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Abstract The Wadi Watir delta in the Wadi Watir
watershed is a tourist area in the arid southeastern part of
the Sinai Peninsula, Egypt, where development and growth
of the community on the delta are constrained by the
amount of groundwater that can be withdrawn sustainably.
To effectively manage groundwater resources in the Wadi
Watir delta, the origin of groundwater recharge, ground-
water age, and changes in groundwater chemistry in the
watershed needs to be understood. Mineral identification,
rock chemistry, water chemistry, and the isotopes of
hydrogen, oxygen, and carbon in groundwater were used to
identify the sources, mixing, and ages of groundwater in
the watershed and the chemical evolution of groundwater
as it flows from the upland areas in the watershed to the
developed areas at the Wadi Watir delta. Groundwater in
the Wadi Watir watershed is primarily from recent
recharge while groundwater salinity is controlled by mix-
ing of chemically different waters and dissolution of min-
erals and salts in the aquifers. The El Shiekh Attia and
Wadi El Ain areas in the upper Wadi Watir watershed have
different recharge sources, either from recharge from other
areas or from different storm events. The downgradient
Main Channel area receives groundwater flow primarily
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from the El Shiekh Attia area. Groundwater in the Main
Channel area is the primary source of groundwater sup-
plying the aquifers of the Wadi Watir delta.
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Introduction

In the past decade, rapid development in the Wadi Watir delta,
in the Wadi Watir watershed, Gulf of Aqaba, Sinai Peninsula,
Egypt (Fig. 1), primarily related to tourism, has resulted in
increased demand on groundwater resources. Groundwater is
being developed for various needs in coastal and arid areas of
the Sinai where there are no other sources of fresh water.
Groundwater beneath the Wadi Watir delta is the main source
of potable water for this area. Groundwater occurs as a thin
lens of fresh water and is very sensitive to pumping induced
stresses. Thus, groundwater withdrawals have to be carefully
managed to avoid deterioration of this valuable resource by
upwelling of underlying saline groundwater and intrusion of
seawater along the coast. To understand historic and current
groundwater conditions in this area, and to predict future
changes in groundwater availability and salinity, water
chemistry and isotopic data are currently being used to: (1)
identify mixing of different waters; (2) characterize the evo-
lution of groundwater chemistry along flow paths; (3) deter-
mine the age of the groundwater; and (4) constrain a
groundwater flow and solute transport model. The chemical
and isotopic methods used in this study to delineate ground-
water resources in the Sinai Peninsula area of Egypt are
applicable to other similar hydrogeological settings
throughout the world in arid to semi-arid environments. This
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study combines mineral identification, rock chemistry, water =~ Background

chemistry, and isotopic signatures of groundwater to deter-

mine the physical and geochemical processes that produce the ~ Study area

observed water chemistry, which because of salinity increases

limits the amount of potable groundwater that is available for =~ The Wadi Watir watershed is located in the southeastern
use in the Wadi Watir delta. part of the Sinai Peninsula, Egypt (Fig. 1). The watershed
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drains east toward the Gulf of Agaba and is considered to
be the most important wadi in this area because the city of
Nuweiba, a tourist destination, and Nuweiba Harbor are
located on the Wadi Watir delta. Nuweiba Harbor links
Egypt with Saudi Arabia and Jordan.

Geology

The Wadi Watir watershed is underlain by rocks ranging in
age from Precambrian to Quaternary (Figs. 2, 3). The
Precambrian basement rocks are mainly composed of
metamorphic and igneous rocks, including gneisses,
metagabbro, metasediments, older gabbros and younger
granites that are cut by basic dykes, joints, fractures and
fault zones (EGSMA 1981). Cambrian rocks include the
Araba and Naqous Formations (Hassan 1967; Said 1971).
The Araba Formation (early Cambrian) is formed mainly
of thick bedded, grayish and reddish, fine to medium-
grained ferruginous sandstone. The Naqous Formation (late
Cambrian) is composed mainly of fluvial deposits of fria-
ble, white to light gray, fine grained, and pebbly quartz
with authigenic clay minerals (Issawi and Jux 1982;
Shabana 1998; Abdel-Rahman 2002). The Naqous

Formation unconformably overlies the Araba Formation
and is overlain by the Malha Formation (Abdel-Rahman
2002). Cretaceous rocks are also present throughout the
Wadi Watir watershed. They consist of three formations:
the Malha Formation (early Cretaceous), which represent a
clastic facies deposit of continental fluviatile environment
of white sandstone locally conglomerated (EI Beialy et al.
2010; CONOCO 1987), and the Wata and Raha Formations
(late Cretaceous). The Wata Formation consists mainly of
alternative beds of limestone and marl at the base; clay
marl sandstone and bands of limestone in the middle; and
dolomitic limestone and limestone at the top. The Raha
Formation is primarily composed of fossiliferous alternat-
ing beds of limestone, shale, and sandy limestone at the
base; shale and marl in the middle; and marly limestone
and dolomite at the top (Shabana 1998). These two for-
mations were deposited in shallow to deep marine open to
restricted environments (Gertsch et al. 2008). The Qua-
ternary deposits consist of erosional products of different
sedimentary and rocks (El-Shazly et al. 1974; Eyal et al.
1980) and they are composed mainly of fine-to-course
sands, gravels, and boulders of carbonate and rocks
embedded in a silty and clayey matrix (El Kiki et al. 1992).
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Fig. 3 Hydrogeological cross section A—B, C-D and E-F. Locations of these cross sections are shown in Fig. 2. Cross sections are modified

from Yehia (1998)

In Fig. 2, there are two sets of faults that trend north-
west—southeast and north—south. Beadnell (1927) and Said
(1962) studied these two sets in the El Shiekh Attia area
and concluded that the northwest—southeast faults are older
than the north—south trending faults.

Methods
Field and laboratory methods

Water samples were collected in March 2007. Thirty-four
samples were collected from 25 hand-dug wells, four
drilled wells, and three springs. Water samples were fil-
tered in the field using a 0.45-um cellulose acetate filter;
samples for major-ion and isotopic analysis were collected
in 1-L polyethylene bottles. Depth to water, total depth, pH
and electrical conductivity (EC) were measured in the field
at the sampling location. Electrical conductivity was
measured with an YSI model 35 conductivity meter. The

@ Springer

pH was measured with a WTW model LF 538 pH meter.
The EC and pH meters were calibrated once daily. Major-
ion water chemistry analyses were conducted at the
Egyptian Desert Research Center Water Central Labora-
tory using the methods of Rainwater and Thatcher (1960)
and Fishman and Friedman (1985). Calcium and magne-
sium were determined by titration using Na,EDTA.
Sodium and potassium were determined by flame pho-
tometry using a standard curve. Carbonate and bicarbonate
were determined by titration using sulfuric acid. Sulfate
was determined by spectrophotometry. Chloride was
determined by volumetric titration using silver nitrate.
Silica, as SiO,, was determined by colorimetry using
molybdate [(NH4)6M07024’4H20].

For quality assurance/quality control, each sample was
analyzed in duplicate, and if the difference between the
sum of cations and anions is more than 5 %, the sample
analysis was repeated until an acceptable percent differ-
ence was obtained. For flame photometry and the spec-
trophotometry analysis, a set of standard solutions were
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measured for every set of ten samples. If the standard was
not verified, then the standards were measured again until
verification was met and the samples were re-analyzed.
Stable isotopic analyses were conducted at the Univer-
sity of Nevada, Reno. Stable isotopic analyses were per-
formed using a Micromass Iso Prime stable isotope ratio
mass spectrometer. 8°H analyses were performed using the
method of Morrison et al. (2001). 8*°H results are reported
in units of % VSMOW with an uncertainty of £1 %o
(1 standard deviation). 3'®0 analyses were performed using
the CO,—H,O equilibration method (Epstein and Mayeda
1953). 8'%0 results are reported in units of % VSMOW
with an uncertainty of £0.2 %o (1 standard deviation).
Carbon-14 analyses were conducted at the University of
Arizona, Accelerator Mass Spectrometry Laboratory and
results are reported as percent modern carbon (pmc) with
an uncertainty of £0.4 pmc. Mineralogy was identified by
examination of rock thin sections using a polarizing light
microscope. Rock chemical composition was determined
by X-ray fluorescence at the University of Nevada, Reno.
Ground-surface elevations were surveyed for seven
wells in the El Shiekh Attia area and three wells in the delta
area using a global positioning system (GPS) LEICA
TCRA1103 PLUS ROBOTIC 3 instrument with a laser
reflector total station. These ground-surface elevations
were used with depth to water measurements to draw
water-level contours and determine groundwater flow
direction in the El Shiekh Attia area (Fig. 4). The digital
elevation model (DEM) map of Shuttle Radar Topographic
Mission (STRM-90) was used to determine the ground-
surface elevation for other wells and springs since GPS
surveys were not conducted in these areas. These data,
along with depth to water measurements, were used to
determine the general direction of groundwater flow in the
main channel aquifers. Because there is a large absolute

El Shiekh
Attia

Fig. 4 Water level contours (meters) in the El Shiekh Attia area

average vertical elevation error (16 m) for the DEM data
(Gorokhovich and Voustianiouk 2006), water-level mea-
surement points close to each other and having similar
water-level elevations less than the DEM elevation error
were assigned an average water-level elevation.

Water—rock reaction modeling

Inverse geochemical modeling (Plummer 1992) has been
widely used in interpreting geochemical processes that
account for the hydrochemical and isotopic changes in
groundwater. The inverse geochemical model NETPATH
2.0 (Plummer et al. 1994) was used because of its ability to
compute the mixing proportions of two to five waters and
the net geochemical reactions that account for the observed
chemical composition changes in groundwater along a flow
path. The geochemical reactions and physical processes
that produced the observed water chemistry were evaluated
and several possible models are presented that identify
water-rock interactions, mixing, and evaporation. Inverse
geochemical modeling does not produce unique results, but
this type of modeling does produce results that account for
the changes in observed water chemistry along a flow path
for phases (minerals, salts, or gases) that are known to
occur in the aquifers and that are constrained by mineral
and gas saturation data. A mineral or gas can only enter the
water if the water is under saturated with respect to the
mineral or gas, and it can only leave the water (precipitate
from, or degas) if the water is super saturated with respect
to the mineral or gas.

First, potential groundwater flow paths were identified
using water-level information, 8°H and 8'%0 data, and
major-ion chemistry. To determine water—rock interactions
that are producing the observed water chemistry, the
mineral phases of the aquifers were identified. Mineral
phases were obtained from analysis of 12 rock samples
from aquifers in the study area (Tables 1, 2). Granitic rocks
form the back bone of the mountain block recharge area
and are the main source of Quaternary alluvial deposits in
the study area.

The water—rock reaction models developed for this study
were constrained by the major-ion concentrations of the
groundwater and the mineral phases in the aquifers of the
study area (Tables 3, 4). Halite was included as a phase in
NETPATH models because of its occurrence in carbonate
rocks of marine origin (Raha and Wata Formations) and
because it is embedded in terrestrial sediments. Calcite and
dolomite were included as phases in the model because of the
presence of carbonate rocks in the study area. Clay sheets are
present in the sediments so the clay minerals montmorillonite
and illite were also included in the model. X-ray fluorescence
results for granitic samples are presented in Table 2. These
data were used to determine the average chemical
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Table 1 Results of petrographic analyses of rock samples

No Area Mineral composition Alterations Texture Rock type
Major Minor and
accessories
1 Main Channel Plag, ortho, qz Biot, mica Argillaceous granite Medium-grained Granite
magnetite, chlr plutonic rocks
2 Main Channel Plag, qz Chlr, silica Strongly argillized plag Very fine grained, Basalt
with more chlr and iron hypabysal
oxides, red stained
3 Main Channel Plag, qz, ortho Biot Intensively argillized felds, Medium to coarse Granite
biot altered to iron oxides grained perthitic
show hematization texture
4 Main Channel Plag, ortho Biot, apatite Argillized granite with Granite
hematization
5 Main Channel Plag Pyrox, augite, oliv, Argillized iron oxides and Olivine basalt
serp pyrox replaced by serp,
chlr and serp strongly iron
stained
6 Main Channel Pyrox, plag Iron oxides, oliv, Medium grained Gabbros
magnetite, ilmenite
7 Main Channel Plag, qz, ortho Biot, muscovite, Less argillized felds Medium grained Biotite granite
zircon
8 Wadi El Ain Ortho, plag, qz Biot Ortho is strongly Biotite granite
weathered, plag with
oxidized biot
9 Wadi El Ain Plag, pyrox, qz Chlr, magnetite, clay Plag replaced by clay and Medium to coarse Gabbros
pyrox by chlr grained
10 Wadi El Ain Plag, pyrox Clay minerals, chlr, Pyrox altered to chlr and Medium to coarse Gabbros
zircon, opaques plag to clay grained
11 Wadi El Ain Qz, ortho, plag, Opaques Weak to moderate Coarse grained Granite
felds argillization graphic texture
12 Wadi El Ain Plag, ortho, qz No opaques no Oxidation of biot with iron Medium grained Granite

apatite no zircon

stained

texture

Plag plagioclase, ortho orthoclase, felds feldspars, gz quartz, biot biotite, chir chlorite, serp serpentine, pyrox pyroxene, oliv olivine

Table 2 Results of X-ray fluorescence of granite samples

Rock type  Basin No SiO, TiO, AlL,O; Fe,0; MnO MgO CaO Na,O K,O P,Os5 Loss on ignition
Granite Main Channel 1 7341 0.15 15.91 1.11 0.04 0.02 1.28 3.53 365 006 0.83
Granite Main Channel 2 75.03 0.16 14.23 1.77 0.03 0.00 0.63 3.04 470 0.01 0.41
Granite Main Channel 3 7477  0.14 13.90 1.63 0.04 0.01 1.02 281 4.66  0.02 1.00
Granite Main Channel 4 7426  0.16 14.94 1.38 0.04 0.26 1.39 2095 392  0.05 0.65
Granite Wadi El Ain 5 77.85 0.08 12.67 1.30 0.01 0.04 0.20 1.98 513 002 0.72
Granite Wadi El Ain 6 78.73  0.08 12.12 1.23 0.02 0.00 045 2.26 4.67 0.00 043
Granite Wadi El Ain 7 76.48 0.08 12.32 1.15 0.02 0.00 049 228 4.69 0.01 2.48

composition for a composite granite for the NETPATH
models that represents felsic igneous rocks found throughout

the study area (Cag 33Mgo 01Na; 02K 72511 Al3 74Fe0 74).

Samples with major-ion analysis electroneutrality error
of greater than 5 % were not used in water—rock reaction
models. Major-ion analyses were not corrected to 0 %
electroneutrality so any electroneutrality error was carried
through each model.

@ Springer

An acceptance criterion for a valid water—rock reaction
model was the precipitation or dissolution of no more than
10 mmol/L of a phase, unless one of the major ions making
up the phase in question had a dissolved concentration
greater than 10 mmol/L in the initial and final waters. In
this case, more than 10 mmol/L of a phase could precipi-
tate or dissolve, but the amount of the phase precipitating
or dissolving could not be greater than twice the dissolved
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Table 3 Constraints, phases, and parameters used in NETPATH models

Constraints Phases

Parameters

Calcium, carbon, magnesium,
potassium, sodium, sulfur

Calcite, composite granite (Cag33Mgo.01Naj 02K .72Si21Al;5 74Feq 74), dolomite, cation
exchange, gypsum, halite, illite, mafic montmorillonite, Na-montmorillonite, silica

Evaporation,
mixing, carbon
isotopic exchange

concentration of the major ion making up the phase in
question.

Results and discussion
Groundwater flow system

The study area contains four main water bearing forma-
tions that are recharged by flash floods when the area
receives heavy winter storms (October—April) and by
infiltration of precipitation on the mountain block
(Research Institute for Water Research 1989; Himida 1997,
Japan International Cooperation Agency 1999). For the
Wadi Watir basin catchment area, the average annual
rainfall between 1998 and 2007 was 192.7 x 10° m*/year
(Milewski et al. 2009). This is close to the average annual
value of 164.9 x 10° m*/year estimated by Masoud (2009)
between 1960 and 1990. Sultan et al. (2011) estimated the
total average annual recharge for the Nubian Sandstone in
the Wadi Watir watershed is 1.83 x 10° m*/year for
1998-2007. A detailed groundwater flow model was
developed and calibrated for the Wadi Watir watershed
using average annual recharge estimates and groundwater
discharge measured for the well field and Furtaga Springs
in the main channel. This modeling effort produced a water
balance based on estimated groundwater recharge, mea-
sured groundwater discharge, and model calibration based
on water levels with an average annual recharge value of
1.58 x 10° m*/year, for 1982-2009 (Eissa et al. 2013).
Elewa and Qaddah (2011) ranked the Nubian Sandstone
aquifer (lower Cretaceous) in eastern Sinai and the Furtaga
Springs area in Wadi Watir as promising areas with very
high annual groundwater recharge. Wadi Watir is com-
posed of many aquifers ranging from land surface to a
depth that exceeds 700 m from the ground surface
(Fig. 3a—c). These aquifers include the Quaternary alluvial
aquifer, the upper Cretaceous (Wata and Raha Formations)
carbonate aquifer, the lower Cretaceous sandstone aquifer
(Malha Formation), and the Precambrian granitic aquifer.
The Quaternary, upper Cretaceous, and Precambrian
aquifers are generally unconfined, water-table aquifers,
while the lower Cretaceous is a confined aquifer. The
Precambrian aquifer underlies most of the study area
(Fig. 3a—c). The Quaternary aquifer is present in the

eastern Wadi Watir alluvial fan, the main channel of Wadi
Watir, the Wadi El Ain area, and in the El Shiekh Attia
area (Figs. 1, 5). Water-level contours in the Quaternary
alluvial aquifer of the El Shiekh Attia area show that
groundwater flows from northeast to the southwest, gen-
erally following the surface-water drainage (Fig. 4). The
average groundwater elevation for wells tapping the Qua-
ternary aquifer in the El Shiekh Attia and Wadi El Ain
areas is 559 and 641 m, respectively; further downstream
in the alluvial aquifer, the water level is 237 m at site 16
and 0.9 m (average) in the delta at sites 17, a, and b (Fig. 5;
Table 4). These data indicate that groundwater in the
Quaternary alluvial aquifer flows downgradient in the
drainages to the delta.

The groundwater in Wadi El Ain occurs in three dif-
ferent aquifers, the Quaternary, the upper Cretaceous, and
the Precambrian. Water-level elevations are highest in the
upper Cretaceous at sites 20 (688 m) and 21 (660 m)
(Figs. 1, 5; Table 4). Water-levels are lower in the Pre-
cambrian (643 m, average of sites 25 and 27) and in the
Quaternary alluvial aquifer (641 m, average of sites 13 and
14) (Figs. 1, 5; Table 4).

The lower Cretaceous aquifer occurs locally in the upper
reach of the Main Channel (sites 22, 23, and 24; Fig. 1) and
extends northward in the central Sinai Peninsula (Fig. 5).
Water in the confined, lower Cretaceous aquifer (Yehia
1998) flows northward from sites 22, 23, and 24 (average
water-level elevation 469 m) toward sites 18 (430 m) and
19 (419 m) (Fig. 5).

The Precambrian aquifer outcrops in the mountains and
underlies most of the study area (Figs. 3, 5). This aquifer
outcrops at Wadi El Ain (sites 25, 26, 27, and 28; Fig. 1)
and in the Main Channel at Furtaga Springs (sites 29, 30,
31; Fig. 1; Table 4). The average water-level elevation for
wells tapping the Precambrian aquifer at Wadi El Ain is
643 m (sites 25 and 27) while it is much lower in the Main
Channel at an average of 347 m at Furtaga Springs (sites
29-31) (Fig. 5). At Furtaga Springs, low permeability
dykes create barriers to groundwater flow in this area of the
Main Channel (Fig. 3a).

The general flow direction of groundwater, which occurs
under unconfined conditions in the Quaternary, upper
Cretaceous and Precambrian aquifers, is mainly from the
upper watershed areas of Wadi El Ain and El Shiekh Attia
downgradient through the Main Channel toward the Wadi
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Watir delta. The main groundwater withdrawals are from
the Wadi Watir delta area, located downgradient of the
upper Wadi Watir watershed. In the upgradient parts of the
Wadi Watir watershed, groundwater withdrawals are
restricted to one drilled well (site 18) with a submersible
pump and a few m>/day from each hand-dug well.

e
(pmc)

e
(%0)

5°H
(%0)
—17°

Environmental isotopes

5'%0
(%0)
—4.3°

Hydrogen (8°H) and oxygen (8'%0) isotopic ratios of water
are ideal tracers that can be used to determine the
source(s) and mixing of groundwater because they are part
of the water molecule, are not involved in geochemical
reactions, and are sensitive to physical processes such as
groundwater mixing and evaporation (Dansgaard 1964;
Clark and Fritz 1997). In the study area, the isotopic
composition of groundwater varies according to the loca-
tion and the source(s) of groundwater recharge. The stable
isotope ratios of hydrogen and oxygen of groundwater,
along with water chemistry data, are shown in Table 4.

Groundwater from the Quaternary alluvial aquifer in the
El Shiekh Attia area (Figs. 1, 6) close to the Global
Meteoric Water Line (GMWL) (Craig 1961), has isotopic
signatures similar to the weighted mean value of local
precipitation in the Sinai (Abd El Samei and Sadek 2001;
Abd El-Samei 1995), is similar to the amount-weighted
isotopic mean of precipitation from the Rafah and El Arish
weather stations (IAEA and WISER 2008), and is low in
chloride (Fig. 7). These data indicate that the main source
of groundwater in the Quaternary alluvial aquifer in the El
Shiekh Attia area is recent precipitation.

The isotopic signatures of groundwater in the Quater-
nary alluvial aquifer, upper Cretaceous carbonate aquifer,
and Precambrian granitic aquifer in the Wadi El Ain area
(Figs. 1, 6) are isotopically depleted relative to weighted
mean value of local precipitation in the Sinai (Abd El
Samei and Sadek 2001; Abd El-Samei 1995) and ground-
water from the El Shiekh Attia area, and have much higher
chloride (Figs. 1, 7). These data suggest that groundwater
in Wadi El Ain is derived from a source different than
recent precipitation and different than groundwater from
the Quaternary alluvial aquifer of the El Shiekh Attia area.
Groundwater in the Wadi El Ain area may have been
recharged during a past cooler climate, recharged from
another area not considered in this study, or possibly
recharged from localized storm events that were isotopi-
cally depleted relative to weighted mean value of local
precipitation in the Sinai (Abd El Samei and Sadek 2001;
Abd El-Samei 1995).

Groundwater in the lower Cretaceous aquifer flows
northward from the Main Channel are; site 19 in the very
northern part of the Wadi Watir watershed is the isotopically
lightest groundwater found in the watershed (Figs. 1, 6) and

Br
(ppm)

SiO,
(ppm)

Cl
0.004

C Ca Mg K CO; HCO; SO,
epm
50 036 0.05 0.24 0.13

TD DTW WL AQ

pH
7.00

Well type

Location

Na
0.1
TD total depth (meter), DTW depth to water (meter), WL water level above sea level (meter), AQ aquifer type; Ot Quaternary, Bs basement, LC lower Cretaceous, UC upper Cretaceous, epm equivalents per

million, Fwg flowing, — no data

# Local rain water chemistry, after El-Sayed (2006)
® Local rain isotopic data from 1960 to 1987 after Abd El-Samei (1995) and Abd El Samei and Sadek (2001)
¢ Water chemistry data after Shalaby (1997); hydrologic parameters after Yehia (1998); and isotopic data after JICA (Japan International Cooperation Agency) (1999)

Table 4 continued

Rain®
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Fig. 5 Hydrogeological map of the study area

has considerable chloride (Figs. 1, 7). Site 18, which is
located between sites 22, 23, and 24 in the Main Channel
area and site 19 (Fig. 1), is isotopically very similar to recent
precipitation and groundwater in the alluvial aquifer in El
Shiekh Attia, and has low chloride. Groundwater in the
lower Cretaceous aquifer in the Main Channel area at site 23
appears to be a mixture of recent precipitation and isotopi-
cally light groundwater from the lower Cretaceous aquifer
similar to that found at site 19; site 23 also lies close to a
mixing line between recent precipitation and site 19 in

@ Springer

Fig. 6. Similarly, site 23 lies near a mixing line between
recent precipitation (and site 8) and site 19 in Fig. 7 com-
paring isotopic signatures and chloride concentrations. These
interpretations are consistent with those found by Yehia
(1998) and Abd El Samei and Sadek (2001).

Isotopic data for groundwater in the Precambrian aquifer
in the Main Channel area (sites 29 and 31; Figs. 1, 6) fall
on an evaporation line originating from Quaternary alluvial
aquifer groundwater in the El Shiekh Attia area. These data
suggest that groundwater in the Precambrian aquifer in the
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Table 5 NETPATH modeling results (mmol/L) for the Wadi Watir watershed
Basin Initial  Initial Final Mixing Phases precipitated or dissolved The
(site 1) (site 2) water percent calculated
- ; ; ; mixing
Numbers in Fig. 1 Site Site Cal Gyp Dol It MOI:lt— Na- Gr Biot Hal Ex percent of
1 2 Maf Mont :
site 1
(%) (%) (using 8°H
isotopes)
(%)
El Shiekh 2 - 4 - - —-0.39 1.00 038 - -0.59 - 0.02 - 1.61 052 -
Attia 2 - 9 - - —193 140 188 —092 -234 - 043 - 206 - -
Wadi E1 20 - 25 - - —550 6.19 424 - —480 - 147 - 878 143 -
Ain 20 Rainwater 14 66 34 —-337 192 281 - -3.60 - 0.86 - 299 - 60
Main 23 Rainwater 18 15 85 —235 272 223 - - —-6.6 - - 238 098 16
Channel 5 - 31 - - —039 206 067 - —143 - 016 - 0.99 0.76
31 - 17 - - —0.81 425 - —2.68 —124 - - 1.67 145 1.60
- 17 - - —-1.64 631 0.88 —-0.50 - - - 045 155 246
Rainwater 17 48 52 —4.16 8.14 2.66 - - - 0.14 - 17.7 225 47

Positive values mean the phase is going into solution while negative values mean the phase is being removed from the solution

Cal calcite, Gyp gypsum, Dol dolomite, /it illite, Mont-Maf mafic montmorillonite, Na-Mont sodium montmorillonite, Gr composite granite, Biot

biotite, Hal halite, Ex cation exchange, — no data

Main Channel area is derived from either the upgradient El
Shiekh Attia area or local recharge from recent precipita-
tion. Note that the chloride concentrations in sites 29 and
31 have not increased because of evaporation and are
similar to chloride concentrations in El Shiekh Attia
(Figs. 1, 7). Chloride data suggest that local recharge of
recent precipitation may be the more likely source of water
at sites 29 and 31.

Two groundwater samples in the study area, sites 15 and
27, have undergone substantial evaporation and lie along
an evaporation line from groundwater in the Wadi El Ain
area (Fig. 6). Site 27 is located within the Wadi El Ain area
in the Precambrian aquifer (Fig. 1). Site 15 is located on a
tributary to the Main Channel (Fig. 1) in the Quaternary
alluvial aquifer; although site 15 has a similar evaporated
isotopic signature to that of site 27, it is geographically
(and hydrologically) unrelated to groundwater in the Wadi
El Ain area. Using the average 8'%0 value for un-evapo-
rated groundwater from the Wadi El Ain area (Fig. 6;
Table 4; average of sites 13, 14, 20, 21, 25, 26, and 28) and
the Rayleigh equation (Clark and Fritz 1997), an evapo-
ration factor for site 27 is 1.2.

Wells 17, a, b, and c are located in the Quaternary
alluvial aquifer in the Wadi Watir delta, downgradient
from the Main Channel area (Fig. 1). Groundwater from
these wells lies on an evaporation line originating from the
upgradient El Shiekh Attia area (Fig. 6). Isotopic data
suggest that groundwater in the Quaternary alluvial aquifer
originates from either the El Shiekh Attia area or local
recharge of recent precipitation. Chloride concentrations in

the Wadi Watir delta are much higher than in the El Shiekh
Attia area or upgradient groundwater in the Main Channel
area (Figs. 1, 7). Groundwater in the delta is likely influ-
enced by an underlying saline groundwater reported by El
Refaei (1992), El Kiki et al. (1992) and El Sayed (2006)
that may be upwelling because of increased groundwater

pumping.
Water—rock reaction models using NETPATH

In the El Shiekh Attia area, groundwater in the Quaternary
alluvial aquifer flows downgradient from northeast to
southwest, increases in dissolved solids (Table 4), and then
flows toward the Main Channel area. Groundwater in this
area is not evaporated (Figs. 6, 7). Geochemical modeling
results suggest that gypsum, dolomite, halite, and granite
dissolve as groundwater flows downgradient (e.g. site 2 to
site 4 or site 9) while calcite and clays are precipitated and
some cation exchange occurs (Table 5). Calculated mineral
saturation indices (SI) are consistent with changes in
mineral phases in NETPATH models (Table 6).

In the Wadi El Ain area, groundwater occurs in three
different aquifers, yet all are similar isotopically indicating
that all are derived from the same source. Upgradient
groundwater (site 20) in the upper Cretaceous aquifer flows
downgradient to the Precambrian (e.g. sites 25 and 27) and
Quaternary (e.g. site 14) aquifers. Water—-rock reaction
models for flow from the upper Cretaceous to the Pre-
cambrian suggest that gypsum, dolomite, granite, and halite
dissolve while calcite and clays are formed with some
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cation exchange (Table 5). Models suggest that Quaternary
alluvial aquifer groundwater is a mixture of upper Creta-
ceous (66 %) groundwater and recent precipitation (34 %)
with dissolution of gypsum, dolomite, granite, and halite
while calcite and clays are formed (Table 5). Petrographic
analyses of rocks from the Wadi El Ain area (Table 1) are
consistent with the modeled dissolution of igneous rocks
and formation of clays. Calculated mineral SIs are con-
sistent with dissolution and precipitation of mineral phases
in NETPATH models (Table 6) including de-dolomitiza-
tion driving the dissolution of dolomite despite over-satu-
rated SIs (Back et al. 1983).

Water-rock reaction modeling of groundwater flow in
the lower Cretaceous aquifer suggests that groundwater at
site 18 is a mixture of upgradient groundwater from site 23

(15 %) and recent precipitation (85 %). Models suggest
dissolution of gypsum, dolomite, and halite while calcite
and clays are formed with some cation exchange (Table 6).

Groundwater in the Precambrian aquifer in the central
Main Channel area emanates from Furtaga springs (sites
29, 30, 31; Figs. 1, 5). Water—rock reaction models of this
groundwater can be made by simply reacting El Shiekh
Attia area groundwater with minerals. These models sug-
gest dissolution of gypsum, dolomite, composite granite,
and halite while calcite and clays are formed with some
cation exchange (Table 6).

From the Main Channel, groundwater flows downgra-
dient into the Wadi Watir delta (e.g. site 17). Water—rock
reaction models of groundwater in the Quaternary alluvial
aquifer in the delta can be made by with upgradient

Fig. 6 Relationship between 40 -
8'%0 and 8%H for groundwater
in the El Shiekh Attia, Wadi El 30 1 .
Ain, and the Main Channel
areas. The samples outside of 201
the El Shiekh Attia samples, ol .
shown as overlapping circles, s
and the Wadi El Ain samples -~ o ©
within the ellipse are the Main s Local Rain .
Channel area samples T 10 ELShiekh P( ' L
- Attia : 3 O Quaternary
-20 \ 2 \-all““ O Upper Cretaceous
Lad + Lower Cretaceous
-30 1 i A Precambrian
® Weighted mean El Arish
-40 - Wadi ElAin ® Weighted mean Rafah
50 + El Arish Station
* Rafah Station
& -9 -7 -5 -3 -1 1
8 130 (%)
Fig. 7 Relationship between 50
8'%0 and ClI for groundwater in
the El Shiekh Attia, Wadi El 48 Sty 2
Ain, and the Main Channel OUpper Cretaceous
areas. The samples outside of 40
the El Shiekh Attia samples, # Lower Cretaceous
shown as overlapping circles, 537 13
and the Wadi El Ain samples 5iicd alreeambrisn O

within the circle are the Main
Channel area samples
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groundwater from the Precambrian aquifer at Furtaga
Springs (e.g. site 31) dissolving gypsum, biotite, and halite
while precipitating calcite and clays with cation exchange
(Table 6). Wadi Watir delta groundwater can also be
derived from upgradient Quaternary alluvial aquifer water
(e.g. site 2) by dissolving gypsum, dolomite, biotite, and
halite while precipitating calcite and clays with cation
exchange. Successful water-rock reaction models could
also be produced that had upgradient alluvial aquifer water
(48 % site 2) mixing with recent precipitation (52 %) to
produce Wadi Watir delta groundwater by dissolving
gypsum, dolomite, granite, and halite while precipitating
calcite and with cation exchange. Mixing percentages
estimated by the water—rock reaction model (NETPATH)
are close to the estimated percentages using deuterium
isotopes (Table 5).

Groundwater ages

Carbon-13 (613C) and carbon-14 (14C) were analyzed in
groundwater samples from one well in the El Shiekh Attia
area (site 1); three wells (sites 18, 20, and 23) and two
springs (sites 29 and 31) in the Main Channel area; and
three wells (site a, b and c) in the Wadi Watir delta area
(Table 4). Water—rock reaction models were developed to
explain the changes in water chemistry along flow paths,
including mixing of different waters (Table 5), and to
correct groundwater ages as needed for interaction of
groundwater carbon isotopes with aquifer materials. The
carbon isotope age correction models adjusted groundwater
C activity for various geochemical reactions including
inorganic carbon reactions in the soil zone, carbonate
mineral dissolution, and isotopic exchange with carbonate
minerals in the aquifer matrix. Carbon-14 ages were cor-
rected using the Original Data Method in NETPATH; this
method has been used to highlight the influence of isotopic

exchange and carbonate dissolution through the flow path
(Plummer et al. 1994).

The 8'°C value and '*C activity of CaCOj in the aquifer
matrix were assumed to be 0 %o and O pmc, respectively.
When correcting groundwater ages, the '*C activity of the
initial water (Ap) at, or near, the recharge area and the 4c
activity of groundwater along a flow path must be defined
(Wigely and Muller 1981). The initial water may be a
groundwater sample from upgradient, or an assumption
that represents the water chemistry at the recharge area
(Van der Kemp et al. 2000). For modeling, carbon isotopic
data for site 1 in the El Shiekh Attia area were used as the
initial water for estimating downgradient groundwater ages
because: (1) it was the most upgradient water in the El
Shiekh Attia area, which supplies most of the water to the
downgradient Main Channel area; (2) it was the most dilute
sample in the project area (expect for one spring); (3) it
contained the most negative 8'*C value indicative of recent
recharge through the soil zone; and (4) it had a '*C activity
of 74 pmc, which combined with a 813C value of —10 %o
indicates that this groundwater is modern in age
(<1,000 years old).

All model corrected '*C groundwater ages were modern,
except for groundwater at site 18, which had a corrected
4C of 4,600 years (Table 7). The drilled well at site 18
taps into the lower Cretaceous aquifer. Shiftan (1961)
reported that the water in the Nubian Sandstone aquifer in
the study area is of Pleistocene age. Issar and Michaeli
(1972) used '"*C to date groundwater in this aquifer and
reported ages between 13,000 and 30,000 years. Abd El
Samei and Sadek (2001) estimated the age for groundwater
at site 19 in the lower Cretaceous aquifer to be
22,000 years. The well at site 18, although tapping the
lower Cretaceous aquifer, is clearly a mixture of recent
precipitation and older groundwater in the lower Creta-
ceous aquifer as indicated by isotopic data, chemistry data,

Table 6 Mineral saturation indices for phases in NETPATH geochemical models

Basin No Calcite Gypsum Dolomite Illite Ca-Mont Albite Anorth Kspar Chalcedy Halite
El Shiekh Attia 2 0.23 —1.13 0.50 0.88 1.12 —-132 358 0.03 0.11 —4.59
El Shiekh Attia 4 —0.29 —0.96 —0.65 1.56 2.32 —1.13 —3.56 0.01 0.13 —4.22
El Shiekh Attia 9 0.14 —0.90 0.27 0.89 1.44 —-1.62  —3.81 —-042  —0.03 —4.20
Wadi El Ain 14 0.26 —0.64 0.49 1.03 1.04 —-1.64 3091 012  —-0.12 —3.12
Delta Watir 17 0.33 —0.54 0.39 0.17 0.41 -1.39 =392 —-0.60  —0.14 —3.69
El Shiekh Attia 18 0.65 —1.04 1.44 —2.23 —2.09 —2.95 —4.33 —-190 -0.21 —4.18
Wadi EI Ain 20 0.22 —0.54 0.37 0.15 0.37 —1.98 —4.08 -0.77  —023 —3.35
Main Channel 23 0.24 —0.57 0.41 1.29 1.50 —-1.50 =371 0.15 —0.07 —3.73
Wadi El Ain 25 0.13 —0.27 0.12 1.82 2.04 —1.14  -3.66 0.53 —0.04 —3.05
Main Channel 31 0.35 —0.78 0.48 1.54 1.84 —-086  —3.27 0.55 0.22 —4.27

Positive values indicate oversaturation; negative values indicate undersaturation
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Table 7 Calculated groundwater ages using NETPATH

Basin Initial water Final water  Carbon isotopic 313 4c Ev Age
- - exchange (mmol/L) (years)
Site 1 Site 2 Computed Observed Computed Observed
(%0) (%0) (pmc) (pmc)
Wadi El Ain 1 20 1.7 —5.45 —5.70 34.9 80.5 Modern
Main Channel 1 23 18 0.1 —8.11 —8.10 57.1 32.6 - 4,600
1 29 0.1 —7.48 —7.90 53.7 73.5 - Modern
1 31 0.1 -9.79 -9.70 71.5 73.5 1.14  Modern
1 a c 0.4 —4.17 —4.20 25.7 30.5 - Modern

Site 1 represents recent groundwater recharge

Ev evaporation factor

and water-rock reaction modeling. Sultan et al. (2011)
reported that the Nubian sandstone aquifer in Sinai was
primarily recharged by previous wet climates, and cur-
rently receives modern meteoric recharge under dry cli-
matic conditions. Rosenthal et al. (2007) confirm that the
lower Cretaceous aquifers in the central eastern Sinai, and
at the Negev comprise paleo water mostly recharged and
replenished during the Pleistocene age.

Groundwater in the Precambrian aquifer and downgra-
dient in the Quaternary alluvial aquifer in the Main
Channel and in the Wadi Watir delta are modern in age
(Table 7) indicating that groundwater is from recent pre-
cipitation and not groundwater recharged under a different
climatic regime.

Summary and conclusions

Groundwater in the El Shiekh Attia area has isotopic sig-
natures that are similar to rain and show that the water has
not been evaporated. Thus, these isotopic values indicate
that recent precipitation is the main source of groundwater
recharge to aquifers in this area. Groundwater in the Wadi
El Ain area is isotopically depleted relative to groundwater
in the El Shiekh Attia area and is isotopically similar to
recent rain indicating that groundwater in aquifers in this
area is derived from a source different from that of the EI
Shiekh Attia area. Groundwater in the Main Channel area
is primarily derived from the upgradient El Shiekh Attia
area and recent precipitation as indicated by isotopic and
chemical data and water—rock reaction modeling.
Groundwater chemistry evolves as groundwater flows from
the upgradient El Shiekh Attia area through the Main
Channel area to the Wadi Watir delta. Dissolution of
gypsum, halite, and igneous rocks is the primary contrib-
utor to increase in major-ion concentrations while precip-
itation of calcite and formation of clays remove ions from
the water.

Corrected '*C groundwater ages are all modern except
for one sample from the lower Cretaceous aquifer with a

@ Springer

corrected age of 4,600 years. These groundwater ages have
very important implications for groundwater management.
Groundwater currently being pumped is being replenished
by recent recharge and is not a paleo water from a different
climatic regime. Thus, this resource can be managed in a
sustainable way by not pumping more than that recharged
on an average annual basis. If this groundwater resource
was much older, it could only be managed as a one-time
use and not as a sustainable resource.
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