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Summary Cretaceous trans-boundary aquifers in the central and northern parts of Sinai
(Egypt) and the Negev (Israel), are geographically and geologically both contiguous and
continuous. Hydrogeological and hydrochemical studies of these aquifers, with disregard
to political boundaries, are scarce. The Lower Cretaceous Kurnub Group aquifer in Sinai
and the Negev hosts paleowater mostly replenished during the Pleistocene. The objectives
of this study are to elucidate the relationship between regional structural elements and
the salinization of groundwater in the Kurnub Group in Sinai and further downstream in
the Negev.

The stable plateaus in southern Sinai and the fold structures in the north continuing into
the Negev are separated by the W–E striking Minshara–Ramon shear zone. With the
exception of higher salinities in the north, the chemical composition of Kurnub Group
groundwater north and south of the shear zone is similar. Similarly, groundwater in the
overlying Upper Cretaceous aquifer differs from Kurnub groundwater only within and
north of the shear zone and is characterized by higher Cl concentrations, lower Mg/rCa
ratios (due to high Ca in the calcareous aquifer) and by a ‘‘heavier’’ isotopic signature.
Inverse hydrogeochemical modeling using PHREEQC indicates that the increase in salinity
of Kurnub groundwater within the shear zone and in adjacent areas could be due to two
different sources: First, the salinization process could be the result of mixing with sulfate-
rich brackish groundwater occurring in Jurassic formations, which are in fault-controlled
lateral contact with the Kurnub Group aquifer. Second, the salinity differences could be
from unflushed seawater in the subsurface of the northern Sinai and western Negev, i.e.
possible remnants of the post-Messinian (Lower Pliocene) transgression, which penetrated
into northern Sinai, the western Negev and the Coastal Plain of Israel both through ero-
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Figure 1 Structural location map i
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sional channels, which were incised during the Neogene, and by flooding over outcrops of
permeable formations.
ª 2007 Elsevier B.V. All rights reserved.
Background

The central and northern parts of Sinai (Egypt) and the Ne-
gev (Israel) are geographically and geologically both contig-
uous and continuous (Fig. 1). The Lower Cretaceous Kurnub
Group aquifer occurs in the subsurface of these two geo-
graphical areas and contains paleowater, which was mostly
replenished during the Pleistocene (Issar et al., 1972; Issar,
1981). These authors and others (Said, 1962, 1990; Kroitoru,
ndicating the main anticlines in
schematized after Eyal et al.,
Libni; 7 – Succot; 8 – Sadot; 9
– Dimona; 18 – Hazera; 19 – R
nmar.
1980; Weinberger et al., 1992; Rosenthal et al., 1998) out-
lined the inferred flow paths connecting the natural replen-
ishment areas in the Sinai highlands with the natural outlets
in Israel, and modeled the processes which shape the chem-
ical composition of this paleowater. The amount of avail-
able data is rather limited. However, by considering
hydrogeological and hydrochemical evidence published dur-
ing the last decade (Abd Allatif and Galal, 1997; Abd el Sa-
mie and Sadek, 2001; Fekry, 2001; Zaghloul, 1999) and by
Sinai and in the Negev, the main faults and the subsurface traces
1987 and Jenkins, 1990). 1 – Giddi; 2 – Yelleg; 3 – El Maghara; 4
– Nirim; 10 – Halal; 11 – Qeren; 12 – Haluza; 13 – Habra; 14 –
amon; 20 – Mahmal; 21 – Arif; 22 – El Arish; 23 – Zenifim; 25 –



296 E. Rosenthal et al.
ascertaining the regional distribution of data, it is possible
to outline an updated regional model of salinization of the
paleowater which flow from NE Sinai to the Negev forming
a major, regional trans-boundary groundwater resource.

The chemical evolution of the Kurnub Group paleowater
was investigated by Rosenthal et al. (1998) starting from
rainwater in recharge areas in Sinai and along groundwater
flow paths leading to the natural outlets of this regional
aquifer. This was achieved by modeling of both rock/water
interaction and mixing with brines mainly close to the nat-
ural outlets in the Dead Sea area and along the Arava Valley.
The previous hydrochemical modeling (Rosenthal et al.,
1998) showed that the Kurnub Group paleowater in the cen-
tral parts of the Negev could be derived from the paleo-
water in Sinai mainly by dissolution of halite, plagioclase,
organic matter and goethite and by precipitation of calcite,
Ca-smectite, silica and pyrite. The chemical composition of
Kurnub Group groundwater encountered in wells located
close to the Dead Sea evolved as the result of mixing of
the Kurnub groundwater of the central Negev with typical
Ca-chloride water of the Rift.
Objectives

Whereas earlier there was no available data which could
have related the previously mentioned hydrochemical pro-
cesses to regional geological and structural features, by
examining the chemical evolution of Kurnub-Group paleo-
water in the Sinai–Negev area against the geostructural
background, we are now able to present information here
which complements previously published results (Rosenthal
et al., 1998).

The objectives of this study are to elucidate the relation-
ship between regional structural elements and the saliniza-
tion of groundwater in the Kurnub Group in Sinai and further
downstream in the Negev.
Climatic conditions

Central and northern Sinai and the southern Negev are arid
areas with scarce and irregular seasonal rainfall. In Sinai the
precipitation ranges between 40 mm/yr at Nekhel Deep
(Fig. 1) and 200 mm/yr near the Mediterranean coast (Abd
el Rahman, 2001; El Ghazawi, 1992; Zaghloul, 1999; Abd
el Samie and Sadek, 2001). Rainfall in the Negev is in the
100–200 mm/yr range. Potential evaporation exceeds
2400 mm/yr in Sinai and 1400–1800 in various parts of the
southern Negev (Abd el Samie and Sadek, 2001; Gvirtzman,
2002). Due to these extreme climatic conditions, current
replenishment of groundwater (if at all) is very limited
(Abd el Rahman, 2001). Limited replenishment of groundwa-
ter could be due to infiltration of winter flash floods into the
dry stream-beds of the area (Abd el Rahman, 2001).
The geological environment – literature
review

The study area is located on the northward dipping margins
of the Arabo-Nubian massif which is covered by a sedimen-
tary veneer (Kashai et al., 1987). Three main morpho-tec-
tonic units are discerned (Jenkins, 1990; Abd el Samie and
Sadek, 2001):

• the southern igneous and metamorphic core;
• the plateaus of Gebel E-Tih and El Egma built of sub-
horizontal, Lower Cretaceous Nubian sandstones over-
lain by Middle-Cretaceous to Paleocene calcareous
formations,

• the northern alluvial plains broken by parallel domes and
by anticlines which continue into the Negev, trend north-
eastwards and make a part of the huge Syrian Arc system
(Jenkins, 1990).

The transition zone between the stable plateaus in the
south and the fold structures in the north is outlined by four
major displacements extending E–W and NE–SW and
continuing from Sinai into the Negev (Eyal et al., 1987).
The southern displacement is the E–W trending Themed–
Wadi E-Sader fault (also known as the Themed–Ragabet el
Naam fault). Further northward, the shear-zone is built of
three parallel NE–SW trending fault zones (Fig. 1), i.e.
the Buruq–Arif el Naga–Paran fault, which reaches in the
east to the Arava Valley and Dead Sea Rift (Eyal et al.,
1987; Kashai et al., 1987). Further northward is the Mins-
hara–Ramon fault which like the others is a dextral strike-
slip fault with horizontal displacement of 0.4–2.2 km. Ver-
tical displacements may reach 1000 m, particularly in the
central part of the shear zone (Bartov, 1974; Eyal et al.,
1987; Jenkins, 1990). Considerable thickening of the whole
Triassic-Tertiary sedimentary sequence occurs north of the
transition zone. Numerous faults dissect this transition zone
creating horst-and-graben and dome-like structures.
According to Kashai et al. (1987) the folded zone extending
north of the shear zone includes four parallel sequences of
anticlinal structures, generally striking NE–SW (Fig. 1).

The continental shelf and the subsurface of the coastal
plain of Sinai and of Israel are deeply incised by 10 erosive
channels, which were part of the Neogene drainage system
(Gvirtzman and Buchbinder, 1977; Fleischer et al., 1993).
These channels truncate large portions of the Cretaceous
section reaching, in many cases, close to the base of the
lower Cretaceous Kurnub Group. The channels are filled by
very thick sections (>1000 m) of clastics and evaporites such
as anhydrite and halite of the Messinian age (the Tertiary
Saqiye Group), and are overlain by argillaceous beds related
to the upper part of the Saqiye Group (Gvirtzman and Buch-
binder, 1977; Fleischer et al., 1993). Two such erosive chan-
nels occur in the study area. In Sinai, the Haruvit channel
extends in the subsurface from the shelf, 50 km southwest-
wards inland extending between the anticlines of Sadot,
Succot and Risan Aneiza. The channel is filled by a 1100 m
thick sequence of clastics and evaporites, especially anhy-
drite. In the deepest parts of the channel there are minor
occurrences of halite (Fleischer, 1979). In Israel, the Afiq-
Gaza channel extends also from the shelf eastwards towards
Beer Sheva and truncates Paleogene to the lower part of the
Lower Cretaceous rock formations. The lithology of the fill
material in the Afiq-Gaza channel resembles that of the
Haruvit channel.

The regional stratigraphic sequence relevant to the pres-
ent discussion is shown in Fig. 2. The following units are of
particular hydrogeological interest.



Figure 2 Generalized stratigraphic chart for Sinai and the Negev (modified after Bartov et al., 1981; Eyal et al., 1980).
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In the Negev, in borehole Ramon 1 and in exposed sec-
tions, the 207 m thick Upper Triassic Mohilla beds contain
massive layers of gypsum. The massive development of gyp-
sum, which is characteristic for the Negev, does not occur in
Sinai (Druckman, 1987; Kashai et al., 1987).

In the El Maghara Mountains and in borehole Halal 1 the
Jurassic sequence was investigated by Said (1962, 1990),
Goldberg et al. (1971), Goldberg and Raab (1987) and Lapid-
oth (1976). The thick sections (2050 m in El Maghara and up
to 3100 in the borehole) contain a variety of lithologies such
as limestones and dolomite, sandstones, shales and chert
and abundant veins of secondary anhydrite, barite and/or
celestite. In the Negev the thickness of Jurassic formations
in boreholes (of similar lithologies) varies between 1155 and
2273 m. Mills and Shata (1989) defined the aquiferous beds
in the Jurassic sequence in Sinai as ‘‘good to fair’’ water
sources with a mean TDS-content of 6000 mg/l. Due to the
occurrence of major faults (the Minshara shear-zone and
faults north of the Halal Mts.), brackish water originating
from Jurassic beds may flow laterally into the permeable
sandstones of the Lower Cretaceous Kurnub Group (Mills
and Shata, 1989). Nada and Awad (1991) also suggested that
due to the absence of impervious beds between the Jurassic
and Lower Cretaceous in Sinai, interaquifer flow could occur
between these rock-units.

The Lower Cretaceous Kurnub Group, which is a part of
the Nubian Sandstone sequence, comprises mainly sands
and sandstones often interbedded with marine sediments.
Farther from the Arabo-Nubian massif, north of the El Mag-
hara – Halal Mts. and into the western Negev, lithology
changes from prevalently terrestrial to carbonates and
shales of increasingly marine facies (Rosenthal et al.,
1992; Water Resources Research Institute and Japan Inter-
national Cooperation Agency, 1992; Abd el Rahman, 2001).
In Sinai, the southern boundary of the aquifer outcrops is
on the E-Tih and El Egma plateaus (Issar et al., 1972; Abd
el Samie and Sadek, 2001). The aquifer extends also east-
wards to the Dead Sea and the Rift Valley (Issar et al.,
1972; Rosenthal et al., 1998) and north-eastwards into the
Negev (Weinberger et al., 1992). The total thicknesses of
the Kurnub Group in Sinai varies between 180 m in the south
and in the Arif el Naga area (The Malha Fm. – Zaghloul,
1999) and 250 m in the central part (Nekhel Deep, Themed
and Kuntila) and reaching a maximum of 520 m at Halal
(Abd el Samie and Sadek, 2001). In Israel the thickness of
the terrestrial beds of the Kurnub Group is close to 250–
300 m (Weinberger et al., 1992).

The Upper Cretaceous sequence is known in Israel as the
Judea Group. It is prevalently built of limestone and dolo-
mite beds unconformably deposited over the underlying Kur-
nub Group. The thickness of these beds close to the
northwestern scarp of the E-Tih plateau is 190 m increasing
gradually north and northeastward. In the northernmost
on- and offshore boreholes of Sinai, Judea Group beds are
absent as a result of erosion (Kashai et al., 1987; Jenkins,
1990). In the western Negev the total thickness of these beds
varies between 600 and 700 m (Fleischer et al., 1993)
whereas in the Judea Mountains of Israel, hundreds of
meters of permeable Aptian–Albian limestones separate
the Judea and Kurnub Groups. Due to this lithostratigraphic
feature, the Judea and the Kurnub Groups form one hydro-
logical unit (Arad, 1964; Arad and Kafri, 1980). In the north-
ern Negev and in northeastern Sinai, the Judea Group aquifer
either directly overlies the Kurnub Group or is separated
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from it by a thin sequence of marls and limestones where
only a small vertical displacement is required to bring the
two aquifers in contact. In Sinai no impervious beds separate
the two aquifers and therefore hydraulic interconnection
and inter-aquifer flow are possible. This is also facilitated
by the numerous faults dissecting the area.

The hydrogeological environment

According to Issar et al. (1972) and Issar (1981) the Kurnub
Group aquifer in Sinai and in the Negev contains paleowater
which accumulated mostly during the Pleistocene. The re-
charge of meteoric water may have taken place mainly over
sandstone outcrops on the E-Tih and El Egma plateaus in Si-
nai. During the Pluvial, replenishment to the Kurnub-Group
aquifer could have taken also place over the major brea-
ched anticlines in which the exposed cores consist of sandy
beds of the Kurnub Group. Such processes occur in the Ha-
lal, Arif el Naga, El Maghara, Minshara, and Yelleg moun-
tains, over the shallow-buried El Arish fold structure in
Sinai, and over the Ramon, Hatira and Hazera structures
in the Negev. Throughout most of Sinai, there are no imper-
vious beds separating the Upper Cretaceous (Cenomanian
and Turonian) beds and the underlying sandy Kurnub Group
sequence. Precipitation in the past and at present could
have reached the Kurnub aquifer by direct infiltration
through the overlying calcareous beds. According to Arad
and Kafri (1980), in those areas in which there is no litholog-
ical separation between the two aquifers, the exposures of
the Judea Group must be also regarded as natural replenish-
ment areas for the Kurnub Group aquifer. At present, the
Cretaceous Halal and Wata limestone formations in Sinai
and the aquiferous units of the Judea Group in the Negev
are occasionally and locally recharged from storm run-off
(Arad and Kafri, 1980; Zaghloul, 1999).

Abd el Rahman (2001) estimated the average storage
capacity of the Kurnub Groups aquifer at 299 · 109 m3.
Abd el Samie and Sadek (2001) estimated the current re-
charge in Sinai at 4.8 · 106 m3/yr. The current recharge over
outcrops in the Negev is of similar order (Kroitoru, 1980).
Figure 3 Geological cross-section along the El Egma–Halal–Asha
and Mills and Shata (1989).
The Kurnub Group is not the only aquifer in the study
area. Groundwater – mostly brackish – occurs in the Upper
Cretaceous (Judea Group) beds of central and northern Sinai
and in the western Negev. Rosenthal et al. (1998) showed
that in the western Negev, these brackish waters are mixing
products of Kurnub-Group water with fresh water replen-
ished on the southern plunges of the Judea Mountains and
flowing southward to the western Negev.

Flow paths in the Kurnub and Judea Group aquifers

According to Issar et al. (1972) and to Rosenthal et al.
(1998), groundwater in the Kurnub Group aquifer in Sinai
and in the Negev spreads fan-wise towards the natural out-
lets of the aquifer i.e. the Gulf of Suez, the northwestern
Negev, the Dead Sea, and the Gulf of Aqaba-Elat.

At this stage there is no sufficient information neither on
the regional continuity of the Upper Cretaceous Judea
Group groundwater body in Sinai, nor on its flow directions
and its natural outlets. Baida et al. (1978) assumed that the
Judea Group in northern Sinai forms a part of the large Yar-
kon-Taninm groundwater basin extending to the western Ju-
dean Mountains. Bar Joseph (1978) suggested an outlet (for
groundwater flowing in the Judea Group from Sinai towards
Beer Sheba) through the Afiq-Gaza channel to the Mediter-
ranean Sea.

Lateral inter-connections between aquifers in fault
zones

As mentioned previously, the irregular pattern of displace-
ment along the Themed–Wadi e-Sader fault, funnels the flow
of paleowater from their recharge areas on the plateaus, to-
wards Nekhel Deep and further northwards. The transition
zone extending between the Themed–Wadi e-Sader fault in
the south and the Buruq–Arif el Naga–Paran fault, is also dis-
sected by numerous faults disturbing the continuity of the
Kurnub Group aquifer. This is clearly illustrated by geological
sections by Kashai et al. (1987), Jenkins (1990) and Abd el Sa-
mie and Sadek (2001). The typical cross-section along the
lim flow path modified after Shata (1956), Kashai et al. (1987)
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main flow path from central Sinai into the Negev is presented
in Fig. 3. Accordingly, in central Sinai, in the transition zone
between Abu Hamth 1 and El Bruk 1, a major fault positions
Upper Cretaceous calcareous beds of the downthrown block
against the sandstones of the Kurnub Group, thus facilitating
lateral inflow of paleowaters into the calcareous aquifer.
Similar situation occurs further northwards, between Arif
el Naga and Halal. North of El Bruk 1, major displacements
create similar geological conditions facilitating possible in-
ter-aquifer flow between Jurassic, Lower Cretaceous and
younger rock units. By considering mostly isotope data, Hen-
ing et al. (2005) suggested that in northeastern Negev, a
large volume of Jurassic sulfate-rich groundwater contribute
locally to the Kurnub Group aquifer.
The flow pattern

Considering the contribution of numerous authors (Issar et al.,
1972; Kroitoru, 1980; Kronfeld et al., 1993; Rosenthal et al.,
1998; Abd el Samie and Sadek, 2001) and in view of structural
evidence by Bartov (1974), Eyal et al. (1987), Kashai et al.
Figure 4 Groundwater elevation (related to MSL) and inferred flo
(1987) and Jenkins (1990), the pattern of paleo-groundwater
flow in Sinai and in the Negev is controlled by structural and
lithostratigraphic factors as summarized below.

According to Abd el Samie and Sadek (2001), in the area
between the El Tih and El Egma plateaus and the shear
zone, groundwater flows in the Kurnub Group aquifer from
the eastern parts of the El Egma plateau north-westwards
and northwards. The flow is from +467 m above MSL (Wadi
Sheira well) to +200 m in the Jica 1 and Nekhel Deep wells
and further to El Halal +24 m (Fig. 4). Relatively high water
levels (up to +250) have been observed in the Bir El The-
made and El Bruk 1 wells located at the western extremity
of the shear zone. Groundwater flow northward towards
Nekhel occurs mainly across those portions of the
Themed–Wadi e-Sader fault where fault displacement is
minimal. The flow of paleowater is then diverted towards
the Negev and to the Rift Valley and westwards to the Gulf
of Suez and the Great Bitter Lakes (Issar et al., 1972). To-
gether with paleowater recharged on the Halal structure,
the flow continues within the Kurnub Group aquifer through
the synclinal troughs, north-eastwards into the western
Negev and towards the Dead Sea.
w paths in the Kurnub Group aquifer from Sinai to the Negev.
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The geological, structural and hydrological data accu-
mulated during the last decade on both sides of the inter-
national border, enables now to propose an updated and
more detailed model of paleowater flow from Sinai to
the Negev and further to the eastern drainage bases. It
appears that the dominant factors of this model are the
Minshara – shear zone and the uplifted Ramon anticlinal
structure. In the Negev, the Ramon structure creates a
major structural watershed, which divides the great mass
of paleowater into two water bodies. One body of paleo-
water flows from Sinai across the eastern part of the
Themed–Wadi e-Sader fault and then, by following the
synclinal troughs between the Ramon, Eshet and Zenifim
anticlines in southeastern Negev, the water flow to the
southern Arava Valley and finally to the Red Sea
(Fig. 4). Groundwater elevations are +467 m in Sinai Wadi
Sheira, +248 m at El Themed, +185 m at Shizafon in the
eastern Negev and as low as +50 m in well Qetura 5 in
the Arava Valley (Fig. 4). The other mass of paleowater
seems to pass from Sinai to the Negev by flowing across
the Minshara shear-zone possibly in the area between
the western plunge of the Ramon structure. The flow to the
northern Arava Valley and to the Dead Sea is in the syncli-
nal troughs: between and in parallel to the axes of the
major anticlinal structures of the Negev, such as Mahmal,
Hazera, Hatira and other structures, as shown in Fig. 1.
Along the flow path to the Dead Sea, water levels decline
from �28.5 m to as low as �285 m (along the western shore
of the Dead Sea). North of the Minshara–Ramon structural
watershed, paleowater probably replenished over the
Halal structure, flows northeastwards, towards central
Negev, attaining there a piezometric level of �14.7 m
(well Ashalim 2a).

Due to facies changes and major reverse folding, which
create impermeable barriers, paleowaters do not flow in
the subsurface to the Mediterranean Sea (Weinberger
et al., 1992). Because of lithological considerations, Issar
et al. (1972) excluded flow of paleowater from Sinai to
the western Negev. However, following the formulation
of an updated subsurface geological model and after reas-
sessing its hydrogeological aspects, Weinberger et al.
(1992) and Rosenthal et al. (1998) concluded that in the
western Negev, the Kurnub Group should also be regarded
as an aquifer and as a potential source of groundwater.
Moreover, specific local lithologic and structural conditions
facilitate lateral flow of Kurnub paleowater into the Judea
Group.

There are no sufficient data to draw a reliable map of
groundwater levels in the Upper Cretaceous beds of Sinai.
Over vast parts in the western Negev, piezometric levels
in autumn 2004 were in the +15 to +17.5 m range.
The chemical composition of groundwater

The chemical composition of groundwater in the study area
is given in Table 1.

Ionic ratios were used as a useful tool for comparing dif-
ferent water bodies and for tracing the geochemical evolu-
tion of groundwater. This technique was suggested by
Schoeller (1956) and White (1960). The significance of the
computed ratios is described in detail by Rosenthal (1987).
Groundwater in the Kurnub Group aquifer is charac-
terized by high sulfate concentrations. The average
rSO4/rCl ratio is 0.65, with maximal values reaching
1.09–2.11. Only in well El Bruk 1, the rSO4/rCl ratio
drops below the marine value of about 0.1. By applying
the Pearson’s correlation matrix for major ions, pH and
d18O (Table 2) it occurs that strong correlation
(R = 0.875) exists between sulfate and both calcium and
magnesium concentrations. Comparing equivalent cal-
cium and sulfate concentrations reveals that they are
close to the ‘‘CaSO4 line’’ (rCa2þ ¼ rSO2�

4 – Fig. 5). This
fact hints to strong influence of dissolution of calcium
sulfate. In those parts of the aquifer, where carbonates
prevail, rCa2þ < rSO2�

4 . Such a relationship could be
caused by precipitation of carbonate. However, even in
this domain, there is a strong correlation between cal-
cium and sulfate concentration.

The chemical changes from rain- to groundwater were
modeled by Rosenthal et al. (1998). The model indicates
that when rainwater percolates into the subsurface, the
chemical composition reflects both dissolution of gypsum,
halite, dolomite, Mg-salts and K-feldspar, precipitation of
calcite, SiO2, Ca-smectite, and degassing of CO2.The origin
of the dissolved minerals is from the lithology of the Kurnub
Group (Weinberger, 1986). According to Starinsky et al.
(1983) MgCl2 is considered to represent marine aerosol
occurring over the region.

Table 3 summarizes the average chemical characteris-
tics of Kurnub groundwater south and north of the shear
zone. By mapping the groundwater chemistry in the Kurnub
Group aquifer (Figs. 6,7 and 8), a very clear zonation
stands out. South of the shear zone, Cl concentrations
are in the range of 122–508 mg/l (average of 290 mg/l).
Sulfate concentrations evolve between 60 and 682 mg/l
(average of 394 mg/l). Anomalously high sulfate concentra-
tions of up to 560–680 mg/l occur spotwise in different
and seemingly unconnected locations, such as in wells Jica
1 and 6 and Sudr El-Heitan (Abd el Samie and Sadek, 2001).
The waters are characterized by relatively high pH (up to
8–8.3), and have ionic assemblages of rNa > rCa > rMg
and rSO4 > rCl > rHCO3 or rCl > rSO4 > rHCO3. The waters
are characterized by average rSO4/rCl and rSO4/rHCO3 ra-
tios of 1.05 and 2.5, respectively and by rNa/rCl = 0.91 and
rMg/rCa = 1.23. The Cl/Br weight ratio (444) is significantly
higher than the marine values (286), and d18O and dD are
in the �5.9& to �8.8& and �42.8& to �58.6& ranges,
respectively (see Figs. 8, 9 and 10).

In the shear zone and northward, the Cl concentrations
are in the 861–1350 mg/l range, i.e. threefold higher than
in the south. In wells Arif el Naga and Um Shihan sulfate con-
centrations reach 1170 and 2218 mg/l, respectively,
whereas pH drops to 7.8, and the water acquire a ionic
assemblage of rNa > rMg > rCa and rCl > rSO4 > rHCO3. The
water is characterized by a lower average rNa/rCl ratio
(0.72) and a wide range of rMg/rCa ratios of 0.33–1.52.
d18O is in the �6.04& to �9.53& range, whereas dD is be-
tween �37.3& and �52.4&.

North of the shear zone, the average pH (7.84) is slightly
lower than to the south (8.06), whereas the average d18O
north of the shear zone (�7.28&) is slightly higher compar-
ing to the southern value (�7.76&), (Fig. 9). This could be
caused by mixing of Kurnub groundwater flowing northeast-



Table 1 Chemical composition and stable isotopes of groundwater

Well_name Area Depth, m Temperature, �C pH Ca,
mg/l

Mg,
mg/l

Na,
mg/l

K,
mg/l

Cl,
mg/l

SO4,
mg/l

HCO3,
mg/l

Br,
mg/l

TDS d18O dD d-Excess RE

Kurnub Group aquifer
Jica 3 Sinai, S of the shear zone 980 8.10 60.1 38.9 55 8.7 122 139.9 178.1 603 �8.79 �56.0 14.3 �2.53
Jica 1 Sinai, S of the shear zone 1250 8.20 108.2 92.6 144 16 203 579.7 203.3 1347 �7.87 �58.6 4.4 �3.51
Jica 6 Sinai, S of the shear zone 850 8.10 140.3 121.6 252 12.5 508 559.7 182.9 1777 �5.90 �42.8 4.2 �1.21
Wadi Sheira Sinai, S of the shear zone 804 8.30 84.2 40.8 147 13.2 326 60 215.5 887 �8.13 �53.2 11.8 1.11
Nekhel deep Sinai, S of the shear zone 1020 8.00 151 78 218 22 355 530 220 0.80 1575 �7.45 �53.6 6 2.50
Sudr El Heitan Sinai, S of the shear zone 1024 7.70 120 194.6 210 20.7 374 681.6 187.9 1789 �8.44 �55.2 12.3 6.47
Jica 2 Sinai, S of the shear zone 1095 8.10 112.2 53.5 180 8.6 218 239 309 1120 �8.30 �52.7 14.2 5.44
Jica 4 Sinai, S of the shear zone 1125 8.00 112.2 53.5 132 16 218 365.7 200 1097 �7.19 �53.4 4.2 �2.68
El Hassana 2 Sinai, N of the shear zone 1241 8.00 348.7 102.1 545 53.5 1360 570 112 3091 �7.05 �50.2 6.2 �1.15
El Hassana 4 Sinai, N of the shear zone 1045 7.40 388.6 153.2 526 16.4 1346 955.2 98.9 3484 �7.46 �51.3 8.4 �3.63
Arif El Naga Sinai, N of the shear zone 902 7.70 323.7 204.3 535 53.5 1251 1170 112.1 3650 �7.06 �52.4 4 �3.26
El Halal deep Sinai, N of the shear zone 800 7.80 160.3 145.9 525 8.5 1034 340.1 329.8 2544 �6.22 �39.2 10.6 1.66
El Halal medium Sinai, N of the shear zone 170 7.75 216.4 199.4 450 21.7 1225 662.4 197.9 2973 �6.04 �37.3 11 �4.29
Um Shihan Sinai, N of the shear zone 903 7.90 561.1 354 607 17.9 1333 2218 118.7 5210 �6.42 �41.9 3.4 �1.02
El Bruk 1 Sinai, N of the shear zone 800 8.30 64.1 58.3 817 2 1240 54.7 399.3 2635 �9.53 �72.3 3.9 1.09
Bir El-Thamade Sinai, N of the shear zone 1000 7.90 317 63 470 29 861 700 204 2644 �8.40 �58.2 9 �0.02
Ashalim 2a Negev, N of the shear zone 710.13 35.4 6.80 213 93.25 1408 62.25 2277 611.4 315.75 6.6 4987 �7.2 �0.61
Ein Yorqeam 4 Arava, N of the shear zone 631.5 38.5 7.00 138 63.873 375 18 617 338 296.21 1.7 1848 �0.63
Ein Yorqeam 2a Arava, N of the shear zone 715.305 37.2 7.16 151.1 61.1 395.7 25.6 667.1 376 302.2 1.54 1980 �6.49 �34.3 17.62 �1.85
Ein Yorqeam 3 Arava, N of the shear zone 695.73 36.2 6.99 222.4 79.6 465.9 28.9 893.4 506.6 340.5 1.86 2539 �6.36 �35.2 15.68 �3.32
Ein Yorqeam 1 Arava, N of the shear zone 683.35 38 6.90 159.1 67.2 435.9 26.7 751 421.1 324.5 1.58 2187 �6.41 �33.7 17.58 �3.13
Ein Yahav 6 Arava, N of the shear zone 821.5 40.3 6.92 225.3 95.4 273.3 26.3 613.7 513.1 270.2 2.26 2020 �7.26 �45.6 12.48 �1.18
Ein Ofarim 5 Arava, N of the shear zone 573.9 33.4 6.80 214.1 78.3 345.7 26.7 680.9 434.9 270.7 1.31 2053 �6.95 �40.8 14.8 0.25
Ein Ofarim 6 Arava, N of the shear zone 40.6 7.14 192.1 84.1 359 18.8 657 413.5 301.6 1.79 2028 �6.8 �40.3 14.1 0.82
Makhtesh Qatan 1 Arava, N of the shear zone 161.75 28.7 6.43 215.8 71.6 244.7 21.5 325.8 896.6 108.2 0.28 1884 �5.6 �32.1 12.7 �3.08
Makhtesh Qatan 3 Arava, N of the shear zone 640.45 37.7 7.00 151.8 61.9 454.5 28.6 758.1 410.3 317.4 1.84 2184 �6.59 �36.2 16.52 �2.84
Makhtesh Qatan 4 Arava, N of the shear zone 674.725 35 7.40 201.7 74.7 463.8 32.7 761.1 655.5 302.8 1.58 2494 �6.74 �40.1 13.82 �3.67
Paran 20 Arava, S of the shear zone 1415 54 7.01 281.4 90.4 312.2 36.8 749.1 577.4 225.7 3.833 2277 �7.83 �52.9 9.74 �1.15
Grofit 4 Arava, S of the shear zone 291.7 30.4 7.05 278 104.8 298.4 21.1 757.3 543.4 237.5 4.08 2245 �7.26 �48.4 9.68 �0.75
Qetura 5 Arava, S of the shear zone 358.5 33 7.01 226 88.4 225.6 15.5 601.7 369.5 248 2.88 1778 �6.6 �37.8 15 0.07
Shizafon 1 Arava, S of the shear zone 854.3 48.9 6.78 331.9 104.7 310.4 40.9 606.7 893.4 221.4 1.514 2511 �8.62 �58.5 10.46 0.5
Yaalon 3a Arava, S of the shear zone 33.7 6.81 253.2 95 304.6 32.3 672.8 571.5 216.7 2.097 2148 �8.39 �58.2 8.92 0.16
Yaalon 6a Arava, S of the shear zone 731.15 38.8 7.17 91 50.2 121.7 9.4 246.8 152.4 255.1 0.74 927 �5.73 �27.6 18.24 �0.37

Upper Cretaceous Calcareous aquifer
Maghara 1 North. Sinai 215 73 560 5 843 650 202 2548 0.73
Maghara 2 North. Sinai 117 78 400 5 557 550 183 1890 �0.63
Maghara 3 North. Sinai 439 207 1000 3 1685 1400 231 4965 1.26
Maghara 4 North. Sinai 94 50 225 3 351 200 283 1206 �0.09
Maghara 5 North. Sinai 234 107 540 6 929 1040 308 3164 �9.05
El Fateh A North. Sinai 8.30 52.1 21.888 206.82 3.906 212.76 144.21 280.462 0.799 923 �4.41 �23.0 12.3 �0.38
El Fateh B North. Sinai 8.40 150.3 68.096 448.11 11.718 602.82 576.84 152.425 1.598 2012 �5.63 �28.0 17 2.15
El Fateh C North. Sinai 8.30 70.14 27.968 241.29 3.906 354.6 144.21 213.395 0.799 1056 �5.43 �28.0 15.4 �0.32
Qadesh Barnea. North. Sinai 285.5 97.1 935 60.5 1471 888.8 292.6 4031 �0.24
Mashabim 1 Negev 550 34.9 6.88 170.9 85.8 563 19.5 992.1 407.4 283.6 2.45 2525 �5.47 �26.7 �0.63

(continued on next page)
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Table 1 (continued)

Well_name Area Depth, m Temperature, �C pH Ca,
mg/l

Mg,
mg/l

Na,
mg/l

K,
mg/l

Cl,
mg/l

SO4,
mg/l

HCO3,
mg/l

Br,
mg/l

TDS d18O dD d-Excess RE

Mashabei
Sade 1a

Negev 38.4 6.80 187 88.5 595 15.6 1026 418.6 783 2.9 3117 �5.80 �8.12

Nizana 1 Negev 37.9 6.40 256 116.5 1150 26.5 2017 602.7 278 4.7 4451 �6.00 �0.61
Nizana 3 Negev 37.6 6.40 230 116 1115 26 2010 525 327 4.9 4354 �5.90 �1.93
Revivim 2 Negev 41.4 6.40 175 84 650 17.5 1135 370 298 3.3 2733 �5.70 �0.25
Revivim 3 Negev 745 35.5 6.89 178.8 89.7 637.1 22.3 1187 455.9 287 3.87 2862 �5.49 �27.6 �3.32
Ashalim Negev 3585
Zeelim Negev 2996
Beer-Sheva 6 Negev 866
Wadi Sheira 11 North. Sinai 1100
El Hasana North. Sinai 4120
El Bruk 2 North. Sinai 5628
Gafgafa North. Sinai 3500
Gebel Libni North. Sinai 4500
El Arish 15 North. Sinai 7000

Well_name rNa/rCl rMg/rCl rMg/rCa rNa/rK Q rSO4/rCl rSO4/rHCO3 rCa/rSO4 rCa/rCl rCa/rNa rMg/rNa Cl/Br SICalcite SIDolomite SIAragonite SIGypsum SIAnhydrite

Kurnub Group aquifer
Jica 3 0.70 0.93 1.07 10.75 0.51 0.85 1.00 1.03 0.87 0.81 1.34 0.85 2.01 0.72 �1.64 �1.72
Jica 1 1.09 1.33 1.41 15.31 0.35 2.11 3.62 0.45 0.94 0.74 1.22 1.11 2.61 0.98 �1.00 �1.07
Jica 6 0.76 0.70 1.43 34.29 0.48 0.81 3.89 0.60 0.49 0.55 0.91 0.96 2.30 0.82 �0.97 �1.10
Wadi Sheira 0.70 0.37 0.80 18.94 0.88 0.14 0.35 3.36 0.46 0.32 0.53 1.14 2.45 1.01 �1.91 �2.05
Nekhel deep 0.95 0.64 0.85 16.85 0.51 1.10 3.06 0.68 0.75 0.41 0.68 444 1.09 2.35 0.96 �0.91 �0.99
Sudr El Heitan 0.87 1.52 2.67 17.25 0.35 1.35 4.61 0.42 0.57 1.06 1.75 0.61 1.90 0.48 �1.01 �1.08
Jica 2 1.27 0.72 0.79 35.60 0.56 0.81 0.98 1.13 0.91 0.34 0.56 1.27 2.72 1.15 �1.28 �1.35
Jica 4 0.93 0.72 0.79 14.03 0.51 1.24 2.32 0.74 0.91 0.46 0.77 0.99 2.13 0.86 �1.10 �1.17
El Hassana 2 0.62 0.22 0.48 17.32 1.27 0.31 6.47 1.47 0.45 0.21 0.35 1.07 2.09 0.94 �0.69 �0.76
El Hassana 4 0.60 0.33 0.65 54.55 0.90 0.52 12.27 0.98 0.51 0.33 0.55 0.45 0.97 0.32 �0.49 �0.56
Arif El Naga 0.66 0.48 1.04 17.01 0.62 0.69 13.26 0.66 0.46 0.44 0.72 0.68 1.63 0.55 �0.51 �0.59
El Halal deep 0.78 0.41 1.50 105.04 0.64 0.24 1.31 1.13 0.27 0.32 0.53 1.04 2.54 0.91 �1.20 �1.29
El Halal medium 0.57 0.47 1.52 35.27 0.63 0.40 4.25 0.78 0.31 0.51 0.84 0.60 1.53 0.46 �0.82 �1.03
Um Shihan 0.70 0.77 1.04 57.67 0.58 1.23 23.74 0.61 0.74 0.67 1.10 1.01 2.28 0.89 �0.15 �0.24
El Bruk 1 1.02 0.14 1.50 694.72 0.42 0.03 0.17 2.81 0.09 0.08 0.13 1.22 2.94 1.09 �2.28 �2.37
Bir El-Thamade 0.84 0.21 0.33 27.56 0.88 0.60 4.36 1.09 0.65 0.15 0.25 1.10 1.95 0.97 �0.59 �0.73
Ashalim 2a 0.95 0.12 0.72 38.47 0.59 0.20 2.46 0.84 0.17 0.08 0.13 �0.06 �0.04 �0.20 �0.92 �1.09
Ein Yorqeam 4 0.94 0.30 0.76 35.43 0.58 0.40 1.45 0.98 0.40 0.20 0.32 363 0.10 0.33 �0.03 �1.13 �1.28
Ein Yorqeam 2a 0.91 0.27 0.67 26.29 0.59 0.42 1.58 0.96 0.40 0.18 0.29 433 0.28 0.62 0.15 �1.06 �1.22
Ein Yorqeam 3 0.80 0.26 0.59 27.42 0.69 0.42 1.89 1.05 0.44 0.20 0.32 480 0.27 0.54 0.14 �0.85 �1.01
Ein Yorqeam 1 0.90 0.26 0.70 27.76 0.56 0.41 1.65 0.91 0.37 0.18 0.29 475 0.07 0.22 �0.06 �1.01 �1.17
Ein Yahav 6 0.69 0.45 0.70 17.67 0.74 0.62 2.41 1.05 0.65 0.40 0.66 272 0.18 0.45 0.05 �0.82 �0.95
Ein Ofarim 5 0.78 0.34 0.60 22.02 0.79 0.47 2.04 1.18 0.56 0.26 0.43 520 �0.04 �0.09 �0.17 �0.88 �1.06
Ein Ofarim 6 0.84 0.37 0.72 32.48 0.71 0.46 1.74 1.11 0.52 0.27 0.44 367 0.39 0.89 0.26 �0.96 �1.09
Makhtesh Qatan 1 1.16 0.64 0.55 19.36 0.53 2.03 10.53 0.58 1.17 0.34 0.55 1164 �0.91 �1.92 �1.05 �0.58 �0.78
Makhtesh Qatan 3 0.92 0.24 0.67 27.03 0.55 0.40 1.64 0.89 0.35 0.16 0.26 412 0.14 0.34 0.00 �1.04 �1.19
Makhtesh Qatan 4 0.94 0.29 0.61 24.12 0.54 0.64 2.75 0.74 0.47 0.18 0.30 482 0.56 1.11 0.42 �0.78 �0.95
Paran 20 0.64 0.35 0.53 14.43 0.89 0.57 3.25 1.17 0.66 0.33 0.55 195 0.43 0.84 0.31 �0.71 �0.74
Grofit 4 0.61 0.40 0.62 24.05 0.91 0.53 2.91 1.23 0.65 0.40 0.66 186 0.20 0.38 0.06 �0.73 �0.92
Qetura 5 0.58 0.43 0.64 24.75 0.96 0.45 1.89 1.47 0.66 0.45 0.74 209 0.17 0.36 0.03 �0.92 �1.10
Shizafon 1 0.79 0.50 0.52 12.91 0.75 1.09 5.13 0.89 0.97 0.39 0.64 401 0.16 0.28 0.04 �0.50 �0.57
Yaalon 3a 0.70 0.41 0.62 16.04 0.82 0.63 3.35 1.06 0.67 0.36 0.59 321 �0.07 �0.14 �0.21 �0.73 �0.91
Yaalon 6a 0.76 0.59 0.91 22.02 0.62 0.46 0.76 1.43 0.65 0.47 0.78 334 0.13 0.47 0.00 �1.50 �1.65
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wards with another water body of heavier oxygen-isotope
composition.

Chemical and isotopic similarity was also observed be-
tween the Kurnub waters north of the shear zone in Sinai
and those occurring in the calcareous Upper Cretaceous Ju-
dea Group aquifer in the different parts of central and wes-
tern Negev. Chemical analyses of groundwater hosted in the
calcareous Upper Cretaceous beds of central and northern
Sinai and in the Negev are based on data published by Abd
Allatif and Galal (1997), Nada and Awad (1991) and Zaghloul
(1999) and on information from the data bases of the Israel
Hydrological Service. From several sources in Sinai only TDS-
concentrations were published. The data (Table 1 and
Fig. 7) indicate irregular distribution of salinities varying
in a wide range starting with 1100 mg/l TDS in well Wadi
Sheira 1 and reaching up to 7000 mg/l TDS in the wells near
the El Maghara structure. The high TDS-concentrations in
the groundwater north of the shear-zone in Sinai, continue
into the Negev there they attain 4451 mg/l in the Nizana
wells decreasing gradually northwards, towards the south-
ern plunges of the Judea Mts. and reaching concentrations
as low as 866 mg/l. The hydrogeological continuity between
Sinai and the Negev is also supported by the semblance of
the chemical characteristics. In northern Sinai the ionic
assemblages are rNa > rCa > rMg and rCl > rSO4 > rHCO3.
The water is characterized by a rather high pH of >8.3, by
average rNa/rCl � 1, rMg/rCa of 0.74 and rSO4 > rCa. The
Cl/Br average weight ratio (362) is clearly higher than the
marine value (286). d18O is in the �5.63& to �4.41& range
and dD is between �28& and �23&. In Sinai, close to- and
north of the shear zone, groundwater from the Upper Creta-
ceous aquifer differs from groundwater from Kurnub aquifer
only by higher Cl concentrations, lower rMg/rCa ratios (due
to high Ca in the calcareous aquifer) and by a ‘‘heavier’’ iso-
topic signature. In the western Negev, the Cl content is in
the range of 992–2061 mg/l, generally decreasing north-
wards. The average pH is lower (6.72) than in the northern
Sinai. The ionic assemblage is identical to that of groundwa-
ter flowing in Upper Cretaceous beds (equivalent to Judea
Group) in Sinai and so are the ionic ratios (rNa/rCl = 0.9,
rMg/rCa = 0.76; rSO4 > rCa and Cl/Br = 372). d18O is in the
�6.0& to �5.47& range, (Fig. 9) and dD is between
�26.7& and �27.6&. The slight differences between the
water of western Negev and those of Sinai can be attributed
to the increasing influence of fresh water flowing in the
limestone aquifer, from the Judea Mountains southwards
into the study area.

The particular distribution of both salinities and chemi-
cal and isotopic compositions of groundwater together with
their apparent coincidence with a major regional geological
feature such as the shear zone, provoke several questions:

• Was or is there a common factor causing salinization of
Kurnub groundwater north of the shear-zone in Sinai?

• Why did salinization not affect the same groundwater
flowing in the same rock units south of the shear zone,
in an area which is even more arid than northern Sinai
and the Negev and much closer to the Rift with its partic-
ular salinization processes?

• Did the shear zone play an active role in the salinization
process or was it just a geographical/morphological
boundary?
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Figure 5 Evidence of gypsum dissolution from rCa–rSO4 chart.

Table 2 Peason’s correlation matrix for chemical components of Kurnub-Group groundwater

pH rCa rMg rNa rK rCl rSO4 rHCO3 d18O

pH 1
rCa �0.248 1
rMg 0.140 0.779 1
rNa �0.166 0.350 0.342 1
rK �0.439 0.490 0.154 0.437 1
rCl �0.116 0.578 0.553 0.920 0.500 1
rSO4 �0.106 0.874 0.876 0.301 0.338 0.444 1
rHCO3 �0.156 �0.527 �0.468 0.222 �0.212 �0.027 �0.566 1
d18O �0.303 0.152 0.261 0.012 0.057 0.082 0.243 �0.113 1
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Hydrochemical modeling

The PHREEQC computer code (Parkhurst and Appelo,
1999) was employed for inverse hydrochemical modeling
of both water/rock interaction and mixing processes
along flow paths and for investigating the feasibility of
various hydrogeological scenarios which could have oc-
curred in central and northern Sinai and in the Negev
to create the existing groundwater bodies. In all cases,
groundwater from well Nekhel Deep in Sinai was taken
as the fresh end-member, whereas the resultant brackish
product was represented by groundwater from well Ha-
lal. The hydrochemical evolution of the Nekhel Deep
water from rainwater was previously clarified (Rosenthal
et al., 1998). The envisaged scenarios and their rationale
are as follows:

1. Nekhel Deep water evolving into Halal water exclusively
by water/rock interaction without mixing with any other
water body. This scenario relates to a possible situation
in which any ancient residual water was previously
flushed out from the aquifer.

2. Nekhel Deep water mixing with residual sea water. This
scenario envisages mixing of Nekhel Deep water with
unflushed relics of proto-Mediterranean sea water,
which penetrated inland during the Late Tertiary–Early
Quaternary, mainly through erosive channels deeply
incised into the Coastal Plain. This assumption was
based on the findings of Rosenthal et al. (1998) and of
Livshitz (1999).

3. Nekhel Deep waters mixing with brines from Neogene
beds such as encountered in borehole Afiq 1. Borehole
Afiq 1 was drilled in the immediate vicinity of the big-
gest erosive channel cutting through the Negev and
penetrates into Lower Cretaceous beds. The brine
encountered in the borehole might represent the saline
waters which penetrated inland at the beginning of the
Post-Messinian transgression (Rosenthal et al., 2006)
and could occur as relics all through the investigated
area.

4. Nekhel Deep water mixing with deep-seated reduced
brine encountered in lower Jurassic beds (Inmar Fm. in
borehole Qeren 1). It has been previously shown that
groundwater salinization occurs close to and north of
the shear zone. As indicated by geological cross-sections
by Abd el Samie and Sadek (2001), Jenkins (1990) and
Kashai et al. (1987), north of El Bruk 1, major displace-
ments create geological conditions facilitating possible
inter-aquifer flow between Jurassic, Lower Cretaceous
and younger rock units. Such possible inter-aquifer flow
might facilitate penetration of brines hosted in Jurassic
rocks into Upper Cretaceous formations. Due to lack of
published data from oil wells in Sinai and in order to
investigate possible salinization by inflow of ancient



Table 3 Average chemical characteristics of Kurnub-Group
aquifer in Sinai to the south (S) and to the north (N) from the
Minsherah – Abu Kandu shear zone

Chemical characteristics S N Ratio N/S

pH 8.06 7.84
Ca, mg/l 111.03 297.49 2.68
Mg, mg/l 84.19 160.03 1.90
Na, mg/l 167.25 559.38 3.34
K, mg/l 14.71 25.31 1.72
Cl, mg/l 290.50 1206.25 4.15
SO4, mg/l 394.45 833.8 2.11
HCO3, mg/l 212.09 196.59
d18O, % �7.76 �7.27
dD, % �53.19 �50.35
d-excess, % 8.93 7.06
rNa/rCl 0.91 0.72 0.79
rMg/rCl 0.87 0.38 0.44
rCa/rCl 0.74 0.44 0.60
rCa/rNa 0.59 0.34 0.58
Mg/Na 0.97 0.56 0.58
Mg/Ca 1.23 1.01
Na/K 20.38 126.14 6.19
Q = Ca/(SO4 + HCO3) 0.52 0.74 1.43
SO4/Cl 1.05 0.50 0.48
SO4/HCO3 2.48 8.23 3.32
Ca/SO4 1.05 1.19
SI_Calcite 1.00 0.90
SI_Dolomite 2.31 1.99
SI_Aragonite 0.87 0.77
SI_Gypsum �1.23 �0.84
SI_Anhydrite �1.32 �0.95
All the ion ratios are ratios of equivalent concentrations SI is a
saturation index.
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brines, Nekhel Deep water was mixed with brine from the
Lower Jurassic Inmar Formatiion in borehole Qeren 1
(located in southern Negev, close to the border with
Sinai).

5. Nekhel Deep water mixing with brackish groundwater
encountered in Jurassic beds in the El Maghara structure
(El Ramly, 1967; Abd Allatif and Galal, 1997). This
groundwater is characterized by high sulfate concentra-
tions (1270–1400 mg/l, rSO4/rCl = 0.36–0.61), which
could be caused by contact with numerous veins of anhy-
drite, which criss-cross the Jurassic section (Goldberg
et al., 1971; Goldberg and Raab, 1987). Owing to direct
recharge on the El Maghara structure, Jurassic groundwa-
ter might spread east- and southwards reaching the
investigated flow path. Moreover, a deep-seated NEE
striking fault connects between the two structures, El
Maghara and El Halal (Jenkins, 1990), and could act as
a preferential flow path for these waters facilitating their
mixing with those from the Kurnub Group. Sulfate-rich
Jurassic groundwater were also encountered in southern
Israel (Mahtesh Qatan wells), where at Cl concentrations
of 500–650 mg/l, rSO4/rCl ratio is close to 2.

6. Nekhel Deep water mixing with brine encountered in the
lower-most portion of the Judea Group aquifer (Sadot
oil wells). Owing to faulting in Sinai and the Northern
Negev, Judea Group layers are often positioned against
Kurnub Group layers (Abd el Samie and Sadek, 2001;
Weinberger, 2003) facilitating lateral inter-aquifer flow.

7. Nekhel Deep waters mixing with flood waters sampled in
the El Arish area (northern Sinai). As indicated by
numerous findings (Mualem, 1971; Movshovitz and Ben
Zvi, 1973; El Ghazawi, 1992), in northern Sinai, ground-
water replenished by flood waters and flowing in alluvial
beds have high salinity. The model checks whether Nek-
hel Deep water is salinized along their flow paths north-
wards by the possible infiltration of such saline flood
waters through permeable formations and percolating
into the Kurnub-Group aquifer.

Model constraints

The chemical end-members considered in inverse modeling
are given in Table 4. The speciation of groundwater from
the Halal borehole in Sinai and from well Ashalim 2a in
the Northern Negev by the PHREEQC program revealed that
groundwater in the Kurnub-Group aquifer is saturated with
respect to calcite and dolomite, and is strongly undersatu-
rated with respect to solid sulfates and halite. Therefore,
possible precipitation of calcite or dolomite and dissolution
of anhydrite (or gypsum) and halite, were set as model con-
straints. These minerals are present both in the Cretaceous
sedimentary rock-formations in Sinai and in the Messinian
evaporites occurring in the Haruvit and Afiq-Gaza channels
incised into the subsurface of the Coastal Plain (Fleischer,
1979). Pyrite encountered in Cretaceous rock in Sinai was
assumed to be formed from goethite by reaction with H2S
produced through sulfate reduction by organic matter. Cor-
respondingly, a possible sink for CH2O and a CO2 source
were set. Since clay particles are always present, major-
cation exchange (Ca2+, Mg2+, Na+, K+) was permitted. When
estimating the plausibility of the generated models, the
common assumption was accepted that models with very
large mole transfers (>1 mol), are not realistic (Parkhurst,
1999). The available Cl/Br ratios and d18O values were used
for validation of the plausible models. Final Cl� and Br� con-
centrations were calculated by using mixing fractions and
mole transfers received for each model. Their ratio has
been compared to the value estimated for the water from
the Halal well. Br concentrations in groundwater from well
Halal had not been reported in literature. However, by con-
sidering the chemical semblance of this groundwater with
that from wells Ashalim 2a and Ein Yorkeam in the Northern
Negev (located on the studied flowpath), a range of possible
Cl/Br ratios for Halal groundwater was estimated as 328–
406 which is higher than in seawater, but lower than in
the Nekhel Deep-deep groundwater (444). The error of the
Cl/Br ratio was estimated by using reference standard devi-
ations (RSD) of Cl� and Br� determination in brackish
groundwater by modern equipment. The error estimations
are of 2% and 5% respectively. Hence, the error of the Cl/
Br ratio will equal the sum of the RSD, i.e. of about 7%.

All modeled cases considered processes of mixing of
deep seated water bodies which could not be subjected to
evaporation after their deep confinement. Under such con-
ditions evaporative fractionation of oxygen isotopes was
impossible. Fractionation due to water–rock interaction
at relatively low mass transfers (as shown by modeling)



Figure 6 Chloride concentrations (mg/l) in groundwater hosted in the Kurnub Group aquifer.
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should be insignificant. Therefore, oxygen isotopes could be
considered as conservative and used for the validation of
the received models.

The average d18O in Kurnub Group groundwater north of
the shear zone (�7.45&) (Fig. 9) is slightly heavier than
south of this zone (�7.70&) hinting to possible mixing with
heavier water such as seawater, brine or flood water enter-
ing the system north of the shear zone. To some degree, the
heavier isotope signature may also be a result of isotope ex-
change between oxygen of the water and the oxygen of the
carbonate fraction (Ayalon and Longstaffe, 1988) occurring
in the rocks of the Kurnub Group, which increases north of
the shear zone (Kroitoru, 1980).

Results of modeling

The acceptable resultant models are summarized in Table 5.
All models are characterized by small amount of precipitating
carbonates (calcite or dolomite – 0.001–0.009% of the rock
mass), by formation of pyrite (0.001–0.006% of the rock
mass), consumption of organic matter (0.001–0.006% of the
rock mass) with corresponding formation of CO2 (0.0006–
0.0069 mol/l) and by cation exchange accompanied by in-
crease in Mg2+ (and sometimes in Ca2+) in groundwater and
by impoverishment in Na+ and K+. Dissolution of anhy-
drite and/or of halite was encountered only in a few of the
models.

Discussion of modeling results

1. A single model was found describing direct transforma-
tion of Nekhel Deep groundwater to that encountered
in the Halal well. The transformation was exclusively
by water–rock interaction (without mixing with any
other water body), by dissolving both halite and anhy-
drite. In the resultant groundwater, dissolution of halite
generated a very high ratio of calculated Cl� and Br�

concentrations (Cl/Br = 1347) i.e. a very high ratio value
which does not match with the ratio expected in well El
Halal Deep (328 ± 23 to 406 ± 28).



Figure 7 TDS concentrations (mg/l) in groundwater hosted in the calcareous Upper Cretaceous aquifer in Sinai and in the Negev.
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2. All three models describing mixing of Nekhel Deep
groundwater with residual seawater have similar fea-
tures. They indicate a small mixing portion of seawater
(about 3.3%) and the absence of additional dissolution
of halite. This leads to both preserving the Cl/Br ratio
(325) close to the lower limit of the plausible interval
(328 ± 23 to 406 ± 28) and to heavier oxygen isotope val-
ues. Only one of the models indicated limited dissolution
of calcium sulfate (about 0.003% of the rock mass).

3. Two models described the mixing of Nekhel Deep ground-
water with a small portion (1.8%) of the Afiq-1 brine,
which represents water from the Neogene erosive chan-
nels. These models are characterized by absence of halite
and anhydrite dissolution. The ratio of calculated Cl� and
Br� concentrations in the resultant groundwater (Cl/
Br = 486) is higher than in both Nekhel Deep groundwater
(444 ± 31) and in groundwater occurring north of the shear
zone (328 ± 23 to 406 ± 28).

4. Four mixing models were developed for Nekhel Deep
groundwater with the Lower-Jurassic brine such as
encountered in borehole Qeren 1. Only in one model
the ratio of calculated Cl� and Br� concentrations in
the resultant groundwater (Cl/Br = 321) was found to
be close to the expected Cl/Br range (328 ± 23 to
406 ± 28). All other models show highly divergent values
such as 457 and 157. The model, which is plausible from
a point of view of the Cl/Br ratio, is characterized by
mixing with a very small fraction of brine (0.32%) and
by minor dissolution of halite (0.008% of the rock mass)
and by no dissolution of calcium sulfates.

5. Three models evolved for the possible mixing of Nekhel
Deep groundwater with Lower-Jurassic brackish sulfate-
rich groundwater as encountered in the boreholes of El
Maghara (El Ramly, 1967). The models involve a rela-
tively high portion of the Jurassic groundwater (31.8%)
mixing with Kurnub Group water. Only one of the models
involves dissolution of anhydrite (0.007% of the rock
mass). The rNa/rCl ratio in El Maghara groundwater is
>1 (1.2) indicating possible dissolution of evaporates.
Therefore, Cl/Br ratio in this water should exceed the
marine value of 286). At an assumed Cl/Br values of
305–400 for El Maghara groundwater, the ratio of calcu-



Figure 8 Sulfate concentrations (mg/l) in groundwater hosted in the Kurnub Group aquifer: d, <500 mg/l; m, >500 mg/l; j,
>1000 mg/l.
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lated Cl� and Br� concentrations in the resultant ground-
water was found to be within a range of the expected
Cl�/Br� values (328 ± 23 to 406 ± 28).

6. Two models evolved for mixing of Nekhel Deep ground-
water with Upper Jurassic brackish sulfate-rich ground-
water of the same El Maghara site (Abd Allatif and
Galal, 1997). They are characterized by relatively high
mixing fraction (about 52%) of Upper Jurassic groundwa-
ter, absence of both halite and anhydrite dissolution and
the ratio of calculated Cl� and Br� concentrations in the
resultant groundwater within a range of the expected
Cl�/Br� values (328 ± 23 to 406 ± 28).

7. Five mixing models of Nekhel Deep groundwater with
reduced brine encountered in the lowermost portions
of the Judea Group aquifer (Sadot oil wells) are charac-
terized by the complete absence of calcium sulfate dis-
solution and by very low ratios of calculated Cl� and
Br� concentrations in the resultant groundwater (239–
245) and are therefore not plausible.
8. Two mixing models of Nekhel Deep groundwater with
flood water, sampled in the El Arish area (northern
Sinai), were found. These models are characterized
by no dissolution of halite and of anhydrite. As there
are no data for Br� concentrations in El Arish ground-
water, it was not possible to validate the evolved
models. Moreover, these models indicate that the
portions of flood water in the mixing reactions are
high, i.e. about 42% (Table 5). There are no published
data on the d18O content in flood water in Sinai. How-
ever, such measurements were carried out in the
Arava Valley (which is also a hyper-arid zone) and
are in the �5.3& to 1.0& range (Anker, 2001). These
figures are considerably heavier than values charac-
terizing Kurnub Group paleowater. Therefore, mas-
sive addition of flood water is incompatible with the
‘‘light’’ isotopic signature of Hallal 1 groundwater,
and therefore models involving massive contribution
of flood water are not plausible (see Fig. 10).



Figure 9 d18O in groundwater hosted in the Kurnub Group aquifer: j, <�6.0&; m, <�7&; d, < �8&. Data from Abd el Samie and
Sadek (2001), Abd Allatif and Galal (1997), Fekry (2001) and Nada and Awad (1991) and from databases of the Mekorot Co., Tel Aviv
and the Hydrological Service of Israel, Jerusalem.
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In view of the modeling results and considering both the
necessary dissolution of anhydrite (proved by good
Ca2þ– SO2�

4 correlation in groundwater) and the ratios of
reconstructed Cl and Br concentrations, the transformation
of Nekhel fresh groundwater into El-Halal brackish ground-
water could be only explained by mixing of Nakhel water
either with residual seawater or with brackish Lower Juras-
sic groundwater of El Maghara type. Actually, both scenarios
could occur simultaneously.

The chemical composition of Kurnub Group groundwa-
ter encountered along the flow path from northern Sinai
to the Negev Highlands and further to the Dead Sea dif-
fers significantly from that encountered in the Halal well.
Between northern Sinai and the Yorqeam wells in the Ne-
gev Highlands, Kurnub Group groundwater flows under
conditions of deep confinement, completely isolated from
any contemporary recharge. The difference in ionic con-
centrations between the water in northern Sinai and Yor-
qeam indicates that the latter has a much higher Cl
content, whereas the concentration of SO4 decreases.
The previous PHREEQC modeling (Rosenthal et al., 1998)
showed that the water of Yorqeam could be derived from
that of Sinai mainly by dissolution of halite, plagioclase,
organic matter and goethite and by precipitation of cal-
cite, Ca-smectite, silica and pyrite. Finally, the chemical
composition of Kurnub Group groundwater encountered
in wells located close to the Dead Sea evolved as the re-
sult of mixing of the Kurnub groundwater encountered in
the Yorqeam wells in the Negev Highlands with typical
Ca–Cl water of the Rift. The PHREEQC modeling revealed
that the mixing process (with a very small amount of
brine) was accompanied by dissolution of dolomite, gyp-
sum, halite, outgasing of CO2 and the precipitation of cal-
cite and K-smectite. The dissolving halite and gypsum
were most likely residuals from higher levels of the proto
Dead Sea (Rosenthal et al., 1998).



Table 4 Chemical characteristics of endmembers used for PHREEQC inverse modeling

Water Ca mmol/l Mg mmol/l Na mmol/l K mmol/l Cl mmol/l SO4 mmol/l HCO3 mmol/l Br mg/l Cl/Br d18O, %

Nekhl Deep 1, Rosenthal et al.,
1998 – INITIAL

3.768 3.207 9.482 0.563 10.011 5.518 3.605 0.8 444 �8.23

El Halal Deep, Abd el Samie
and Sadek, 2001 – FINAL

4.000 5.999 22.836 0.217 29.160 3.540 5.405 328–406* �6.22

Average Mediterranean seawater
(Zilberbrand et al., 2005)

12.256 58.95 522.51 11.434 629.75 28.608 2.746 71.2 312 +1.90

Afiq 1, 1196–1210 m, Cretaceous
(Yakhini Formation)

59.5 25.5 977 5 1066 32 10 74 512 +3.0

Qeren 1, 2919–2935 m, L. Jurassic
(Inmar Formation)

388.48 86.1 1856.29 27.62 2809.6 5.255 2.39 816 122 �0.96

El Maghara, Lower Jurassic
(El Ramly, 1967)

3.393 4.937 88.034 73.337 13.22 4.917

El Maghara, Upper Jurassic
(Abd Allatif and Galal, 1997)

10.954 8.517 43.498 0.077 47.528 14.574 3.819

Sadot 2, Cretaceous
(Yagur Formation)

2 1.5 391 2.5 397 0.5 12 64 220 +3.21

El Arish shallow aquifer, T80b
(Mualem, 1971)

6.313 7.529 46.977 0.384 56.695 6.558 3.458 �5.3% to 1.0%**

* 328 mg/l – in Ashslim 2a well, 406 mg/l – in Ein Yorqeam well.
** by Anker (2001) for the Arava.
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Table 5 Results of PHREEQC inverse modeling and calculation of the synthetic Cl/Br ratio

Model Mixing fraction Mole transfers, mol/kgw Calculation results

Soln 1 Soln 2 Anhydrite Halite Calcite Dolomite Goethite Pyrite CH2O CO2 (g) CaX2 MgX2 NaX KX Cl, mg/l Br, mg/l Cl/Br ratio

Nekhl + 0 1.000 0.000 0.0014 0.0204 0 �0.0011 0.0016 �0.0016 0.0060 �0.0018 0 0.0039 �0.0075 �0.0003 1078 0.80 1347
Nekhl + seawater 0.967 0.033 0.0016 0 0 �0.0016 0.0021 �0.0021 0.0078 �0.0026 0 0.0026 �0.0044 �0.0007 1082 3.33 325
Nekhl + seawater 0.967 0.033 0 0 0 �0.0008 0.0013 �0.0013 0.0049 �0.0012 0.0008 0.0018 �0.0044 �0.0007 1082 3.33 325
Nekhl + seawater 0.967 0.033 0 0 �0.0017 0 0.0013 �0.0013 0.0049 �0.0012 0.0016 0.0009 �0.0044 �0.0007 1082 3.33 325

Nekhl + Afiq 0.982 0.018 0 0 �0.0015 0 0.0012 �0.0012 0.0044 �0.0011 0.0007 0.0024 �0.0056 �0.0004 1044 2.15 486
Nekhl + Afiq 0.982 0.018 0 0 0 �0.0008 0.0012 �0.0012 0.0045 �0.0012 0 0.0032 �0.0059 �0.0004 1031 2.12 486

Nekhl + Qeren 1 (LJ) 0.998 0.002 0 0.0154 0 �0.0005 0.0009 �0.0009 0.0034 �0.0006 0 0.0031 �0.0058 �0.0004 1093 2.39 457
Nekhl + Qeren 1 (LJ) 0.992 0.008 0 0 0 �0.0004 0.0009 �0.0009 0.0034 �0.0006 �0.0022 0.0025 0 �0.0005 1146 7.30 157
Nekhl + Qeren 1 (LJ) 0.992 0.008 0 0 �0.0009 0 0.0009 �0.0009 0.0034 �0.0006 �0.0018 0.0021 0 �0.0005 1146 7.30 157
Nekhl + Qeren 1 (LJ) 0.997 0.003 0 0.0121 �0.0009 0 0.0009 �0.0009 0.0034 �0.0006 0 0.0026 �0.0047 �0.0004 1103 3.43 321

Nekhl + El Maghara (LJ) 0.682 0.318 0 0 0 �0.0018 0.0022 �0.0022 0.0081 �0.0031 0.0022 0.0041 �0.0123 �0.0002 1069 3.26 328
Nekhl + El Maghara (LJ) 0.682 0.318 0.0043 0 0 �0.0040 0.0043 �0.0043 0.0163 �0.0069 0 0.0062 �0.0123 �0.0002 1069 3.26 328
Nekhl + El Maghara (LJ) 0.682 0.318 0 0 �0.0036 0 0.0022 �0.0022 0.0081 �0.0031 0.0040 0.0022 �0.0123 �0.0002 1069 3.26 328

Nekhl + El Maghara (UJ) 0.475 0.524 0 0 �0.0058 0 0.0033 �0.0033 0.0125 �0.0049 0.0023 0 �0.0045 �0.0001 1052 3.23 326
Nekhl + El Maghara (UJ) 0.483 0.517 0 0 0 �0.0029 0.0033 �0.0033 0.0124 �0.0048 �0.0006 0.0029 �0.0045 �0.0001 1042 3.19 326

Nekhl + Sadot 2 (UC) 0.946 0.054 0 0 0 �0.0004 0.0008 �0.0008 0.0029 �0.0008 0.0008 0.0033 �0.0077 �0.0005 1094 4.58 239
Nekhl + Sadot 2 (UC) 0.946 0.054 0.0015 0 0 �0.0012 0.0015 �0.0015 0.0058 �0.0021 0 0.0041 �0.0077 �0.0005 1094 4.58 239
Nekhl + Sadot 2 (UC) 0.946 0.054 0 0 �0.0009 0 0.0008 �0.0008 0.0029 �0.0008 0.0012 0.0029 �0.0077 �0.0005 1094 4.58 239

Nekhl + El Arish 0.583 0.417 0 0 �0.0011 0 0.0011 �0.0011 0.0040 �0.0010 0 0.0010 �0.0017 �0.0003 1044 2.57 406
Nekhl + El Arish 0.583 0.417 0 0 0 �0.0008 0.0012 �0.0012 0.0046 �0.0014 0 0.0017 �0.0032 �0.0003 1045 2.57 406

Negative mole transfer is connected with either precipitation, or gas formation, or impoverishment of solution by cation exchange. Positive mole transfer is connected with either dissolution, or enrichment of
solution by cation exchange. LJ, UJ, UC – groundwater from Lower Jurassic, Upper Jurassic and Upper Cretaceous aquifers, respectively.
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Figure 10 The dD–d18O relationships in groundwater.

312 E. Rosenthal et al.
Conclusions

The present study reveals that the shear zone cutting
through central Sinai and western Negev plays an impor-
tant role in the salinization of Kurnub_Group paleowaters
flowing northeastwards to the Negev. Inverse hydrogeo-
chemical modeling indicates that the main sources for
salinity increase in the shear zone and in adjacent areas
could be due to two different sources. One such saliniza-
tion factor could be sulfate-rich brackish groundwater
occurring in Lower or Upper Jurassic formations, which
are in fault-controlled lateral contact with Kurnub Group
rocks. According to Goldberg and Raab (1987), the thick
Jurassic section contains a major amount of secondary
anhydrite occurring in veins. Considering the absence of
anhydrite in the Triassic beds of Sinai (Druckman, 1987),
its origin could be in the Jurassic of the Halal region as well
as in the thick beds of this evaporite mineral occurring in
the Upper Triassic Ramon Group in the Arif el Naga area,
in the Ramon saddle and further east- and northeastwards
in the Negev and in Jordan (Rosenthal et al., 2005). These
authors also reported massive occurrence of sulfate-rich
brines in the Negev in the Ramon and Arad Groups (Upper
Triassic and Jurassic – particularly in Lower Jurassic). An-
other plausible source of salinity could be unflushed sea-
water in the subsurface of northern Sinai and western
Negev. According to Rosenthal et al. (1999) the post-Mes-
sinian (Lower Pliocene) transgression penetrated inland
(into northern Sinai, the western Negev and into the Coast-
al Plain of Israel) both through erosional channels, which
were incised during the Neogene, and inundating outcrops
of permeable formations (Zilberbrand et al., 2005). In view
of the absence of halite dissolution (as indicated by the
models – Table 5), it is plausible that in the studied areas
seawater could have penetrated inland through the upper
parts of the channels which are rich in beds of gypsum,
but contain no halite (Fleischer, 1979).

The brackish groundwater in Upper Cretaceous aquifer-
ous beds in northern Sinai and in the Negev (Judea Group),
seem to originate from the Kurnub Group. Due to the ab-
sence of impermeable strata between the Upper and the
Lower Cretaceous and also as the result of faulting, Kurnub
Group waters may flow unimpeded into Upper Cretaceous
beds. The higher salinity of waters in the Upper Cretaceous
beds could be caused by mixing with unflushed relics of sea-
water. The heavier isotopic signature of the groundwater in
wells located close to the El Maghara structure in Sinai and
in the Beer Sheva area (Israel) is due to mixing with local,
modern recharge water.

The coincidence between the shear zone and groundwa-
ter salinization phenomena cannot be incidental. On one
hand, this is a zone of intensive faulting, which could pro-
vide preferential flow paths for the sulfate-rich brackish
water originating in the Jurassic and possibly older forma-
tions and penetrating laterally into downfaulted Cretaceous
beds. On the other hand, the major morphotectonic feature
of the shear zone, that extends northeastwards into the Ne-
gev to the Ramon saddle, could have created a huge obsta-
cle, which prevented penetration of the invading seawater
further inland. This could possibly be a reason for the fact
that south of this morphotectonic feature, in areas, which
are even more arid than northern Sinai and the Negev and
much closer to the Rift (with its particular salinization pro-
cesses), no such salinization phenomena could be identified.
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