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Abstract

The geochemical and isotopic composition of deep groundwater in sedimentary aquitards reveals a complex paleo-hydro-
logical system affected by intensive tectonic activity. Water samples collected from deep research boreholes in the Golan
Heights (Middle East) exhibit a unique combination of high salinity (>2,000 mg/L Cl) with low Na/Cl (<0.7) and Mg/Ca
(<0.3) equivalent ratios, calcium chloride water type [Ca > (HCO;+ SO,)], relatively low 8"0ygyow and 8*Hygyow Val-
ues (-7 and —42%o, respectively), and enriched ’Sr/%6Sr ratios compared to the host rocks. The salinity source is related to
ancient lagoonary hypersaline brines (10-5 Ma) that existed along the Dead Sea Rift (DSR). These brines intruded into the
rocks surrounding the DSR and, based on the current study, also extended away from the rift. Following their subsurface
intrusion, the brines have been gradually diluted by '*0- and ?H-depleted freshwater recharged at high elevations, nowadays
leaving only traces of the brines that originally intruded. It is also shown that variable hydraulic conductivities in different
formations control the dilution rates and subsequently the preservation of the entrapped brines. A paleo-hydrological recon-
struction is provided to demonstrate intrusion and backflow dynamics and also the relationship to freshwater dilution, which
was triggered by a tectonically active basin of the nearby continental DSR. Brines that initially migrated from the rift have
since been gradually flushed back to the rift through the current natural outlets. As the system discharges, it mixes and con-
verges with a separate hydrogeological system, while still preserving some of the geochemical signals of the ancient brines.
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Introduction deep hydrogeological systems over millions of years, even

in the presence of active regional groundwater flow (Bethke

Sedimentary basins often contain saline fluids in their
deepest parts (Davisson and Criss 1996; Dickey 1969;
Kreitler 1989). In some cases, saline fluids can persist in
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and Marshak 1990; Ferguson et al. 2018). Saline fluids
exhibit different compositions depending on their origin
and water—rock interaction processes. Some are remnants
of water that was trapped in the pores during deposition
(connate water), while others intruded later into the pore
space. Saline intrusion can originate from various surface
saltwater bodies (seawater, lagoons, salt lakes, etc.), or sub-
surface saline water bodies, which could be sourced from
deeper strata and/or dissolution of highly soluble miner-
als (Bozau et al. 2015; Gaupp et al. 2008; Mirzavand et al.
2020). Thus, understanding the genesis of the saline flu-
ids in the deeper parts of sedimentary basins can provide
insights into the hydrological and chemical processes that
have taken place in the subsurface, as well as the geologi-
cal settings that enabled their intrusion and preservation in
the system (Hanor 1994; Kharaka et al. 2007; Land 1995).
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Deep formation waters in sedimentary basins are com-
monly saline and characterized by a Ca-chloride compo-
sition where Ca’* concentrations are higher than the sum
of (HCO;™ and SO42_) concentrations (meq/L), while Na/
Cl ratios are lower than the marine value (0.86) (Carpenter
1978; Hanor 1994; Starinsky 1974). Therefore, the chemical
composition of Ca-chloride water is distinguishably differ-
ent from plain seawater, or evaporated seawater. Saline Ca-
chloride waters are found around the world in sedimentary
basins (Bozau et al. 2015; Maghrebi et al. 2021), rift zones
(Hardie 1983; Klein-BenDavid et al. 2004; Starinsky and
Katz 2014), oilfields (Carpenter 1978; Egeberg and Aagaard
1989; Hanor and Mclntosh 2007; Land 1995; Stueber and
Walter 1991) and hydrothermal systems (Aulstead and Spen-
cer 1985).

Previous studies (Carpenter 1978; Starinsky 1974) pro-
posed that saline Ca-chloride brines in sedimentary basins
originate from seawater that underwent evaporation (i.e.,
evaporation by a factor of >10) and/or mineral precipitation
(aragonite, gypsum, halite), followed by water—rock interac-
tions such as epigenetic dolomitization and gypsum forma-
tion (Ilani et al. 1988; Shelton et al. 2009; Stein et al. 2002).
The evaporation produces highly dense hypersaline brines
that intrude by density-driven migration into the subsur-
face (Babel and Schreiber 2014; Katz and Starinsky 2009;
Stanislavsky and Gvirtzman 1999). Once the brines have
intruded the subsurface, they can remain stagnant in the deep
parts of the sedimentary basins for very long periods, up
to tens of millions of years (Hanor 1994; Lowenstein et al.
2003). Alternatively, if conditions allow, they can be diluted
or flushed by a different water source (Aulstead and Spencer
1985; Ferguson et al. 2018; Kim et al. 2022; Spencer 1987).
The timescale of flushing large sedimentary basins can be
in the order of millions of years (Darrah et al. 2015; Deming
and Nunn 1991).

Hydrogeological and geochemical data collected from 4
new research boreholes (Ness wells, Fig. 1) provided infor-
mation regarding the composition and sources of previously
unexplored deep-seated aquitard sedimentary units. The
water in those units contained traces of Ca-chloride brines,
which were diluted by freshwater. Based on the data, the
goal of the study was to reconstruct the paleo-hydrogeolog-
ical history and determine the present conditions of these
deep groundwater systems as affected by a tectonically
active continental rift (Dead Sea Transform).

Study area
Geological background

The Golan Heights (GH), located in the Middle East
(Fig. la), is a sedimentary syncline that was covered
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during the Pliocene—Pleistocene by basaltic flows (Fig. 1b;
Mor 1993; Sneh and Weinberger 2003). The sedimentary
sequence underlying the basalts is exposed only at the north-
ern and southern margins of the syncline, at the slopes of
the Hermon and Ajloun anticlines, respectively (Fig. 1b).
The western margin of the syncline is the active tectonic
plate boundary of the Dead Sea Rift (DSR), which sepa-
rates between the Arabian (east) plate and the African/Sinai
(west) plate/subplate (Freund et al. 1968; Salamon et al.
2003; Shulman et al. 2004). The activity of the Dead Sea
Rift transform resulted in a total left lateral displacement of
105 km between the plates (Quennell 1956). Activity over
the past 25 Ma resulted in a 35-40-km shift (Freund et al.
1968; Walley 1998). The transform also branched eastwards
towards the Golan area into several divergent faults, such as
the Shamir and Sheikh Ali faults (Fig. 1b), which led to the
discontinuation of the syncline structure and to the exhu-
mation of the uplifted structure of the Hermon Anticline
(Garfunkel 1981; Meiler et al. 2011; Ron et al. 1984).

The sedimentary section in the study area (Figs. 1, 2 and
3) consists of a thick Jurassic section (Arad Group), com-
posed mostly of limestones, which constitutes most of the
Hermon exposures. Units from the Cretaceous are composed
of sandstones (Kurnub Group, Lower Cretaceous), dolomites
and limestones (Judea Group, Upper Cretaceous; Michel-
son 1979; Sneh et al. 1998). Overlying the Judea Group is
the Senonian Mt. Scopus Group. The base of the Mt. Sco-
pus Group (Menuha Formation) is composed of massive
white chalk (Mimran et al. 1985). The overlying Mishash
Formation consists of chalk-chert alterations at its lower
part (Margane et al. 2002; Mimran et al. 1985). The Upper
Mishash and Ghareb formations are mostly inseparable and
are composed of chalk. The Senonian rocks are considered
to be extremely organic rich Type II-S source rocks that
have partially matured from a paleo-thermal event (Reznik
and Bartov 2021) and currently contain viscous immovable
bituminous material (Rosenberg et al. 2017; Rosenberg
and Reznik 2021). The uppermost Taqiye Formation of the
Mt. Scopus Group is distinguishable from the underlying
sequence, since it is consistently composed of marly chalk
and lacks organic matter (Flexer and Honigstein 1984; Mar-
gane et al. 2002; Mimran et al. 1985).

Though the Mt. Scopus Group is barely exposed at the
surface in the GH north of the Lower Yarmouk Gorge
(LYG), it is widely exposed to the south of the Yarmouk,
at the Ajloun anticline (Fig. 1b). Overlying the Mt. Sco-
pus Group are the Eocene chalks (Avedat Group) and the
Neogene conglomerates and clay (Hordos Formation), rep-
resenting a shift from a marine to a terrestrial environment
(Sneh 1996). The top of the sedimentary section of the GH
is marked by thick basaltic flows from the Pliocene—Pleis-
tocene (Bashan Group). Most of the surface of the southern
GH is covered by the basaltic flows from the Pliocene (5-3



Hydrogeology Journal

,-
N

-
=1 ’,':
)
@s@
57
gv

p VN

740000
AN

| "
I ;‘r‘ <7

g L Bet She'an

240000

Fig. 1 a General location of the study area, modified after UN (2023),
and b locations of water sources on top of a geological map (New
Israel Grid Coordinates). Colors correspond to the stratigraphic table
(c). The main outcrop of the Mt. Scopus and Judea groups at the foot-
hills of Mt. Hermon are highlighted in yellow (Cretaceous outcrops).
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Dashed lines (A—A’ and B-B’) mark the location of the cross sections
in Figs. 2 and 3, respectively. DSR F - Dead Sea Rift Fault; HG -
Hammat Gader; LYG - Lower Yarmouk Gorge. b is modified after
Sneh et al. (1998) and ¢ (stratigraphic table) is modified after Fleischer
(2002). The water source locations are listed in Appendix 1 and 2
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Fig.2 Schematic cross section through the Golan Heights (GH) from Mt. Hermon in the north to the Ajloun anticline in the south—A-A’ in
Fig. 1, after Burg and Gev (2019). Depths and locations of Ness and Meizar boreholes are indicated by light blue lines

. . B B’ . .
Elevation Elevation i
(mAMSL) Ness 12 Ness 06 Ness 03 Ness 02 Meizar Ajloun (;, AMSL) Lithology
[ ERIVEVRVERY Wordam) % g00 [V Y] Basalt
< ViV VvV < 0 Y| Basalts
500 500
* “Basalts /| : VvV VYV
400 VvV VvV —v—BvTV' + 400 ISCICK]
VvV VoV \ Basalts Basalts \ Basalts PSS
300 A, har-ey N Basalts 3 300 % z” Conglomerate
200 + |* Hlordos » T w0 Letew
frgemangnd T T
100 b 2.3% g S 20 z===
05 | M= S S S SsssS 2= ESNY 22| Chalk, silicified chalk
L o, 2 fanee:
00 IESeE T I -100
200 T oo X i T 200
- S Soded S-S0 B3 =
55 g =B, = Marly chalk
300 T e 2 T dote, & TSR 1 300 arly cha
400 FoooS 2 Adulam & e 400
- il i.
0 = =i L aaaa| 0TI LT Chalk
-600 — Ghareb = T 2600 P
oro—o=Q r-B2/AT-
~ b AAAAD]| T
00 L T [T O S| e ER LD Haaaa| 170 p=— o
800 + RL.Mishash | T Mishash 7777+ 800 7—17—1-| Dolomitic limestone
il b STON at| A A A AL S
900 |- Menuha - T N lhae |- Menuha - | AAEEA] L 900
1000 (== Menuha | LT L1 -1000 Chert horizons
-1100 - ase oo .
Yzl Dolomite lens
-1200 L1 I + -1200
J1300 © ‘ < -1300
0 5 10 15 20 25 30 35

Distance (km)

Fig. 3 Stratigraphic cross section through the studied boreholes in the
GH including the Ajloun, northern Jordan (Fig. 1, B-B’). Depths of
the drill stem tests (DSTs) are highlighted in orange. Open sections
are highlighted in light blue for the Mt. Scopus Group and light green
for the Judea Group. The same colors are used for water levels (trian-
gles) and apparent hydraulic gradients (dashed line). Empty triangles
mark the current water level in Meizar, which declined dramatically

Ma), known as the Cover Basalt (Heimann et al. 1996). In
the northern GH and at the Yarmouk Gorge, younger basal-
tic flows that originated from local eruptions during the
Pleistocene overlay the Cover Basalt (Mor 1993).
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due to production at the LYG since its initial operation. According
to the hydrogeological classification in Jordan, parts of the Mt. Sco-
pus and the Judea groups are considered as one aquifer (A7/B2). The
Ajloun stratigraphic section and water level (blue-green triangle) for
the A7/B2 aquifer were compiled from Margane et al. (2002). Arrow
thicknesses correspond with the relative contribution to Meizar wells,
estimated by geochemical interpretation

Hydrogeological background

The study area is located at the margins of two hydrogeo-
logical systems with the following main flow directions:
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(1) The northern Golan Heights system that flows from the
flanks of Mt. Hermon towards the Yarmouk (Arad and Bein
1986; Roded et al. 2013; Starinsky et al. 1979) and (2) The
southern Ajloun system that flows from Ajloun to the Yar-
mouk (Bajjali et al. 1997; Margane et al. 2002).

The northern hydrological system of the GH includes two
known and relatively well characterized regional aquifers:
the Jurassic aquifer (Burg and Gev 2019) and the Basaltic
aquifer (Dafny et al. 2003), which are recharged by direct
precipitation through their respective outcrops (Fig. 1b).
Other hydrogeological units (Kurnub, Judea, Mt. Scopus and
Avedat groups) were not thoroughly studied. Further, these
units were assumed to be hydrologically inactive mainly due
to their limited outcrop area and/or low hydraulic conduc-
tivities (Roded et al. 2013; Tahal 1989).

The main southern hydrogeological systems are situ-
ated in the geological units that correlate to the Mt. Scopus
and upper Judea groups—Ilabeled B2 and A7, respectively,
according to the Jordanian stratigraphic division (Margane
et al. 2002; Siebert et al. 2014). These units are hydrogeo-
logically active since they are widely exposed at the Ajloun
anticline (Fig. 1b) and are readily available for direct
recharge by precipitation (Margane et al. 2002), in contrast
with the northern GH systems where the outcrops of these
units are limited (Fig. 1).

In the LYG (Fig. 1b) the GH and Ajloun hydrogeological
systems discharge through the thermal springs of Hammat
Gader and Mukheiba (45.5 MCM year‘l, <50 °C; Leyvitte
et al. 1978). In this area, a series of Jordanian and Israeli
production wells (e.g., Meizar, Mukheiba and JRV) have
produced water since the 1980s from these systems (Baj-
jali et al. 1997; Margane et al. 1999; Rosenthal et al. 2020).
Previous geochemical and numerical modelling (Arad and
Bein 1986; Starinsky et al. 1979) suggested the water in the
LYG represents a mixture of the two hydrological systems
(GH and Ajloun). However, the water composition flowing
to the LYG from the GH and the contributing units remained
unknown due to a lack of deep boreholes.

Materials and methods
Sample collection

Water samples from the Ness boreholes were collected using
three principal methods with the first being high-pressure
injection of air (airlift) from open-hole sections during
drilling intermissions. The airlift samples were collected
during the drilling operation of Ness 02 and 12 (Fig. 3).
As these wells were drilled underbalanced using foam/air,
drilling induced little contamination. Regardless, to avoid
contamination, the accumulated water column in the wells
was completely removed at least once prior to sampling. The

second method was bottom hole samples (BHS) collected
from specific depths, and the third comprised drill stem tests
(DSTs) that targeted eight different 15-m intervals within the
studied formations (Fig. 3).

Production of fluids during the DSTs was performed
either by mechanical swabbing or by N, lift. The samples
that were collected during the DSTs were closely monitored
to ensure minimum contamination of drilling and comple-
tion fluids as much as possible. This was done by continu-
ously monitoring the produced water using an electrical
conductivity (EC) probe (WTW, 1970i) until a stable water
composition (<5% change) was attained. From each tested
zone, at least three representative samples were selected,
each collected at slightly different times during the produc-
tion. The representative samples selected from each zone
were analyzed for detailed chemical analysis and their results
were averaged. To avoid any remaining contamination by
completion fluids that were used in the DSTs (predominantly
KCl), in the relevant cases, the equivalent concentrations of
K* were subtracted from the C1~ concentrations: [Cl™] o ected
(meq) =[C17] (meq) — [K*] (meq) (all values are presented
in Table 1).

Water levels and hydraulic conductivities

Water levels of open sections were measured during inter-
missions in the drilling operations of Ness 02 and Ness
12 wells (Fig. 3). The levels were measured following the
complete removal of the fluids present in the well and a
buildup period of 48 h to ensure the water level represents
hydrostatic conditions. The apparent hydraulic conductivity
of each DST interval was calculated using pressure transient
analysis (PTA) of buildup periods (Satter et al. 2008), based
on bottom hole pressure readings (Quartz, Spartek Systems).

Chemical and isotopic analyses

Major cations and sulfate (Na*, K*, Ca**, Mg?*, Sr’™,
S0,?") were measured by inductively coupled plasma
optical emission spectrometry (ICP-OES, Optima 3300,
Perkin Elmer, +0.5%). The sum of Cl~ and Br~ was
measured using automated potentiometric titration with
AgNO; (702 SM Titrino, Methorn, +0.5%). The concen-
tration of Br~ was measured using ion chromatography
(IC, ICS-200, Dionex, +2%). Br~ concentration was sub-
tracted from the sum to determine the Cl~ concentration
([CI7]=[CI” +Br ]-[Br ] £ 3%). Alkalinity was measured
either by automatic titration (785 DMP Titrino, Methorn) or
manually using a pH meter with a 0.05 N HCl acid for titra-
tion down to a pH of ~4.5. Stable oxygen (*%0) and hydro-
gen (*H) isotopes were analyzed using an isotope ratio mass
spectrometer—IRMS, Delta plus XP, Thermo Finnigan;
8130 (£0.1%o0) and 8%H (+1.0%c)—and were corrected using
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a Vienna Standard Mean Ocean Water (VSMOW) sample.
Isotopic composition of Sr** was measured using a mul-
ticollector inductively coupled plasma mass spectrometer
(MC-ICPMS, Nu Plasma-I, Wrexham, UK). The calibration
standard that was used for correcting 3’Sr/%6Sr values was
SRM-987 (55 ppb), 26<1 x 107>, All analyses were per-
formed at the Geological Survey of Israel (GSI) laboratories.

Results
Water levels and apparent hydraulic conductivities

Figure 3 presents borehole sections and water levels in
the Mt. Scopus and Judea groups derived from the Ness
wells in the GH, along with compiled literature data from
Ajloun, Jordan. Open section water level values in Ness 12
and Ness 02 (Mt. Scopus Group) were 19 and —22 m above
mean sea level (AMSL), respectively (Fig. 3). Water level
of the Upper Judea Group in Ness 12 was slightly higher
than the Mt. Scopus Group at the same well (24 m AMSL).
Shortly after the Meizar 3 well (Mt. Scopus Group) was
drilled (1984), the water level was 74.8 m above ground
level (-=30.2 m AMSL). The water level in the same well dur-
ing sample collection (2016) was lower by more than 60 m,
at—-93.4 m AMSL. In Meizar 2 (Judea Group) the 1984 and
2016 artesian groundwater levels were —42.3 and —83.1 m
AMSL, respectively (Simon et al. (1997) and Israel Hydro-
logical Service). In Ajloun, both the Upper Judea (A7) and
the Lower Mt. Scopus Groups (B2) are considered as one
hydrogeological unit, which serves as the main water source
in northern Jordan (Margane et al. 1999). The water levels
in the A7/B2 aquifer, 4 km southward of the LYG (Fig. 1b)
are~25 m AMSL (Fig. 3; Margane et al. 2002).

Apparent hydraulic conductivities calculated from the
DSTs were the same (2 X 1077 m/s) for all intervals that
included the Ghareb-Upper Mishash formations (GUMF).
However, the overlying Taqgiye Formation exhibited a
hydraulic conductivity that was lower by two orders of
magnitude (2 X 10~ m/s). Values and depths are detailed
in Appendix 1.

Geochemical composition

The salinities of the analyzed samples varied spatially, span-
ning over three orders of magnitude between different loca-
tions and depths in the Mt. Scopus Group (Table 1). Water
collected from the Mt. Scopus Group in Ness 12 was fresh
(<420 mg/L total dissolved solids, TDS). Similarly, the
water collected from the Upper Judea Group in the same
well was fresh (<700 mg/L TDS). The water collected dur-
ing the DSTs in the Upper-Mishash and the Ghareb forma-
tions (GUMF) in Ness 02 and Ness 03 was moderately saline
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(5,000-6,300 mg/L. TDS) and the water from the Taqiye For-
mation in Ness 02 was saline (~17,000 mg/L. TDS). Water
from the open section in Ness 02 (Fig. 3), which includes
all the tested formations during the DST and additional con-
tributing layers, was considerably less saline (2,800 mg/L
TDS) than the DST samples in the same well (5,000-6,300
mg/L TDS).

Despite the range in salinities, the brackish to moder-
ately saline water from the tested DST intervals had similar
equivalent ratios (Table 2). Na/Cl ratios were lower than
the marine value (<0.86). Mg/Ca ratios were low and with
limited variation (0.2-0.3), and all samples exhibited a Ca-
chloride composition. In contrast, the less saline water col-
lected from the open sections in both Ness 12 (fresh) and
Ness 02 (brackish) had higher Na/Cl (0.9-1.5) and Mg/Ca
(0.7-0.9) ratios and was not Ca-chloride (Table 2). The elec-
trical charge balance in all the samples that were analyzed
did not exceed +3%.

Isotopic composition

The §'%0 and 8°H (VSMOW) of the studied water are pre-
sented in Table 2. Freshwater samples from both the Mt.
Scopus and Upper Judea groups in Ness 12 showed depleted
5'80 and 8%H values (< —7.3 and < —42%o, respectively).
Brackish-moderately saline water from the Mt. Scopus
Group in Ness 02 and Ness 03 had slightly less depleted
8180 and 8°H values (<-7 and <—-40%o, respectively).
Saline water from the Taqiye Formation in Ness 02 had
significantly higher 8'80 and 8?H values of -6 and —36%o,
respectively.

87S1/36Sr values of the studied water from the south-
ern wells (Ness 02 and 03) were mostly similar (Table 2).
87S1/8Sr values of the water from the Mt. Scopus Group
were 0.70766-0.70782. The freshwater from the north-
ern well (Ness 12) had significantly lower 3’Sr/%6Sr values
(0.70746 in the Mt. Scopus Group and 0.70737 in the Judea
Group).

Discussion
Regional hydraulic gradients

Calculation of preproduction hydraulic gradients based
on the water level measurements highlight the differences
between the southward flowing GH and northern flowing
Ajloun systems: firstly, in the GH, the gradients from Ness
12 to Meizar in the Mt. Scopus and Judea groups are mod-
erate (1.7 and 2.3%o, respectively). Despite the similar gra-
dients, the water levels in the Mt. Scopus and Judea groups
in both the Ness 12 and Meizar wells are different, indicat-
ing that the water systems are isolated. Secondly, in the
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Ajloun system, where the Mt. Scopus and Judea groups are
considered hydraulically connected (Margane et al. 2002)
significantly steeper gradients were calculated towards the
Meizar wells (14%o in Mt. Scopus Group towards Meizar
3 and 17%eo in the Judea Group towards Meizar 2).

Following the intensive water production that took place
in the Meizar wells in the past 40 years, the hydraulic gra-
dients towards the Meizar wells have steepened to~10 and
30% for the GH and Ajloun systems, respectively. Assum-
ing that similar hydraulic conductivities are present north
and south of the Yarmuk, the significant gradient differ-
ences (either pre- or post-production) suggest faster natural
flow rates from the Ajloun system compared to the GH
system.

Chemical composition and sources of salinity

The Cl™ concentrations in the water from the DSTs per-
formed in Ness 02 and Ness 03 wells (Fig. 1b) are between
2,400 and 10,000 mg/L. The highest C1~ concentration was
found in the water from the Taqgiye Formation (~10,000
mg/L), which is also higher than any concentration pre-
viously recorded in GH groundwater. Along with high
CI™ concentrations, brackish-saline water in the Mt. Scopus
Group exhibits Na/Cl and Mg/Ca equivalent ionic ratios that
are lower than the marine values with a Ca-chloride com-
position (Table 2). While remnants of seawater can explain
such salinities, the ionic ratios of the samples are not similar
to those of seawater (Fig. 5). Further, water—rock interac-
tions between meteoric water and host rock cannot explain
the high Na* and Cl~ concentrations. Halite dissolution
which could increase the Nat and C1~ concentrations is also
overruled as this would have resulted in Na/Cl values of 1
(Carpenter 1978; Kreitler 1989). Therefore, the composition
of the studied water cannot be explained without an addi-
tional salinity source that formed separately from the host
rock in which it is found today.

Waters with Ca-chloride compositions are abundant
along the Dead Sea Rift (DSR) Valley, including the mod-
ern Dead Sea as well as in ancient brines that intruded
groundwater systems around the rift. This includes the sub-
surface surrounding Lake Kinneret (Klein-BenDavid et al.
2004; Mazor and Mero 1969; Starinsky and Katz 2014)
where Ca-chloride saline waters (termed as the Kinneret
brines) are found also with C1~ concentrations in the range
of 1,000-25,000 mg/L and low Na/Cl ratios. Furthermore, a
few kilometers north of Lake Kinneret, a hypersaline water
body was found in the Rosh Pina-1 well (Fig. 1b) with a
CI™ concentration of more than 100,000 mg/L. The Kin-
neret brines and Rosh Pina Brine (RPB) were previously
defined as remnants of the DSR brines (Starinsky 1974;
Starinsky and Katz 2014).
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The DSR brines evolved from seawater that transgressed
during the Neogene through Yizra’el Valley (Fig. 4a) into
the tectonic depression that formed along the DSR to form
a lagoon (Lagoonary stage; Neev 1967; Zak 1997; Zak and
Bentor 1972). The seawater underwent evaporation which
led to an increase in salinity and to the precipitation of arag-
onite, gypsum and halite (decrease in Na/Cl and increase in
Mg/Ca). The increase in salinity was accompanied by an
increase in density which resulted in a density-driven migra-
tion into the surrounding rocks (Stanislavsky and Gvirtzman
1999).

Following the intrusion, at the subsurface, the brines
interacted with carbonates to form dolomite. The dolo-
mitization process increased Ca>* concentrations, which
led to gypsum precipitation and a subsequent decrease in
SO,>~ concentrations. The combination between the dolo-
mitization and mineral precipitation resulted in a decrease
in Mg/Ca and increase in Ca** /(HCO;™ +S0,>7), which led
to the Ca-chloride composition. Lagoon level drops led to
the backflow of previously intruded brines while gradually
decreasing the Mg/Ca ratio. Following the terminal discon-
nection of the lagoon from the sea (lacustrine stage; Neev
1967; Stein 2014), inflow of bicarbonate-rich freshwater
led to aragonite precipitation (increase in Mg/Ca). The geo-
chemical evolution of the DSR brines enabled division of
the saline water found in the DSR into two groups (Katz and
Starinsky 2009): (1) brines from the lagoonary stage, with
Mg/Ca ratios lower than 1, and (2) brines from the lacustrine
stage, with Mg/Ca higher than 1 (Fig. 4b).

In the south of Israel, brines from the earlier lagoonary
stage were found at a distance of up to 90 km from the rift,
while brines from the later lacustrine stage were only found
within the DSR (Fig. 4a; Katz and Starinsky 2009; Stein
2001). In northern Israel, lagoonary brines are found in
springs west of Lake Kinneret, while lacustrine brines are
found east of Lake Kinneret in the shallow alluvial basin fill
units (Fig. 4a, empty purple triangle). The RPB hypersaline
brine was found in the research well Rosh Pina-1, located in
the Hula Valley, north of Kinneret Lake. The RBP was found
at a depth of 3,800 m in Jurassic limestones. The limestones
in which the RPB was found are a part of a block within
the DSR, which is separated from its surroundings by deep
faults (Heimann and Ron 1993).

To examine the relationship between the studied water
from the southern GH and surrounding saline water
sources, cation concentrations were plotted vs. CI~ con-
centration (Fig. 5a—e). Detailed chemical compositions are
presented in Appendix 2. Also plotted, are RPB-freshwater
and seawater—freshwater mixing lines. The freshwater end-
member composition selected is the water found upstream
in Ness 12. Note that due to extreme salinity differences
between hypersaline brines and freshwater, even significant
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brine dilution (>1% brine fraction) has little effect on the
ionic ratios of the brines, thereby preserving the original
ionic ratios of the ancient brines. Figure 5 indicates that
the water found in the GUMF formation in the GH shares
a common salinity source as the RPB. This means that a
DSR brine with similar composition to the RPB intruded
the GH subsurface.

Assuming that the RPB represents the closest brine com-
position to the brine that intruded the GH, the residual frac-
tion of the hypersaline endmember can be calculated. Cal-
culation of the RPB fraction based on Na*, Ca**, Mg?* and
CI™ suggest that the water from the GUMF retains 2-3% of
the saline fraction, while the remaining 97% are freshwater
that diluted and flushed the original brine. The Na/Cl ratios
in the water from the Taqgiye Formation are slightly different
from those in the GUMF, suggesting that the composition of
the hypersaline brine that intruded it was slightly different.
Thus, when taking the RPB as the hypersaline end member,
the calculated volume fractions in the Taqiye have a larger
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after Starinsky and Katz 2014). GH water chemical compositions are
detailed in section ‘Geochemical composition’ (Tables 1 and 2). DSR
brine compositions were reported in Bergelson et al. (1999) and Star-
insky and Katz (2014). The compositions are detailed in Appendix 2

scatter: based on Na™ and Cl~, the Taqiye contains 10-13%
brine (with a composition of the RPB) and only 5-6% based
on the Mg?" and Ca®* concentrations. The higher dilution
degrees in the GUMF in comparison to the Taqiye Forma-
tion demonstrates the separation between the two units as
well as their different hydraulic characteristics—i.e., less
dilution is exhibited in the less-permeable Taqiye compared
to the GUMF. Nevertheless, it should be noted that, despite
the two orders of magnitude difference in the formation
hydraulic conductivities, the saline endmember in the Taqiye
has also been significantly diluted by freshwater (more than
87%).

Source of freshwater
In contrast with the dissolved ions that are mostly affected
by the hypersaline brine endmember, the isotopic signal

of the studied water should be governed by the freshwa-
ter component, as the samples are significantly diluted.
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The '80 of the freshest and most upstream water sample
is =7.3%o0 (Ness 12, Fig. 1b). This value is similar to the
880 values found in the deep aquifers that are recharged
in Mt. Hermon and its elevated vicinity (Dafny et al. 2006;
Kattan 1997). In contrast, the 880 value of RPB is +3%o
(Gat et al. 1969), i.e. particularly enriched and indicative
of water that underwent significant evaporation. Figure 6a
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centration. The lagoonary brines west of the Kinneret show slight
compositional differences compared to the RPB mixing line, while
the lacustrine brines east of the Kinneret exhibit a completely dif-
ferent end-member composition, as also shown in Fig. 4. DSR brine
compositions were reported in Bergelson et al. (1999) and Starinsky
and Katz (2014). The compositions are detailed in Appendix 2

presents the 8'%0 values vs. C1~ concentrations of the
studied water with a mixing line between the RPB and
the freshwater found in Ness 12. The results show that the
5'%0 values of the water samples fall on the suggested mix-
ing line, exhibiting increasing 8'0 values with increas-
ing salinity. Most notably, the least diluted water from the
Tagiye Formation exhibit the highest 5'%0 values (-6.0%o),



Hydrogeology Journal

Brine fraction (%wt.)

0% 20% 40% 60% 80% 100%
i 1 1 I 1 I i 1 i L 1 L 1 1 1 1 1 I A
2
g
co
-
»
=2
s
=
-4
6
-8
5 b 2
5 A A
g AD A A
SRE A
=15
Z
z glAA A
£ 10
jus}
s
35 - o
IV
45 ; - : . .
0 500 1000 1500 2000 2500

CT (meq/L)
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lines (black) between the Mt. Scopus Group freshwater endmember

as it is slightly more affected by the heavier isotopic com-
position of the saline endmember.

Similarly, Fig. 6b presents 8°H values vs. CI~ concentra-
tions of the studied water with a mixing line between the
hypersaline and the freshwater endmembers (Ness 12, —42%o).
Since the 8*H value of the RPB was not measured, the value
was assumed to be +4.2%o, in accordance with the linear rela-
tionship between 8'30 and 8”H found in the Dead Sea brine
(Horita and Gat 1989). The 8°H values of the studied water
also increase with salinity and conform with the mixing line,
which reinforces the conclusion drawn based on §'30.

The calculated RPB volume fraction, based on the mix-
ing lines of both 8'0 and §°H, yielded a value of 12% in
the water from the Taqiye Formation, which falls within the
range defined by the dissolved ions (Na* and C1~, 10-13%).
Likewise, the brine volume fraction in the water from the
GUMEF was less than 3% (based on both §'%0 and §°H),
which matched the mixing ratios derived based on the dis-
solved ions (2-3%). Thus, the isotopic compositions of the
water further support the two end-member mixing model for
the studied water in the Ness wells. It should further be noted
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and RPB, where dashed lines are mixing lines with estimated 5°H
value of the saline endmember. The brine fraction (upper horizontal
axis) was calculated based on the CI~ concentrations. CI~ concentra-
tions, 6°H and 8'®0 of the northern DSR brines (triangles) were taken
from Gat et al. (1969) and are fully detailed in Appendix 3

that in contrast with the studied water in the GH, the Kinneret
brines exhibit more enriched §'80 and §%H compositions,
indicating they were diluted by different freshwater sources
(Fig. 6).

The isotopic composition of the freshwater endmember is
very light (-7.3 and —42%o for 8'%0 and &°H, respectively).
The closest such depleted isotopic compositions are found in
rainwater that precipitate over elevations higher than 1,000
m AMSL, such as Mt. Hermon and its foothills (Fig. 1b), or
the distant Palmyride Mountains (Dafny et al. 2006; Kat-
tan 1997). The depleted 8°H values of the studied water
(~ —=42%o0), resemble the values on the southern flanks of
the Hermon Mt. (< —40%0) and suggests the source of the
freshwater is probably not from the distant slopes of the
Palmyride Mountains, where 8%H values are more enriched
(> —35%0) (Kattan 2021). The northern water source also
conforms with the north—south modern regional hydraulic
gradient found in the present study for the Mt. Scopus and
Judea groups in the southern GH (Fig. 3). This also sug-
gests that the dilution and flushing process is ongoing and
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therefore the light isotopic composition and brine remnants
should be detected downstream.

Lower Yarmouk Gorge outlets: water and salinity
sources

The gradient and chemical and isotopic composition sug-
gest that the Mt. Scopus and Judea groups are not inac-
tive, as previously suggested, and may potentially serve
as one of the contributing units to the LYG outlets. The
salinities of the LYG springs are relatively low, yet their
chemical composition suggests that their salinity source
relates to the lagoonary stage of the DSR brines (Starin-
sky et al. 1979). To investigate the relationship between
the northern GH systems, the southern Ajloun system
and wells and springs located downstream, such as the
Meizar wells and LYG spring outlets, the compositions
of different water sources in the area were compiled and
analyzed (Fig. 7).

Figure 7a shows high Na/Cl values in the freshwater sam-
ples that are not affected by the brine composition. With
increasing salinity, however, the Na/Cl ratios decrease below
the marine value due to a higher volume fraction of DSR
brines remnants. The decrease in Na/Cl values with increas-
ing salinity indicates that the source of salts in both the GH
and the downstream LYG has a lower Na/Cl value (Fig. 7a).
The isotopic composition shows two distinctly different
freshwater sources: the relatively saline and isotopically
light GH component and the fresh and isotopically heavier
Ajloun component (-5 to —6.5%o0; Bajjali et al. 1997). The
data of the LYG fall within a range defined by the Ajloun
component and the GH component, which by itself is a
mixing product of hypersaline brine and isotopically light
freshwater. This mixing explains the increase in salinity with
decreasing 8'%0 values observed in the LYG water (Fig. 7b,
orange lines).

Based on this mixing pattern, the water in the Mt. Sco-
pus Group in Meitzar 3 is mainly derived from the south
(relatively enriched 830 and low salinity; Fig. 7b, dark blue
square), which is typical for rainwater that precipitated on
outcrops of the Mt. Scopus Group at the Ajloun slopes. In
contrast, the isotopic composition in the underlying Judea
Group in Meitzar 2 indicate that the water is mainly derived
from the GH system (depleted 8'%0 and relatively higher
salinity; Fig. 7b, green squares).

87Sr/%0Sr values add additional information regarding
the source of the salt and the host rock the water interacted
with. The isotopic 37Sr/*®Sr signature of the freshwater is
largely acquired by water—rock interactions (Kendall and
Doctor 2003) with the latter having the seawater com-
position at the time that they precipitated (Burke et al.
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1982). However, when the isotopic signal of the water
and the host rock differ significantly—the difference can
be explained by an additional source of Sr, such as rem-
nants of brine (Chaudhuri and Clauer 1993). In the case
of the studied water from the GH, only the freshwater
samples are congruent with the host rocks (Fig. 7c, Ness
12 and Meitzar 03). The rest of the brackish-saline sam-
ples (Ness 03, 02, Meitzar 02, LYG springs) show higher
87S1/%6Sr isotopic values (0.7077-0.7079) with respect to
the values of the Late Cretaceous rocks (0.7073-0.7077)
(Burke et al. 1982; McArthur et al. 1994), excluding the
data point of the Ghareb Formation in Ness 03 that falls
slightly out of range. This is evident in both the Mt. Sco-
pus Group and Judea Group waters that show a prominent
increase in ¥’Sr/%®Sr along the flow path from Ness 12
(Fig. 7c). The increase in ¥’Sr/%Sr is explained by the
presence of lagoonary brines, with values as high as 0.708
(Starinsky and Katz 2014). Similarly to the §'%0 mixing
lines (Fig. 7¢), the 37Sr/%Sr values of the water samples
as a function of salinity can be explained by mixing an
enriched lagoonary brine with freshwater that inherited
the 37Sr/%Sr values of the Mt. Scopus and Judea rocks
(Fig. 7¢).

In summary, based on Na/Cl and 87S1/80Sr, the salinity
sources of the GH and Yarmouk are similar, while the §'30
distinguishes between the freshwater sources of the GH and
Ajloun. The water found in both Meitzar 2 and LYG springs
was shown to be geochemically related to the northern com-
ponent that contains brine remnants. Therefore, it is con-
cluded that flushing of the remaining DSR brine from the
Mt. Scopus and Judea groups in the GH, and possibly from
other units as well, still continues today through discharge
in the LYG springs.

Paleo-hydrological reconstruction

During the past 9.5 Ma, significant tectonic and basin
changes have occurred in the area due to the dextral dis-
placement along the Dead Sea transform. The overall
movement during the last 25 Ma is estimated at 35-40
km (Freund et al. 1968; Walley 1998), which would have
placed the Ness boreholes several kilometers closer to the
Kinnarot basin prior to the movement (Fig. 8a). This tec-
tonic movement also resulted in the uplift of the Hermon
Mountain ridge (Garfunkel 1981; Heimann et al. 1990)
which initiated the freshwater hydrogeological system
sourced in the north.

Given the foregoing, a conceptual model demonstrat-
ing the intrusion of the hypersaline brine to the subsur-
face and their subsequent dilution and flow reversal,
due to the major tectonic shifts over time, is presented
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et al. (1994). The chemical and isotopic compositions of the LYG
water were taken from previous publications (Bajjali et al. 1997;
Gavrieli and Burg 2002), as well as analysis performed by the Israel
National Water Co. (Mekorot Co.). All compositions are detailed in
Appendix 3 and 4
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9 - 5 Ma - halite precipitation and lagoonary brines intrusions:

Fig.8 A conceptual model demonstrating the intrusion and flushing
of the northern DSR brines. The intrusion of the lagoonary brines
to the subsurface occurred concurrently with the precipitation of
halite in the Kinnarot basin (a—b, red). The brines’ ongoing migra-
tion created spatial chemical composition differences. Subsequently,
lacustrine brines that were formed after the disconnection from the
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Mediterranean Sea intruded into shallow units inside and nearby the
DSR (¢, purple). Following the intrusion, freshwater activity led flow
reversal, dilution and flushing of the lagoonary brines (increasingly
lighter red) into the natural outlets along the LYG (d). Dashed lines
mark the locations of the cross sections in Appendix 5
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in Fig. 8. Initially, during the Neogene, seawater trans-
gressed (Fig. 4a) into a tectonic depression that devel-
oped along the DSR and formed a semiclosed lagoon
(lagoonary stage). The seawater underwent intensive
evaporation which led to an increase in solution density
and salinity, and to precipitation of evaporites (predom-
inantly halite). Concurrently, several pull-apart basins
developed along the Dead Sea Rift and provided suffi-
cient accommodation space for the halite to accumulate
through rapid subsidence. The subsidence enabled the
deposition of massive evaporite bodies near Lake Kin-
neret within the Kinnarot basin, where 900 m of halite
were deposited across a 2.5-km section of alternating
magmatic and sedimentary beds (Marcus and Slager
1985; Rozenbaum et al. 2019).

For halite to precipitate from seawater, a degree of
evaporation of tenfold and above is required. At such
degrees of evaporation, the density of the evaporated
seawater is higher by >20% relative to freshwater. The
elevated density increases the hydraulic head within
the basin compared to the surrounding hydrogeological
systems, which can result in the necessary driving force
for the intrusion of the brines to the surrounding rocks
(density-driven migration) while displacing freshwater
(Stanislavsky and Gvirtzman 1999). In the subsurface,
the brines can migrate over long distances (tens of kilo-
meters) assuming no hydraulic barriers (Stanislavsky
and Gvirtzman 1999). The fact that no brines were found
northwards of Ness 03 suggests that the intrusion may
have been restricted by the rising water head which is due
to the elevated geological structure towards the Hermon
Mountain range (Fig. 2).

Ar—Ar ages of basaltic flows from the top and base of
the halite deposits in the Kinnarot Basin provide a general
time constraint of ~9.5-5 Ma for the deposition of the hal-
ite sequence (Stein 2014). Based on the dating results, a
similar time interval was defined as the geological period
of the lagoonary brines formation and intrusion (Fig. 8a—b,
red—orange). During this time window, dilution/evaporation
cycles occurred in the lagoon (Raab et al. 1997; Rozen-
baum et al. 2019), which could have led to numerous intru-
sion events of brines with different densities and chemical
compositions.

During the subsequent lacustrine stage that followed
the lagoonary stage (5 Ma to present), the basin discon-
nected from the sea. During this period, hypersaline lake
water was significantly diluted by freshwater and halite
stopped to precipitate in the Kinnarot basin. These diluted
lacustrine brines are found only in shallower units within
the DSR, likely due to their lower density compared to the
lagoonary brines (Fig. 8c, purple).

Over time, active fresh groundwater flow led to gradual
subsurface dilution of the brines. In order for the brines to
be flushed out of a given hydrogeological unit, the fresh-
water system has to exhibit a driving force that can over-
come the high density of the brine.

With the lack of a driving force, brines will remain
stagnant over geological periods. Elevated recharge areas
were shown to create a topography-driven force that can
gradually flush brines from deep sedimentary units (Fer-
guson et al. 2018). The extent of dilution depends on the
recharge rate of the freshwater component and the hydrau-
lic conductivity of each unit.

The high altitude of the Hermon range in the north
(Fig. 1b) provides the necessary driving force for the flow
and flushing to take place and overcome the high density
of the brines. The brines that were flushed by freshwater
discharged through the natural outlets in the LYG, while
gradually decreasing the salinity of the water (Fig. 8d).

Conclusions

The water compositions found in the deep hydrogeologi-
cal systems in the southern Golan Heights (GH) allowed
for reconstruction of the unique paleo-hydrogeological set-
ting of the area. The Upper Cretaceous rocks from the Mt.
Scopus and Judea groups were shown to contain remnants
of ancient Ca-chloride lagoonary Dead Sea Rift (DSR)
brines, estimated to have formed 10-5 Ma ago in a subsid-
ing basin within the DSR, where a massive halite section
was deposited.

The intrusion process was controlled by lake level and
density on one hand, and the groundwater level eleva-
tions in the surrounding hydrogeological systems on the
other. The combination of all these processes resulted
in intrusion/backflow where some of the brines that
were chemically modified by water—rock interactions
back-flowed into the rift. These dynamics have led to
compositional differences in area as well as in different
geological units.

Following the intrusion to the subsurface, the brines
were diluted by freshwater with depleted isotopic composi-
tion, which originated from the margins of Mt. Hermon in
the north through the subsurface. The high-altitude source
enabled the flushing and dilution of the brines, as it pro-
vided the necessary driving force to overcome the hydrau-
lic head provided by the high density of the brines. Due
to the relatively low hydraulic conductivities and limited
outcrop area of the studied formations, freshwater dilution
took place over geological periods and is still currently
taking place.
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Independent calculation of dilution factors based on salt
composition and water isotopes showed higher degrees of
dilution in the more permeable units (GUMF and Upper
Judea Group) compared to the less permeable Taqiye Forma-
tion. This implies that brine intrusion and dilution is likely to
exhibit a hysteretic behavior, where intrusion is less sensitive
to hydraulic conductivities compared to subsequent flushing
by freshwater (Akbarabadi and Piri 2013).

The intrusion and dilution processes were tectonically
controlled. On one hand, the movement along the DSR
led to the development of the subsiding basin west of the
GH syncline, which accommodated the formation of the
Ca-chloride brine, while on the other, the tectonic activity
also led to the uplift and the exhumation of the elevated
recharge areas of Mt. Hermon, which provided the nec-
essary driving force to displace and flush the intruding
brines. Flow was also assisted by the continuation of
the subsiding DSR and the receding water levels of the
rift lakes that enabled the gradual flushing and drainage
towards the rift and the LYG.

Appendix 1

Table 3 Locations and elevations of the studied wells, as well as the
depths of the open sections sampled. The apparent hydraulic conduc-
tivity was calculated based on the bottom hole pressure readings dur-

Additionally, brine intrusion and/or subsequent dilution
may have displaced or assisted in the biodegradation of the
hydrocarbons that were formed during a Pliocene paleo-
thermal event in the GH from the Mt. Scopus source rocks
(Reznik and Bartov 2021). The fact that the Mt. Scopus
Group is more hydrologically active than thought may pro-
vide an additional explanation to the low oil saturations
found in the source rocks (Mishash and Ghareb Formation)
and/or the low quality of the hydrocarbons found (mostly
extremely viscous bitumen).

In summary, the unique isotopically light saline Ca-
chloride water found in the DSR tectonically active
basin, was deconvoluted to explain the complex mixing
dynamics that took place within the hydrogeological
systems of the Mt. Scopus and Judea groups in the GH:
(1) subsurface intrusion of DSR brines and mixing with
geochemically distinct freshwater over prolonged geo-
logical periods and (2) flushing towards the LYG natural
outlets where the GH and Ajloun hydrogeological sys-
tems converge.

ing the drill stem tests. X—Y coordinates are presented in New Israel
Grid units. BGL below ground level

Borehole X coordinate Y coordinate Ground level eleva- Formation Open section Apparent
tion (m AMSL) depths (m BGL)  hydraulic con-
ductivity
Ness 02 268,472 742,853 370 Ghareb-Upper Mishash boundary 997-1012 2% 107
Ghareb 916-931 2x 107
Taqiye 816-831 2% 107
Lower Taqiye-Lower Mishash 850-1223 -
Ness 03 267,486 745,299 375 Ghareb 1,002-1,017 2x 1077
Ness 12 275,128 763,232 635 Lower Taqiye-Lower Mishash 1,150-1,530 -
Upper Judea Gr 1,600-1,845 -

(Bina-Dir Hana)
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Appendix 3

Table 6 Isotopic composition of water bodies in the Golan Heights region

Source Well/spring Ref 380 (%o 82H (%o d-excess 87S1/80Sr
VSMOW) VSMOW)
West Kinneret brines Ein Nur ¢ -5.70 -28.0 17.60 -
1047 ¢ -4.50 -20.0 16.00 -
Nur 3 ¢ -5.90 -19.0 28.20 -
Kinneret 8 ac -2.29 -9.06 9.26 0.70772
102072 ¢ -5.50 -28.0 16.00 -
1020/3 ¢ —4.60 -27.0 9.80 -
1020/7 ¢ -5.90 -20.0 27.20 -
Ein Mudwara ¢ -5.20 -22.0 19.60 -
1051 ¢ -4.90 -25.0 14.20 -
Kinneret 10b ac -1.40 -2.87 8.33 0.70787
Kinneret 5 ¢ -4.30 -9.00 25.40 -
Kinneret 6 ¢ -1.60 -9.00 3.80 -
Kinneret 2 ac -2.71 -14.4 7.30 0.70777
Tiberias Roman sp. ac -3.30 -20.0 6.40 0.70777
CH14 ¢ -3.90 -18.0 13.20 -
East Kinneret brines D1069 ¢ -2.30 -9.00 9.40 -
D1071 ac -1.70 -6.00 7.60 0.70574
Ha’on 1 b -1.50 -8.47 3.53 0.70682
Ha'on 2 b -1.83 -10.7 3.90 -
Rosh Pina-1 Rosh Pina 3150 m ¢ 3.00 - - -
Lower Yarmouk Gorge- Meizar wells Meizar 3 d —6.20 -31.6 18.0 0.70767
Meizar 3 ¢ -5.90 -334 13.8 0.70765
Meizar 2 d -7.16 -34.5 22.8 0.70782
Meizar 2 ¢ -7.05 -39.0 17.3 0.70769
Lower Yarmouk Gorge- Hammat Gader Ein Makla d -5.90 —28.1 19.1 0.70782
thermal springs (Israel) Ein Makla ¢ -6.22 -34.6 15.1 -
Ein Balsam d -5.90 -30.4 16.8 0.70773
Ein Balsam ¢ —-6.03 -29.6 18.6 -
Ein Reach d -5.90 -30.9 16.3 0.70779
Ein Reach ¢ —-6.06 -30.4 18.1 -
Ein Sehina d =5.75 -23.9 22.1 -
Ein Sehina d -5.70 -24.0 21.6 0.70775
Lower Yarmouk Gorge- Mukheiba thermal Balsam sp. f —6.00 -29.0 19.0 -
springs (Jordan) Magqla sp. f —6.40 -31.0 20.2 -

Starinsky and Katz (2014)
bBergelson et al. (1999)

‘Gat et al. (1969)

dGavrieli and Burg (2002)
®Israel National Water Co. (Mekorot Co.)

"Bajjali et al. (1997)
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Appendix 5

Fig. 9 Conceptual E-W cross
sections demonstrating the
intrusion of the DSR brines into
the subsurface of GH. Based

on the paleo reconstruction
detailed in section ‘Paleo-
hydrological reconstruction’.
Cross line locations are marked
in Fig. 8

9 - 5 Ma - halite precipitation and lagoonary brines intrusions:

(a) West East
a a’
Southern
Golan
Lower Galilee Heights
Kinnarot
Basin

) 6 |

hareb Fms.

West East
(b) b Southern b
Golan
Heights

Lower Galilee
Kinnarot

Basin

5 — 0 Ma — Lacustrine brines intrusions and lagoonary brines dilution:

( c) West East
¢ Southern ¢
Golan

Lower Galilee Heights

Kinnarot
Basin

( d) West East
d d 2
Southern

Golan Heights

Lower Galilee
Southern

Kinneret basin

Freshwater Lake
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