RW-39
in Fig. 7a) with a specified concentration boundary set of 1000mg/l.
The screened intervals are placed within the subsurface fresh
recharge zone represented by El-Refaei (1992) at a depth of
40e45m below land surface. The salinity value of 1000mg/l for the
groundwater recharge is based on an average from three samples
collected from Furtaga Springs, which are near the mountain front-
alluvial aquifer boundary (Fig. 1a) (Eissa, 2012). This concentration
value corresponds to a fluid density of 1001 kg/m3 according to
Equation (5). Rainfall on the Wadi Watir delta is minimal (35 mm/
year), so any potential groundwater recharge from rainfall on the
delta is not included in the model.

4.3.3. Initial conditions
Because the boundary conditions for both flow and transport

have been adjusted (Fig. 8a), initial water levels were specified for
the groundwater flow model by interpolating the known values of
water levels in February 1986 (El Kiki et al., 1992) using ordinary
Kriging. Steady-state conditions for the groundwater flow and
solute transport models were obtained using long-term transient
simulations under arbitrary initial conditions until system stabi-
lization and equilibrium for salinity (TDS) and physical flow were
reached within the models. The 87Sr/86Sr, d37Cl, and d81Br data
support the presence of a deep saline groundwater beneath the
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main well field and close to the coast, which originates from the
sandstone intercalated with clay layer shown in Fig. 2, so the
equilibrium salinity was modified to include a high-salinity
feature at depth. El-Refaei (1992) measured the salinity with
depth in a drilled well located adjacent to the main well field. The
salinity of groundwater in this drilled well reached 18,000 mg/l at
a depth of 34 m below sea level (Fig. 7b). Simulations were carried
out for the entire period of available data (1982e2009). The
steady-state outputs for water level and salinity were used as the
initial conditions for the transient simulation that represents
aquifer pumping. To simulate the upwelling of deep saline
groundwater, pumping rates for the drilled wells of the main well
field were obtained from the well site engineer (Eissa et al.,
2013a). The pumping rates of these wells varied throughout the
period of 1982e2009 depending on groundwater availability,
which was related to flash flood intensity and/or frequency.
Because of known uncertainties in the recorded pumping rates for
production wells, these rates were adjusted during calibration to ±
20% of the reported value. Within the model, each well was
assigned an individual withdrawal rate that was specific for each
stress period. The total withdrawal rate is for the group of wells
that comprise the main well field located at the outlet of the Wadi
Watir watershed where it enters the delta (Fig. 1b). The pumping
rate for hand-dug wells is unknown, so it was initially assumed to
be 5 m3/day based on discussions with well owners during field
trips. Pumping rates for hand-dug wells were adjusted during
calibration.
Fig. 8. a) Well location map for water level (head) observations. B) Calcu
4.3.4. Simulation of subsurface recharge and upwelling of saline
groundwater

Subsurface groundwater recharge to the Wadi Watir delta al-
luvial aquifers was evaluated using the SEAWAT model developed
for this study. The model was calibrated in a transient state, in
which salinity was tied to head (water level) observations for
different time periods and the induced pumping stresses from 1986
to 2009. A total of 58 head observations were used for the period
from 1982 to 2007 (SM 2), and a total of 94 salinity observations
were used for the period of 2005e2007 (SM 3). Forty one salinity
observationswere selected based on the availability of d18O and d2H
data (Abuelfadl, 2004; Eissa et al., 2013a,b) in order to correct TDS
values of samples affected by evaporation. The TDS was corrected
by estimating the evaporation factor (F) using the Rayleigh distil-
lation equation (Gonfiantini, 1986) of d18O and d2H, to calculate the
pre-evaporative concentration values. The estimated evaporation
factor (F) ranged between 1 and 1.92 and high evaporation factors
were only detected in large diameter, hand-dug wells. The
normalized salinity (TDSN) was estimated as shown in SM 3, where
TDSN ¼ [TDSObs/F] and TDSObs refers to the observed groundwater
salinity measured in the field.

Model calibration was achieved through trial and error by
adjusting the values of recharge injected into recharge wells at the
boundary between mountain blocks and the alluvial aquifer
(Fig. 7a) until general agreement between the calculated and
measured water levels and salinity were reached (Figs. 8 and 9).
Model calibrationwas obtained when a reasonable value of relative
lated versus observed water levels. The data are presented in SM 2.
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error [Relative Error¼ 1/N x [Absolute (HObseHCalc)/(HMaxeHMin)]
between the modeled and observed water level was less than 14%;
N, HObs, and HCalc denote the number of head observations, field
observed, and modeled calculations, respectively. A dispersivity
value of 100 m was found to yield the best agreement between
calculated and observed salinity and it is consistent with the hy-
drogeology of the area scale (Gelhar et al., 1992). The pumping rates
were also estimated using this model by changing the pumping
rates until the salinity breakthrough curve of the calculated values
matched the observed values (Fig. 10). Based on the pumping
stresses, the calibrated model simulates the transient changes in
groundwater levels and salinity migration. Using both head and
salinity observations resulted in a more accurate estimate of
recharge and a better understanding of solute migration from the
deep layers into the fresh-water lens of the shallow aquifers. The
modeled salinity curves for sites 18, 19, 34, and 35 have different
shapes and slopes because of different pumping stresses and rates
through the modeled time period, starting from steady state con-
ditions in 1982 until 2009 (Fig. 10). The contour shaded lines and
breakthrough salinity curves clearly show that groundwater
salinity is mainly controlled by pumping rates that are linked with
an upwelling of deep saline water that mixes with the fresh-water
lens.

The estimated pumping rates are consistent with the well type.
Pumping rates for the drilled wells ranged from 200 (site 20) to
Fig. 9. a) Well location map for salinity observations. b) Calculated versus observed groundw
close to the coast and the area located near sabkha deposits. Increased salinity from evapor
with evaporation factor” samples on the plot). The data are presented in SM 3.
1400 m3/day (site M2) (Fig. 7a). Pumping rates for the hand-dug
wells varied considerably, from 0.5 to 7 m3/day for all wells
except No. 35, which attained a pumping rate of 30 m3/day. The
total estimated average pumping rate for the main well field was
3100m3/day and for the shallow hand-dug wells was 60m3/day for
1982 to 2009 (Eissa et al., 2013b).

Average recharge from the mountain blocks to the delta alluvial
aquifers ranged from 3900 m3/day (1982e1987) to 7770 m3/day
(1987e2002), with an average rate of 6000 m3/day for 1982 to
2009 (SM 4). Most of the recharge comes from the area between
RW-13 and RW-25 (Fig. 7a and SM 4), which represents 34e64% of
the total annual subsurface recharge from the mountain block to
the alluvial aquifers from 1982 to 2009. The estimated subsurface
recharge obtained from the SEAWAT model correlates with
flooding during different time periods as reported by Himida
(1997), JICA (1999) and Cools et al. (2012), as well as the histori-
cal records of water level and salinity. The model is valid for most
regions included in the model, except for the areas close to the
coast and within the sabkha deposits. The poor fit in the sabkha
deposit area is because the model does not explicitly simulate
rock-water interactions. In the coastal region, the model performs
poorly due to areas of large horizontal concentration gradients due
to seawater intrusion. This can be attributed to the relatively large
grid resolution (100 m) and imprecise well locations close to the
coast.
ater salinity. The model is valid for the majority of model domains except for the area
ation was calculated for samples with stable isotopic data (shown as “normalized TDS



Fig. 10. Modeled groundwater salinity for different time periods and salinity breakthrough curves for different wells tapping Quaternary alluvial aquifers in the Wadi Watir delta.
Well locations are shown on Fig. 1.
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5. Conclusions

Groundwater chemistry in theWadiWatir delta alluvial aquifers
evolves from a low salinity Na:SO4 water type to a more saline
Mg:Cl water type by mineral and salt dissolution, cation exchange,
and shallow groundwater evaporation. Groundwater in deeper
wells in the main well field, and some wells along the coast have
evolved into a Ca:Cl water type. This evolution is largely due to the
upwelling of deep saline water, of marine origin, beneath the main
well field caused by overpumping and seawater intrusion along the
coast. Sulin’s diagram supports that these processes, and the mix-
ing of different water sources, produce the observed changes in
water chemistry in the alluvial aquifers.

Groundwater in the main well field has low 87Sr/86Sr and d81Br
values and high d37Cl values, indicating that deep saline ground-
water is mixing with the main well field groundwater. The low
d81Br values and high d37Cl values are attributable to their origins
from old marine deposits. The d37Cl and 87Sr/86Sr isotope values
have been used in the solute-weighted mass balance models to
estimate the mixing ratios from different end member groundwa-
ters. Groundwater in the main well field contains 4e10% of a deep
saline groundwater and there is no evidence of mixing with mod-
ern seawater. Salinization of some shallow groundwaters located
along the coast is from seawater intrusion (2e6%) and mixing with
a deep saline groundwater (18e29%).

A groundwater flow and solute transport model was calibrated
using observed and modeled salinity and water level data. The total
average pumping rate for all wells in the mainwell field, from 1982
to 2009, was estimated to be 3100 m3/day. In comparison, the total
average pumping rate for all hand-dug wells in the Wadi Watir
delta is 60 m3/day. The model calculated average annual recharge is
2.16 � 106 m3/year for the period 1982 to 2009, but it is highly
variable because of the sporadic nature and intensity of precipita-
tion events. Calibrating a groundwater flow and solute transport
model using both water level and salinity data provides a better
estimate of average annual recharge than using water level data
alone.

There are five primary sources of salinity that affect water
chemistry in the Wadi Watir delta alluvial aquifers: (1) dissolution
of minerals and salts from the aquifer matrix, (2) upwelling of deep
saline groundwater because of over pumping, (3) seawater intru-
sion along the coast, (4) leaching of salts from sabkha deposits near
the coast, and (5) evaporation of shallow groundwater. The amount
of upwelling saline groundwater could be reduced by decreasing
pumping rates and/or adjusting well screen intervals to be shal-
lower in newly drilled wells. In the Wadi Watir delta, groundwater
outside of the main well field and sabkha areas is characterized by
relatively low salinity compared with the other groundwaters in
the delta area. Therefore, constructing more shallow wells in this
area may provide more potable water. However, even groundwater
in this area cannot be extensively developed on a sustainable basis
because of the low rate of average annual recharge to the Wadi
Watir delta alluvial aquifers.
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