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Abstract

The chemical composition of groundwater in the Jordan Valley, along the section between the Sea of Galilee and the
Dead Sea, is investigated in order to evaluate the origin of the groundwater resources and, in particular, to elucidate the
role of deep brines on the chemical composition of the regional groundwater resources in the Jordan Valley. Samples were
collected from shallow groundwater in research boreholes on two sites in the northern and southern parts of the Jordan
Valley, adjacent to the Jordan River. Data is also compiled from previous published studies. Geochemical data (e.g., Br/Cl,
Na/Cl and SO,4/Cl ratios) and B, O, Sr and S isotopic compositions are used to define groundwater groups, to map their
distribution in the Jordan valley, and to evaluate their origin. The combined geochemical tools enabled the delineation of
three major sources of solutes that differentially affect the quality of groundwater in the Jordan Valley: (1) flow and mixing
with hypersaline brines with high Br/CI (>2 x 10~%) and low Na/Cl (<0.8) ratios; (2) dissolution of highly soluble salts (e.g.,
halite, gypsum) in the host sediments resulting in typically lower Br/Cl signal (<2 x 107%); and (3) recharge of anthropo-
genic effluents, primarily derived from evaporated agricultural return flow that has interacted (e.g., base-exchange
reactions) with the overlying soil. It is shown that shallow saline groundwaters influenced by brine mixing exhibit a
north-south variation in their Br/Cl and Na/Cl ratios. This chemical trend was observed also in hypersaline brines in
the Jordan valley, which suggests a local mixing process between the water bodies.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

— Water resources in the Jordan Rift Valley (Fig. 1)
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Fig. 1. (a) Schematic map of the research area with the geographic location of brine samples, shallow boreholes and the different water
groups in the Jordan Valley; (b) schematic geological cross section of normal faults existing both in the valley’s margins and the valley
itself, adjacent to the river (after Garfunkel and Ben-Avraham, 1996); and (c) location map of the Jordan Valley.

and Mero, 1992; Kolodny et al., 1999; Nishri et al.,
1999) and the Dead Sea (Starinsky, 1974; Stein
et al., 1997; Gavrieli et al., 2001) are largely con-
trolled by mixing with these deep brines. Although
these brines likely influence the salinity and chemical
composition of groundwater between the Sea of Gal-
ilee and the Dead Sea, their role in this area has not
been fully investigated.

Here the chemical and isotopic compositions of
shallow groundwater in the lower Jordan Valley,
between the Sea of Galilee to the north and the

Dead Sea to the south are investigated (Fig. 1).
The objectives of this study are to characterize the
chemical composition of shallow groundwater as
well as to evaluate the impact of deep saline brines
on the geochemistry of shallow groundwater in the
Jordan Valley.

To achieve these goals, a large geochemical and
isotopic database is used, composed of major and
minor ion distributions, Sr (87Sr/86Sr), B (5“B), S
(6**S) and N (6"°N) isotopes. The variations of
Sr isotopic ratios in groundwater provide useful
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information on the aquifer rocks in which the
groundwater has been interacted. Given the lack of
isotopic fractionation during water-rock interac-
tions, it is possible to trace and reconstruct the
groundwater flow paths in different geological ter-
rains (e.g., Bullen et al., 1996). In the Jordan Valley,
three types of distinctive lithological aquifers are
expected to be traced: (1) basaltic aquifers in the
northern area with a low %’Sr/*Sr signal (0.704;
Stein et al., 1993); (2) sandstone aquifers with a
potentially high ’Sr/%¢Sr ratio in the eastern part
of the central Jordan Valley, associated with the
exposure of the Triassic and Lower Cretaceous sand-
stone formations (Salameh, 2002); and (3) sediments
of the Lisan and Samra formations within the cen-
tral and southern Jordan Valley with a narrow range
of ¥7Sr/%Sr of 0.7078-0.7080 (Stein et al., 1997).

The second set of geochemical tools that are used
here provide information on the origin of the dis-
solved salts in the investigated groundwater; in par-
ticular the distinction between mixing with the Rift
Valley brines (Starinsky, 1974) and dissolution of
salts in the host sediments of the Jordan Valley
(Katz and Kolodny, 1989). The Rift Valley brines
are characterized by low Na/Cl and SO,/Cl ratios
and high Br/Cl, 6''B and 6*$ values (Starinsky,
1974; Vengosh et al., 1991; Gavrieli et al., 2001).
In contrast, halite and gypsum dissolution produce
saline water with high Na/Cl (~1) and SO,/ClI,
and low Br/Cl ratios. The fractionation of B iso-
topes during salt precipitation (Vengosh et al.,
1992) enables a distinction between residual brine
(e.g., the Dead Sea brine with 6''B = 579,,) and salt
dissolution (6''B < 30%,).

In contrast to the high 6*S values (>20%,; Gav-
rieli et al., 2001) measured in the Rift Valley brines,
disseminated (secondary) gypsum within the arago-
nites of the Lisan or Samra formations is character-
ized by low 0**S values (as low as —269%,; Gavrieli
et al., 1998; Torfstein et al., 2005). Thus the S isoto-
pic data may also provide important information on
the mechanism of salt accumulation in the investi-
gated groundwater.

The third set of isotopes is related to anthropo-
genic influence, in particular contribution of sewage
effluents and agricultural return flows that are char-
acterized by distinctive N isotopic ratios (3'°N).
Segal-Rozenhaimer et al. (2004) showed that shal-
low groundwater in the northern Jordan Valley
has high 0'°N values (~15%,) that can be derived
from sewage effluents and/or animal waste. Nitro-
gen fertilizers have typically a lower 6'°N signature.

Likewise, the B isotopic composition of sewage
effluents is typically low (6''B range of 0-10%,)
and thus a useful tracer for delineating groundwater
contamination by anthropogenic sources (Vengosh,
2003).

Two data sets are used in this study. The first
comprises the chemical composition of shallow
groundwater derived from boreholes drilled in the
northern and southern parts of the Jordan Valley,
collected during the years 2003-2005. The second
source of data is derived from previously published
results (Farber et al., 2004) of springs and streams in
the Jordan Valley, collected during the years 2000—
2004. Through an evaluation of these data sets it is
shown that deep brines influence the quality and
chemical composition of shallow groundwater in
the Jordan Valley.

2. Background and hydrogeology

The Jordan Valley, between the Sea of Galilee to
the north and the Dead Sea to the south, is a long
and narrow depression that is part of the Syrian—
African Rift system. This system extends from
southern Africa through east Africa and the Red
Sea to southern Turkey (Freund et al., 1970; Gar-
funkel, 1981; Horowitz, 2001). The distance
between the Sea of Galilee (210 m below mean sea
level) and the Dead Sea (present elevation
—418 m) is 100 km although the total length of the
river, due to its meandering, is nearly double that
distance (TAHAL, 2000). Until the middle of the
20th century, the Jordan River discharged about
1300 x 10°m>®/a to the Dead Sea (Salameh and
Naser, 1999). The two major water sources for the
Jordan River are the Sea of Galilee and the Yar-
mouk River, which discharges to the lower Jordan
River a few km south of the Sea of Galilee. At pres-
ent, the outlets of the Sea of Galilee and the Yar-
mouk River are blocked by dams (Deganiya and
Alumot at the Sea of Galilee and Adassiya along
the Yarmouk River; Fig. 1). Downstream of the
dams, only poor-quality water currently discharges
to the Jordan River. Additional wadis, mainly from
the eastern escarpment of the rift, drain to the Jor-
dan River. Most of these water sources have been
diverted by Israel, Jordan and Syria and presently
the Jordan River discharges only 30-200 x 10® m?/
a to the Dead Sea (Holtzman et al., 2005; TAHAL,
2000).

Saline brines have been recognized along the
Jordan Valley in previous studies (Bentor, 1961;
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Goldschmidt et al., 1967; Neev and Emery, 1967
Zak, 1967, 1997; Freund et al., 1970; Begin et al.,
1974; Starinsky, 1974; Katz et al., 1977; Garfunkel,
1981; Stein et al., 1997, 2000; Stanislavsky and
Gvirtzman, 1999; Krumgalz et al., 2000; Moise
et al., 2000; Klein-BenDavid et al., 2004). These
studies focused mainly on saline brines located
around the Sea of Galilee (“‘the northern brines”)
and the Dead Sea (“‘the southern brines’). How-
ever, limited data have been reported for the central
section of the Jordan Valley (“‘the central brines”).

Starinsky (1974) characterized the saline brines in
the Jordan Valley as Ca-chloride-type [Ca
>(SO4 + HCOs3)]. Ca-chloride brines typically have
low Na/Cl and high Br/Cl ratios, and are relatively
depleted in SO~ and CO;~ ions. The mechanism of
the formation of the deep saline brines has been
evaluated in several studies (Neev and Emery,
1967; Zak, 1967; Starinsky, 1974; Stein et al.,
1997, 2000; Gavrieli and Stein, 2006). It has been
proposed that during the Neogene, seawater pene-
trated into the Jordan Valley and formed several
isolated water bodies. Since the Neogene, these
water bodies have been captured in different areas
along the tectonic depression of the Jordan Valley:
the marine Sedom lagoon (late Pliocene to early
Pleistocene), the continental lakes Amora and Lisan
(Pleistocene), and the modern Dead Sea. Starinsky
(1974) explained the origins of the chemical compo-
sition of the brine as the consequence of two major
processes: (1) seawater evaporation beyond the
halite saturation stage and halite precipitation,
which produced a decreased Na/Cl ratio and
increased Br/Cl ratio in the residual brines; and
(2) dolomitization reactions of the Mg-rich brines
with carbonate rocks and Ca-Mg exchange, leading
to gypsum precipitation producing the Ca-rich
brines. The residual brines infiltrated into the sedi-
ments of the Jordan Valley and the surrounding
country rock, where dolomitization continued and
mixing with meteoric water took place.

The brines along the Jordan Valley were found to
be the dominant factor controlling the water com-
position of the Sea of Galilee and Dead Sea. In
the Sea of Galilee, 90% of the dissolved salts are
derived from saline springs which supply less than
10% of the lake water (Simon and Mero, 1992; Kol-
odny et al., 1999). Likewise, the salinity and chemi-
cal composition of the Dead Sea (~219g CI/L;
Gavrieli et al., 2001) and its precursor, Lake Lisan
(100-300 g CI/L; Stein et al., 1997) is derived from
the discharge of the Ca-chloride brines to the sur-

face of the rift valley (Starinsky, 1974; Stein et al.,
2000; Gavrieli and Stein, 2006).

Previously, the authors have shown that subsur-
face contributions could explain the large variations
in the salinity of the lower Jordan River, and that
groundwater plays a key role in affecting the water
quality along different parts of the lower Jordan River
(Farberetal.,2004). However, the characteristics and
origin of the subsurface groundwater were not deter-
mined directly. The northern (up to 20 km down-
stream of the Sea of Galilee) and southern sections
of the lower Jordan River (60-100 km downstream
of the Sea of Galilee) are the areas most affected by
groundwater influx (Farber et al., 2004). In light of
these findings, piezometers were installed in these
areas to sample the shallow groundwater and to
determine its chemical and isotopic compositions.

3. Methods

Shallow boreholes (with a depth of up to 20 m)
were drilled in cultivated fields on the west bank of
the lower Jordan River. The boreholes were drilled
in two groups: the first, composed of seven boreholes,
is located in the northern part of the valley (10-20 km
south of the Sea of Galilee and up to 1000 m west of
the river; Fig. 1). The second, comprised of eight
boreholes, is located in the southern part of the valley
(72-77 km south of the Sea of Galilee and up to 450 m
west of the river; Fig. 1). These boreholes penetrate
different quaternary sedimentary layers. In the north-
ern boreholes, the lithology of the drilled material is
divided into four major layers: red loam at the top fol-
lowed by clay, sand, and basalt mixed with carbonate
conglomerate of different thickness. The piezometers
were perforated (4-10 m length of screen) in the per-
meable units (i.e., sand and gravel). In six of the seven
boreholes in this area, the water table was 2-6 m
below ground surface. The southern boreholes were
drilled within the Quaternary sediments of the Samra
Formation, part of the Dead Sea Group (Fig. 2),
which includes clay, sand and conglomerate units.
The permeable units (i.e., sand and conglomerate)
lie between low-permeability layers of clay (Fig. 2).
In the southern group of boreholes, the water table
was detected ~4 m below ground surface.

In the northern boreholes area, drilling was done
with a 50-cm diameter drill bore to a depth of 5-9 m
(depending on water table level). The piezometers
are made of 5-cm diameter, 5-mm thick PVC pipe
which is perforated at the lowest 3 m of the perme-
able units (i.e., sand and conglomerate). A gravel
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Fig. 2. Schematic hydrogeological cross section based on the southern boreholes in Tovlan, 72 km downstream of the Sea of Galilee

outlet.

pack, consisting of washed quartz gravel, 4-9 mm in
diameter, was poured between the tube and the
borehole walls. In the southern boreholes area, dril-
ling was conducted using a 15-cm diameter drill
reaching a depth of 9-20 m. The piezometers are
made of 7.6-cm diameter, 5-mm thick PVC pipe,
perforated in the lowest 3 m. A gravel pack, consist-
ing of washed quartz sand 0.05-2 mm in diameter,
was poured between the pipe and the borehole
walls.

Water was pumped to the surface using a 40 mm
pump (Waterra, WSP-12V-2) and the water col-
lected in new plastic bottles that were rinsed several
times with the sample waters before storage. All the
water samples presented here (including both data
sets of new shallow boreholes and previously pub-
lished data; Farber et al., 2004) were collected and
analyzed using the same procedure. Water samples
were collected in separate bottles for chemical and
isotopic (B, Sr, S) analyses. Samples for solute con-
tent and isotope ratios were filtered (0.45 pm) within
24-48 h of sampling. After sampling, the samples
were stored at 4 °C, until analyses were performed.

The samples were analyzed for major and minor
ions at the Geological Survey of Israel. Cation and

B concentrations were measured by inductively cou-
pled plasma-atomic emission spectrometry (ICP-
AES), anion concentrations by ion chromatography
(IC), except HCO3, which was determined by titra-
tion. The imbalance between positively and nega-
tively charged ions did not exceed 4%, which reflects
the overall precision of the analytical procedures.

4. Results

Groundwater data in this paper are reported
from two sources (Table 1): (1) new results from
shallow boreholes; and (2) previously published
data (Farber et al., 2004).

4.1. The chemical composition of shallow boreholes in
the northern section

The chemical composition of water sampled from
the shallow boreholes during the years 2003-2005 is
presented in Table 1. Based on these data, 3 differ-
ent water types are identifed: (1) Ca-chloride (Ca/
[SO4+HCO3]>1); (2) Na-chloride (Na/Cl>1);
and (3) Mg-chloride (Na/Cl<1 and (Cl-Na)/
Mg <1).



Table 1

Chemical and isotopic compositions of representative samples from the Jordan Valley groundwater near the lower Jordan River, between the Sea of Galilee and the Dead Sea

Name  Distance from  Well Date Water type Ca®™  Mg»"  Na® K™  cr- SOi’ HCO; NOj  Br~ B** st TDS
Alumot (km) depth (m)
Boreholes — north
Bor-1 10.0 9.0 10/15/2003  Na-chloride 134 154 620 11 880 700 327 30 6 1.1 4 2861
Bor-1 10.0 9.0 3/9/2004 Na-chloride 163 142 660 8 870 780 427 71 5 5 3126
Bor-1 10.0 9.0 2/22/2005 Na-chloride 117 121 585 7 800 495 440 52 4 4 2621
Bor-4 13.6 5.9 10/15/2003 Ca-chloride 345 595 2620 80 6132 400 298 18 72 2.0 9 10,560
Bor-4 13.6 5.9 3/9/2004 Ca-chloride 347 630 2700 90 6330 400 288 3 75 10 10,863
Bor-4 13.6 5.9 2/22/2005 Ca-chloride 281 527 2450 90 5622 318 293 3 63 8 9647
Bor-4 13.6 5.9 10/25/2004  Ca-chloride 303 557 2700 95 6020 360 300 10 71 9 10,416
Bor-6 18.6 5.0 10/15/2003 Mg-chloride 608 595 1880 31 4286 1650 509 21 29 2.2 9 9609
Bor-6 18.6 5.0 3/9/2004 Mg-chloride 505 560 1810 41 3980 1600 495 1 25 10 9017
Bor-6 18.6 5.0 2/22/2005 Mg-chloride 375 494 1780 47 3532 1300 586 1 21 8 8136
Bor-6 18.6 5.0 10/25/2004  Mg-chloride 400 510 1850 50 3737 1500 580 0 28 8 8655
Boreholes — south
G-1 76.6 15.5 11/15/2004 Ca-chloride 1450 1900 5500 150 15,260 1700 454 182 5.7 31 26,596
G-1 76.6 15.5 1/3/2005 Ca-chloride 1100 1450 4200 100 11,925 1600 359 5 135 2.7 27 20,874
G-1 76.6 15.5 4/26/2005 Ca-chloride 1150 1483 4212 100 11,404 1700 561 10 120 3.0 25 20,740
G-2 76.6 14.0 11/15/2004  Ca-chloride 3000 3900 11,850 500 35,000 1600 166 472 7.0 75 56,488
G-2 76.6 14.0 1/3/2005 Ca-chloride 3200 4550 14,000 600 39,718 1700 339 10 568 6.2 93 64,685
G-2 76.6 14.0 4/26/2005 Ca-chloride 3315 4326 13,770 555 39,335 1900 137 20 513 7.0 87 63,871
G-3 76.6 10.0 11/15/2004 Ca-chloride 5000 6300 19,500 900 56,626 2000 429 708 13.5 124 91,463
G-3 76.6 10.0 1/3/2005 Ca-chloride 4200 5700 18,500 920 53,584 2000 159 50 758 9.5 125 85,871
G-3 76.6 10.0 4/26/2005 Ca-chloride 3980 5428 17,340 835 48,546 2100 415 20 592 11.5 105 79,256
G-4 76.6 12.0 1/26/2005 Ca-chloride 4850 7550 20,200 945 61,020 2500 400 144 777 109 105 98,386
G-4 76.6 12.0 4/26/2005 Ca-chloride 4750 7673 21,267 960 62,763 2400 166 20 830 11.0 105 100,829
T-1 72.4 10.0 11/9/2004 Ca-chloride 2700 4400 13,700 600 37,500 3150 325 440 10.0 62 62,815
T-1 72.4 10.0 4/26/2005 Ca-chloride 2600 4326 13,770 560 36,391 2900 342 20 460 9.5 60 61,369
T-2 72.4 8.0 11/9/2004 Ca-chloride 2850 3750 11,250 420 31,750 3050 154 387 11.0 55 53,611
T-2 72.4 8.0 4/26/2005 Ca-chloride 2570 4120 11,781 435 33,400 3250 390 20 418 7.5 57 56,384
T-3 72.4 8.0 11/15/2004  Ca-chloride 4600 7000 15,700 565 52,150 2050 342 702 14.0 98 83,109
T-3 72.4 8.0 4/26/2005 Ca-chloride 4260 6746 15,300 505 50,047 2000 439 20 660 6.0 95 79,977
T-4 72.4 11.5 11/15/2004  Ca-chloride 1850 2750 7660 180 22,490 1800 359 269 3.7 52 37,358
T-4 72.4 11.5 4/26/2005 Ca-chloride 860 1195 3978 110 10,035 1400 461 10 116 3.0 24 18,165
Name Distance from  Date Water type Ca’t Mgt Nat K Cl- SO}~ HCO; NO; Br~  Sr**  TDS
Alumot (km)
Ca-chloride
En Huga 20.4 5/24/2000 Ca-chloride 246 151 662 17.7 1560 230 344 22 9 2.8 3241
Hasida Spring 20.4 5/24/2000 Ca-chloride 239 158 721 23.9 1629 260 344 32 10 2.8 3417
Hasida Spring Lower 20.9 5/24/2000 Ca-chloride 253 167 682 25.6 1635 210 342 23 11 2.7 3349
Tirtcha Groundwater 70.6 2/27/2001 Ca-chloride 823 609 1960 214 5180 1640 276 3 68 26.5 10,773
Tirtcha Well 70.6 9/25/2000 Ca-chloride 660 1080 6100 530 14,124 645 322 40 192 13.0 23,693

(continued on next page)
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Table 1 (continued)

00S

Name Distance from Date Water type Ca*" Mg*t  Na' K" Cl™ SOy~ HCO3 NOj Br— sr**  TDS
Alumot (km)
Aqraa 70.3 2/27/2001 Ca-chloride 2370 4590 16,700 1055 41,500 4190 84 545 45.2 71,034
Aqraa 70.3 4/9/2001 Ca-chloride 1970 4500 17,000 1150 38,230 4140 267 500 740 43.0 68,497
Aqraa 70.3 12/1/2001 Ca-chloride 2020 4160 15,500 985 38,000 4100 293 50 470 37.0 65,578
Hisban Kafrain 98.8 2/27/2001 Ca-chloride 366 285 755 40.5 2245 450 69 20 6.8 4231
Hisban Kafrain 98.8 4/9/2001 Ca-chloride 350 283 725 57.0 2005 494 176 83 19 6.6 4192
Hisban 98.8 12/1/2001 Ca-chloride 229 135 334 25.0 937 285 273 41 8 3.0 2267
Wadi el Ah’mar 75.0 3/29/2000 Ca-chloride 3650 3885 14,050 1010 37,990 1770 129 25 782 65.5 63,291
Wadi el Ah’mar 75.0 5/25/2000 Ca-chloride 3530 3976 13,820 1133 37,900 1810 112 0 630 69.5 62,911
Wadi el Ah’mar 75.0 2/27/2001 Ca-chloride 3580 4060 14,700 1110 39,630 1730 122 10 580 80.0 65,522
Wadi el Ah’mar 75.0 4/23/2001 Ca-chloride 3200 3465 13,100 980 36,700 1800 159 20 575 61.0 59,999
Wadi el Ah’mar 75.0 6/4/2001 Ca-chloride 4870 5250 18,800 1415 52,896 2550 98 110 660 86,649
Wadi el achmar 75.0 4/27/2005 Ca-chloride 3500 3605 12,954 905 36,356 1950 117 20 468 66.0 59,875
Group A
Yarmouk River-Flood 6.3 2/23/2003 Na-chloride 37 14 36 5 50 40 144 0 0.3 326
Yarmouk River-Flood 6.3 2/3/2004 Na-chloride 36 15 40 4 52 40 151 10 0 0.3 348
Fresh Yarmouk River 2.6 4/12/2001 Na-chloride 82 36 97 7.1 145 92 307 12 1 1.2 779
Fresh Yarmouk River 2.6 1/3/2002 Na-chloride 76 33 90 7.0 122 76 322 10 1 1.0 736
Fresh Yarmouk River 3.3 1/3/2002 Na-chloride 76 34 94 7.0 135 80 298 9 1 1.0 733
Saline Yarmouk River 6.3 9/1/1999 Mg-chloride 146 198 630 30.6 1041 723 451 16 9 2.1 3245
Saline Yarmouk River 6.3 5/24/2000 Mg-chloride 145 206 702 26.9 1130 710 432 10 10 2.1 3371
Subgroup Bl
Wadi Teibeh 16.5 2/27/2001 Na-chloride 244 220 412 47.0 515 1330 71 3 8.4 2842
Wadi Teibeh 16.5 4/9/2001 Na-chloride 306 242 423 56.0 553 1580 378 42 3 9.3 3583
Wadi Teibeh 16.5 12/1/2001 Na-chloride 271 219 411 49.0 520 1400 332 46 3 8.0 3251
Name Distance from Alumot (km) Date Water type Ca®t Mg®t Nat K Cl™ SO}~ HCO; NO; Br~ B sr**  TDS
Subgroup B2
Wadi Mikman  55.2 2/27/2001  Na-chloride 248 281 790 108.0 1045 1560 158 5 2.0 12.1 4195
Wadi Mikman  55.2 4/9/2001 Na-chloride 224 273 757  115.0 973 1420 372 150 5 1.5 11.0 4289
Wadi Mikman  55.3 9/18/2000  Na-chloride 289 254 547 59.8 823 1344 375 151 5 1.8 9.8 3847
Mifshel 58.8 2/27/2001  Na-chloride 280 280 1300 180.0 1630 2080 153 6 2.7 15.9 5909
Mifshel 58.8 4/9/2001 Na-chloride 262 273 1200 184.0 1515 2000 259 140 5 2.5 14.5 5838
Mallaha 72.5 2/27/2001  Na-chloride 740 608 3850 306.0 5900 3930 138 36 13.26  15.0 15,508
Subgroup B3
Abu Mayalla 70.3 12/1/2001  Mg-chloride 794 649 2930 237.0 5470 2980 237 135 44 8.0 16.0 13,476
Uga Melecha 86.7 5/23/2000  Mg-chloride 301 329 984 90.9 2250 930 327 31 31 2.5 5.8 5274
Uga Melecha 86.7 8/7/2000 Mg-chloride 301 343 1025 100.0 2250 890 310 30 31 2.6 5.8 5278
Uga Melecha 86.7 4/23/2001  Mg-chloride 290 335 1010 96.0 2354 940 312 38 30 2.4 5.6 5406
Uga Melecha 86.7 8/3/2001 Mg-chloride 305 350 1000 100.0 2338 920 317 25 36 2.0 5.7 5391
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Group C

Zarqa River 66.3 9/18/2000 Mg-chloride 353 219 708 64.9 1358 1118 351 63 10 2.3 7.7 4245
Zarqa River 66.3 2/27/2001 Mg-chloride 240 210 1050 100.0 1710 1150 49 9 2.5 8.2 4518
Zarqa River 66.3 4/9/2001 Na-chloride 254 206 1070 106.0 1720 1140 290 1 9 8.4 4796
Name Distance from  Date Water type  6''B ¥7Sr/%6Sr §%'S  Na/Cl Q Mg/Cl Ca/Mg SO,/Cl Br/Cl Sr/Ca  Ca/SOy4
Alumot (km) (%oo) (J60)
Boreholes — north
Bor-1 10.0 10/15/2003  Na-chloride 1.09 0.34  0.26 0.53 0.29 28E—-03 0.013 046
Bor-1 10.0 3/9/2004 Na-chloride 1.17 035 0.24 0.70 0.33 25E—-03 0.013 0.50
Bor-1 10.0 2/22/2005 Na-chloride 1.13 0.33  0.22 0.59 0.23 22E-03 0.016 0.57
Bor-4 13.6 10/15/2003  Ca-chloride 0.66 1.30 0.14 0.35 0.02 52E—-03 0.012 2.07
Bor-4 13.6 3/9/2004 Ca-chloride 0.66 1.33  0.15 0.33 0.02 53E-03 0.013 2.08
Bor-4 13.6 2/22/2005 Ca-chloride 0.67 1.23  0.14 0.32 0.02 5.0E—-03 0.013 2.12
Bor-4 13.6 10/25/2004  Ca-chloride 0.69 1.22  0.13 0.33 0.02 52E—-03 0.013 2.02
Bor-6 18.6 10/15/2003  Mg-chloride 0.68 0.71  0.20 0.62 0.14 3.0E—-03 0.007 0.88
Bor-6 18.6 3/9/2004 Mg-chloride 0.70 0.61 0.21 0.55 0.15 28E—-03 0.009 0.76
Bor-6 18.6 2/22/2005 Mg-chloride 0.74 0.50 0.19 0.46 0.13 25E—-03 0.009 0.69
Bor-6 18.6 10/25/2004  Mg-chloride 0.76 0.49 0.20 0.48 0.15 33E-03 0.009 0.64
Boreholes — south
G-1 76.6 11/15/2004  Ca-chloride 0.56 1.69 0.18 0.46 0.04 5S3E-03 0.010 2.05
G-1 76.6 1/3/2005 Ca-chloride 0.54 1.40 0.18 0.46 0.05 5.0E—-03 0.011 1.65
G-1 76.6 4/26/2005 Ca-chloride 0.57 1.29 0.19 0.47 0.06 47E-03 0.010 1.62
G-2 76.6 11/15/2004  Ca-chloride 0.52 416 0.16 0.47 0.02 6.0E—03 0.011 4.50
G-2 76.6 1/3/2005 Ca-chloride 0.54 390 0.17 0.43 0.02 6.3E—-03 0.013 4.51
G-2 76.6 4/26/2005 Ca-chloride 0.54 396 0.16 0.47 0.02 S58E—-03 0.012 4.18
G-3 76.6 11/15/2004  Ca-chloride 0.53 5.13  0.16 0.48 0.01 5.5E—-03  0.011 6.00
G-3 76.6 1/3/2005 Ca-chloride 169 0.53 474 0.16 0.45 0.01 6.3E—-03 0.014 5.04
G-3 76.6 4/26/2005 Ca-chloride 0.55 393 0.16 0.44 0.02 54E —-03 0.012 4.55
G-4 76.6 1/26/2005 Ca-chloride 0.51 413 0.18 0.39 0.02 57E—-03 0.010 4.65
G-4 76.6 4/26/2005 Ca-chloride 0.52 450 0.18 0.38 0.01 S9E—-03 0.010 4.75
T-1 72.4 11/9/2004 Ca-chloride 0.56 1.90 0.17 0.37 0.03 52E—-03 0.010 2.06
T-1 72.4 4/26/2005 Ca-chloride 0.58 1.97 0.17 0.36 0.03 5.6E—03 0.011 2.15
T-2 72.4 11/9/2004 Ca-chloride 0.55 2.16 0.17 0.46 0.04 54E—-03 0.009 224
T-2 72.4 4/26/2005 Ca-chloride 0.54 1.73  0.18 0.38 0.04 5.6E—03 0.010 1.90
T-3 72.4 11/15/2004  Ca-chloride 0.46 476  0.20 0.40 0.01 6.0E — 03 0.010 5.38
T-3 72.4 4/26/2005 Ca-chloride 0.47 436 0.20 0.38 0.01 S9E—-03 0.010 5.11
T-4 72.4 11/15/2004  Ca-chloride 0.53 2.13  0.18 0.41 0.03 53E-03 0.013 2.47
T-4 72.4 4/26/2005 Ca-chloride 0.61 1.17  0.17 0.44 0.05 S.IE—-03  0.013 1.47
Ca-chloride
En Huga 20.4 5/24/2000 Ca-chloride  43.21 0.70783 0.65 1.18 0.14 0.99 0.05 2.6E — 03 0.005 2.56
Hasida Spring 20.4 5/24/2000 Ca-chloride  43.71 0.68 1.08 0.14 0.92 0.06 27E—-03 0.005 221
Hasida Spring 20.9 5/24/2000 Ca-chloride  41.21  0.70780 0.64 1.27 0.15 0.92 0.05 30E—-03 0.005 2.89
Lower
Tirtcha Groundwater  70.6 2/27/2001 Ca-chloride 0.58 1.06 0.17 0.82 0.12 5.8E—-03 0.015 1.20
Tirtcha Well 70.6 9/25/2000 Ca-chloride 0.67 1.76  0.11 0.37 0.02 6.0E—03 0.009 245

(continued on next page)
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Table 1 (continued)

[

Name Distance from  Date Water type 0''B ¥Sr/%%Sr %S Na/Cl Q Mg/Cl  Ca/Mg SO,/Cl Br/Cl Sr/Ca  Ca/SO,
Alumot (km) (%0) (%0)

Aqraa 70.3 2/27/2001 Ca-chloride 48.2 0.70802 0.62 1.36  0.16 0.31 0.04 S8E—-03 0.009 1.361

Aqraa 70.3 4/9/2001  Ca-chloride 48.6 0.70794 102 0.69 1.09 0.17 0.27 0.04 8.6E—03 0.010 1.14

Aqraa 70.3 12/1/2001  Ca-chloride 0.63 .12 0.16 0.29 0.04 5.5E—03 0.008 1.18

Hisban Kafrain 98.8 2/27/2001 Ca-chloride 0.52 1.95 0.19 0.78 0.07 4.0E — 03 0.008 1.95

Hisban Kafrain 98.8 4/9/2001  Ca-chloride 0.56 1.33  0.21 0.75 0.09 41E-03 0.009 1.70

Hisban 98.8 12/1/2001  Ca-chloride 0.55 1.10  0.21 1.03 0.11 38E—-03 0.006 1.93

Wadi el Ah’'mar 75.0 3/29/2000 Ca-chloride 0.57 468 0.15 0.57 0.02 9.1E—-03 0.008 495

Wadi el Ah’mar 75.0 5/25/2000 Ca-chloride 41.71  0.70796 43  0.56 446 0.15 0.54 0.02 74E —03 0.009  4.68

Wadi el Ah’mar 75.0 2/27/2001  Ca-chloride 0.57 4.70  0.15 0.54 0.02 6.5E—03 0.010 496

Wadi el Ah’mar 75.0 4/23/2001  Ca-chloride 0.55 399 0.14 0.56 0.02 7.0E - 03 0.009 4.26 .

Wadi el Ah’'mar 75.0 6/4/2001  Ca-chloride 0.55 445 0.14 0.56 0.02 5.5E — 03 4.58 ..q

Wadi el achmar 75.0 4/27/2005 Ca-chloride 0.55 411 0.14 0.59 0.02 57E—-03 0.009 4.30 §
)

Group A N

Yarmouk River-Flood 6.3 2/23/2003  Na-chloride 0.70693 1.11 0.58  0.41 1.60 0.30 1.8E—03 0.004 222 ;;

Yarmouk River-Flood 6.3 2/3/2004 Na-chloride 1.19 0.54 042 1.46 0.28 1.7E — 03  0.004 2.16 -

Fresh Yarmouk River 2.6 4/12/2001 Na-chloride 31.47  0.70752 1.03 0.59 0.36 1.37 0.23 3.1E-03 0.007 2.12 2

Fresh Yarmouk River 2.6 1/3/2002  Na-chloride 31.80  0.70754 10.6 1.14 0.55 0.39 1.41 0.23 3.6E—03 0.006 2.38 %

Fresh Yarmouk River 3.3 1/3/2002  Na-chloride 32.80  0.70758 102 1.07 0.58 0.36 1.37 0.22 33E—-03 0.006 228 =

Saline Yarmouk River 6.3 9/1/1999  Mg-chloride 36.20  0.70719 -2.1 093 032  0.28 0.45 0.26 3.6E—03 0.007 048 g

Saline Yarmouk River 6.3 5/24/2000 Mg-chloride 36.71  0.70716 0.96 033  0.27 0.43 0.23 39E-03 0.007 0.49 %

Subgroup Bl §

Wadi Teibeh 16.5 2/27/2001 Na-chloride 1.23 0.36  0.62 0.67 0.95 24E—-03 0.016 044 S

Wadi Teibeh 16.5 4/9/2001  Na-chloride 21 0.70790 54  1.18 0.39  0.64 0.77 1.06 21E-03 0.014 0.46 NS

Wadi Teibeh 16.5 12/1/2001  Na-chloride 1.22 0.39 0.61 0.75 0.99 2.6E—03 0.013 046 g

Subgroup B2 3

Wadi Mikman 55.2 2/27/2001  Na-chloride 1.17 0.31  0.39 0.54 0.55 20E—-03 0.022 0.38 3

Wadi Mikman 55.2 4/9/2001  Na-chloride 1.20 0.31 041 0.50 0.54 22E-03 0.022 0.38 *ﬁ

Wadi Mikman 55.3 9/18/2000 Na-chloride 26.22  0.70804 1.03 042 045 0.69 0.60 27E—-03 0.016 0.51 E

Mifshel 58.8 2/27/2001 Na-chloride 1.23 032 0.25 0.61 0.47 1.5SE—-03 0.026 0.32

Mifshel 58.8 4/9/2001  Na-chloride 1.22 029 0.26 0.58 0.49 1.6E - 03 0.025 0.31

Mallaha 72.5 2/27/2001 Na-chloride 29.47  0.70810 56 1.01 045 0.15 0.74 0.25 27E-03 0.009 045

Subgroup B3

Abu Mayalla 70.3 12/1/2001  Mg-chloride 0.83 0.60 0.17 0.74 0.20 3.6E—03 0.009 0.64

Uga Melecha 86.7 5/23/2000 Mg-chloride 41.71  0.70797 0.67 0.61 0.21 0.56 0.15 6.1E—03 0.009 0.78

Uga Melecha 86.7 8/7/2000  Mg-chloride —-17.1  0.70 0.64 0.22 0.53 0.15 6.0E—03 0.009 0.81

Uga Melecha 86.7 4/23/2001 Mg-chloride 0.66 0.59 0.21 0.53 0.15 57E—-03 0.009 0.74

Uga Melecha 86.7 8/3/2001  Mg-chloride 41.50  0.70804 —16.7  0.66 0.63 0.22 0.53 0.15 6.8E—-03 0.009 0.80

Group C

Zarqa River 66.3 9/18/2000 Mg-chloride 24.73  0.70871 0.80 0.61 0.24 0.98 0.30 34E-03 0.010 0.76

Zarqa River 66.3 2/27/2001 Mg-chloride 24.23  0.70868 9.5 095 0.50 0.18 0.69 0.25 24E—-03 0.016 0.50

Zarqa River 66.3 4/9/2001  Na-chloride 27.5 0.70857 10.0  0.96 045 0.17 0.75 0.24 23E-03 0.015 0.53
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All groundwater samples from the northern
boreholes are characterized by a Ca/Mg ratio lower
than 1. The Ca-chloride-type water is characterized
by CI™ concentrations of ~6000 mg/L, low Na/Cl
and SO4/CI ratios (0.6-0.7 and ~0.02, respectively),
high (5% 107% Br/Cl and high (>1) Q (i.e., Ca/
[HCO; + SOy4)) ratios. The Na-chloride-type water
is characterized by low salinity (~850 mg CI/L),
high Na/Cl and SO4/Cl ratios (>>1 and ~0.3, respec-
tively), low (~2.5x107%) Br/Cl and low (<1) Q
ratios. The Mg-chloride-type water is characterized
by intermediate values relative to the two other
water types, with Cl- concentrations of
~4000 mg/L, a Na/Cl ratio of ~0.72, a SO,/Cl ratio
of ~0.15, a Br/Cl ratio of ~3x 10~ and Q <1.
Overall the Na/Cl and SO,/CI ratios decrease with
the salinity of the groundwater (Fig. 3).

4.2. The chemical composition of shallow boreholes in
the southern section

All groundwaters from the southern boreholes
collected during the years 2004-2005 have a Ca-

chloride composition (Q > 1) with ClI~ concentra-
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Fig. 3. (a) Na/Cl and (b) SO4/Cl ratios versus TDS concentration
of the shallow groundwater, as sampled from the northern
boreholes (see location in Fig. 1) at different times. The measured
data are compared to the calculated mixing line between a fresh
component (as sampled at Borehole-1) and a brine component (as
sampled at Tiberias Hot Spring).

tions in the range of 10,000-63,000 mg/L, low Na/
ClI and SO,/CI ratios (0.50-0.55 and ~0.03, respec-
tively), and a high Br/Cl ratio (~6 x 107°).

4.3. The chemical composition of springs and streams
in the Jordan Valley

Spring and stream water samples were obtained
from 2000 to 2004 along the lower Jordan River.
These water samples represent a wide variety of
water types and a wide range of salinities: from
freshwater salinity with TDS of 300 mg/L up to sal-
ine brines with TDS of up to 100,000 mg/L (Table 1;
Farber et al., 2004).

Saline brines and diluted brines (i.e., saline
groundwater that has a brine composition but with
lower salinity) were detected in streams and springs
in both the northern (10-20 km south of the Sea of
Galilee) and southern sections of the Jordan valley
(70-100 km south of the Sea of Galilee; Fig. 1). This
water type is generally characterized by low Na/Cl
(<0.7), high QO (>1) and Br/Cl ratios. These ratios
change spatially: in the northern part of the research
area the Na/Cl ratio ranged from ~0.66 to ~0.70, in
the southern part the range is ~0.46 to ~0.56. The
Br/Cl ratio also ranges from ~5 x 1072 in the north
to ~6 x 1072 in the south. The Mg/Cl ratio ranges
between ~0.13 in the north to ~0.19 in the south.
A similar spatial trend has been reported previously
by Klein-BenDavid et al. (2004), who based their
interpretation on data from two disconnected
(100 km distant) areas: saline springs in the vicinity
of the Sea of Galilee in the north and the Dead Sea
in the south.

The®'Sr/3°Sr ratios measured in the brines along
the lower Jordan River (0.7078-0.7080; Farber
et al., 2004) are consistent with the findings of Stein
et al. (1997) for the Ca-chloride brines near the
Dead Sea. High 6''B values (up to 489%,; Farber
et al., 2004) are also consistent with the Dead Sea
brine (up to 57%,; Vengosh et al., 1991). However,
the 0**S values found for SO, in the Jordan Valley
brine-derived (+49%, to +179%,; Farber et al., 2004)
are lower than those reported in a previous study
for Ca-chloride brines (>209,,; Gavrieli et al., 2001).

In addition to the brine-derived, other types of
low-salinity groundwater were identified. The low-
salinity groundwater is discriminated into three
different groups, each having unique chemical and
isotopic characteristics, as well as different geo-
graphic locations (Fig. 4). The three different water
groups are defined primarily according to their
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87Sr/%%Sr ratio values: low (Group A), intermediate
(Group B), and high (Group C; Figs. 1, 4 and 5).

4.3.1. Group A

Group A is a Na-chloride freshwater group, and is
characterized by a relatively low 3’Sr/*®Sr ratio
(0.70693-0.70758; Table 1). This type of groundwater
is found in the northern section in the Yarmouk River
(Fig. 1). As mentioned before, the Adassiya Dam
divides the Yarmouk River at base flow conditions
(i.e., low flow rates) into a section with high-quality
fresh water upstream of the dam and predominantly
saline water downstream from the dam. The dam is
opened only during rare large flood events, at which
time the Yarmouk River flows and contributes
high-quality fresh water to the lower Jordan River.

The Yarmouk River water was sampled in three
separate situations: (i) during a flood event
(“flood™), (ii) during base-flow conditions upstream
from the dam (“the fresh Yarmouk™), and (iii) dur-
ing base-flow conditions downstream from the dam
(“the saline Yarmouk™). Although these three dis-
tinct situations resulted in different chemical compo-
sitions, they are all defined as Group A, given their
low #7Sr/%Sr ratios.

(1) The flood water at the Yarmouk River is char-
acterized by a low Cl~ concentration (~50
mg/L), low ¥’Sr/%®Sr, Br/Cl and Sr/Ca and Q
ratios (0.70693, ~1.7x 1073, 4 x 10~% and 0.5-
0.6, respectively) and high Na/Cl and SO,/CIl
ratios (~1.2 and ~0.29, respectively; Table 1).

(2) The upstream fresh water of the Yarmouk
River is characterized by a slightly higher
Cl™~ concentration (up to 145 mg/L), 3’Sr/*®Sr,
Br/Cl and Sr/Ca ratios (up to 0.70758,
~3.6x107* and ~7x 1073, respectively), Q
ratio of 0.5-0.6 and lower Na/Cl and SO,/Cl

ratios (to ~1 and ~0.22, respectively), relative
to the floodwater. The 0**S in the fresh Yar-
mouk water is +109,, (Table 1).

(3) The downstream saline Yarmouk water is
characterized by high CI™ concentrations of
~1100 mg/L, and low ¥’Sr/*®Sr, Na/Cl, SO,/
Cl and Q ratios (0.70716-0.70719, ~0.9, 0.2—
0.3 and ~0.3, respectively; Table 1). In addi-
tion, the Br/Cl and Sr/Ca ratios are relatively
high (~4 x 107 and ~7 x 1073, respectively).
The 06**S of the saline Yarmouk water
(=2%,) is 12%, depleted relatively to the
upstream fresh Yarmouk water.

4.3.2. Group B

This saline water group is characterized by an
intermediate  ¥’Sr/*°Sr ratio (0.70778-0.70820;
Fig. 5). This group is further divided into three

10
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87Sr/36Sr

Fig. 5. Histogram of %’Sr/%°Sr ratios of the three different water
groups: low (Group A), intermediate (Group B), and high
(Group C).

Hierarchy of the water types
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_’A_ ‘C
low #7Sr/%Sr I Medium ¥7Sr/%6Sr High ¥7Sr/%Sr
Na-chloride Na-chloride
| |
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Fig. 4. Hierarchical division of the low-saline groundwater into three different groups based on their chemical and isotopic compositions

and geographic locations.
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subgroups, based on their chemical and S isotope
compositions and their geographical location in
the Jordan Valley (Figs. 1 and 4 and Table 1).

Subgroup Bl: a Na—Cl water type characterized
by CI™ concentrations below 600 mg/L, high Na/Cl
and SO,/Cl ratios (up to 1.2 and 1.0, respectively),
a low Q ratio (< 0.6) and Br/Cl ratio (2-3 x 1072),
negative 6°*S (—5.4%,) and low 6''B values (21%,).
This fresh water was found in the northern section
adjacent to Wadi Arab and Wadi Teibeh (~12—
16 km south of the Sea of Galilee; Fig. 1).

Subgroup B2: a Na—Cl water type characterized
by CI™ concentrations of ~1500 mg/L, high NO;
content (~150 mg/L), high Na/Cl and SO,/Cl ratios
(up to 1.3 and ~0.5, respectively) and a low Br/Cl
ratio (2x107%). The Ca/SO, and Ca/Mg ratios
are lower than 1. The isotopic composition of this
subgroup is characterized by positive 0**S (5.6%,)
and relatively low 6''B values (<30%,; Table 1). This
type of water was sampled mainly from the central-
eastern bank of the Jordan Valley, 50-70 km down-
stream of the Sea of Galilee (Figs. 1 and 6).

Subgroup B3: a Mg—Cl water type characterized
by CI™ concentrations above 960 mg/L, a Na/Cl
ratio of 0.6-0.8, Br/Cl ratio of ~6x 107>, a SO,/
Cl ratio of 0.1-0.2 and Q ratio lower than 0.65.
The isotopic composition of this subgroup is char-
acterized by extreme negative 6°*S (—17%,) and high
O'"B values (>409,). This type of water was
observed only in the southern section, 70-100 km
south of the Sea of Galilee (Figs. 1 and 6).

4.3.3. Group C

Group C is a Mg—Cl and Na-Cl saline water type
(TDS ~ 4600 mg/L) that is characterized by a Na/
Cl ratio of ~ 0.9, Br/Cl ratio of 2-3 x 1073, a SO,/
ClI ratio of 0.2-0.3 and Q ratio lower than 0.61.
The isotopic composition of this subgroup is char-
acterized by a high ¥Sr/**Sr ratio (0.70857—
0.70871) and low d''B values (24-27%,; Table 1).
This type of water was found in the southern section
adjacent to the Zarqa River (~66 km south of the
Sea of Galilee; Fig. 1).

5. Discussion

5.1. Overall distribution of saline brines in the Jordan
Valley

Given that mixing of hypersaline brine and fresh
water results in formation of saline or brackish
groundwater with conservative ionic ratios (molar
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Fig. 6. Variations of Na/Cl ratios (in M/M) versus distance from
the Sea of Galilee (km) as recorded in groundwater in the
southern section. Note the different geographic locations of
Subgroup B2 (mainly northern to 60 km), Subgroup B3 and the
Ca—Cl brine-derived (65 km from the Sea of Galilee outlet and
southward).

ratios) that are identical to the saline end-member,
the authors define ““brine-derived” waters to be
groundwater with low Na/Cl and high Br/Cl ratios,
regardless of its absolute salinity. The data suggests
that ‘“‘brine-derived”” groundwaters with a large
range of salinity (1-63 g CI/L) are found along the
Jordan Valley, between the Sea of Galilee to the
north and the Dead Sea to the south (“‘central
brine’” in Fig. 1). These brine-derived samples were
identified in both groundwater from shallow bore-
holes and in surface water sampled in springs and
streams on both sides of the lower Jordan River.

The chemical composition of the brines is known
to change spatially along the Rift Valley. Klein-Ben-
David et al. (2004) showed that the northern brines,
adjacent to the Sea of Galilee, are characterized by
Na/Cl ratios of 0.6-0.75 (Tiberias Hot Springs
and Fuliya Spring, respectively). This ratio
decreases southward to values of ~0.3 in saline
springs adjacent to the Dead Sea (the southern
brine; Klein-BenDavid et al., 2004). The chemical
characteristics of the shallow groundwater with
the brine signature reported in this study mimic
the general geographic trend observed in the hyper-
saline brines. The data show a transition of Na/Cl
ratios from 0.66-0.70 in the northern to 0.46-0.56
in the southern parts of the Jordan Valley. Likewise,
a similar southward decrease of Mg/Cl ratio was
observed and an opposite southward increase in
Br/Cl ratio (Fig. 7).
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The geographic geochemical trends observed in
both hypersaline brines and shallow groundwater
suggests a local contribution of the deep hypersaline
brines. It is suggested that the pressurized deep brines
(Rosenthal, 1987) rise to the surface and mix with
shallow fresh groundwater along conductive zones
in the Rift Valley, such as the faults along the Jordan
Valley. This is supported by the work of Garfunkel
and Ben-Avraham (1996), who showed intensive
fracturing in the Jordan Valley (Fig. 1B). Structural
maps (Krasheninnikov et al., 2005) point to a large
number of normal faults existing both in the valley’s
margins as well as in the valley itself, adjacent to the
river. These fractures may serve as preferential flow
systems allowing rapid rise of brines from the deep
sub-surface and their mixing with shallow ground-
water from the surrounding aquifers in the upper sec-
tions of the geological formation.

In this respect, the brackish and saline shallow
groundwater, inherit their chemical character from
geographically distributed parent brines that origi-
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nated through different stages of evaporation and
salt precipitation as suggested by Klein-BenDavid
et al. (2004).

5.2. The origin of saline groundwater in the northern
section of the lower Jordan Valley

In the northern section of the Jordan Valley, two
groundwater types without the brine fingerprint
were identified; the brackish to saline groundwater
in the Yarmouk River basin (Group A) and ground-
water from the eastern bank of the Jordan Valley,
adjacent to Wadi Arab and Wadi Teibeh (12—
16 km south of the Sea of Galilee; Group BI,
Fig. 1). In addition, the brine fingerprints were iden-
tified in groundwater from the shallow boreholes
along the western bank of the Jordan Valley.

5.2.1. Group A
Most of the flow of groundwater in the Yarmouk
basin (Fig. 1) is in alkali basalts overlying chalks
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and marls of the Paleocene sequence (Belga Group
in Jordan, Mt. Scopus Group in Israel; Picard,
1965; Bender, 1968, 1974; Parker, 1970; Levitte
et al., 1978; EXACT, 1998). The basalt in the vicin-
ity of the Yarmouk River is a good aquifer, mainly
due to its high porosity and permeability (EXACT,
1998). Most of the Yarmouk River’s base flow is
derived from this aquifer, mainly from the springs
and surface inflows on the Syrian side of the river
(EXACT, 1998; Fig. 1).

The low ’Sr/*®Sr (0.70693) and high Na/Cl
(>1.1) ratios recorded in the flood-event water from
the Yarmouk River suggest that the recharged water
reacted with the alkali basalt rocks (Fig. 8). Accord-
ing to Stein et al. (1993), the alkali basalt rocks in
this area have Sr isotopic composition lower than
0.704. In contrast, the chemical composition of the
saline Yarmouk water downstream to Adassiya
Dam is entirely different from that of the upstream
water. The Yarmouk saline water exhibits a unique
geochemical composition and is not similar to any
of the other saline waters in the Jordan Valley.

The data shows that the contents of different ions
(Na™, SOff, and B*") and isotopic ratios of O and
N are positively correlated with Cl™ (e.g., Figs. 9
and 10). These chemical and isotopic fingerprints
of the Yarmouk saline water are not consistent with
the expected composition upon dilution of brines
(e.g., Tiberias Hot Springs; Starinsky, 1974). The
results of a mass-balance calculation between the
fresh Yarmouk and the brine (Tiberias Hot Springs)
components indicate that the Na/Cl and Br/Cl
ratios in the saline Yarmouk are too high and
low, respectively, to account for possible dilution
of brine, given the Cl~ content of the saline Yar-
mouk water. For example, mixing between two
end-members is calculated: (1) fresh flood Yarmouk
River (CI”=50mg/L, Na/Cl=1.11 and Br/
Cl=1.8x107%); and (2) the Tiberias Hot Springs
(ClI” = 18,400 mg/L, Na/Cl=0.59 and Br/Cl=
5.8 x 107%; Starinsky, 1974). Mixing of these two
components for the salinity measured in the saline
Yarmouk River (ClI~ ~ 1300 mg/L) would produce
saline water with a Na/Cl ratio of ~0.6 and Br/Cl
ratio of ~5.6x 107>, These values are completely
different from the ratios measured in the saline Yar-
mouk water (~0.8 and ~4 x 1072, respectively).

The high concentration of B (up to 5 mg/L) and
the high 6"°N (11-17%,; Fig. 10) values in the saline
Yarmouk suggest that this water is derived from
anthropogenic sources composed of a mixture of
animal waste effluents, agricultural return flows,
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Fig. 8. Na/Cl versus Br/Cl ratios in the Yarmouk River water in
3 distinct situations: during a flood event, as fresh Yarmouk
water upstream of the Adassiya Dam, and as saline Yarmouk
water downstream of the dam. Note the difference between the
flood water and the saline water, not only with respect to the ion-
ratio trend but also in the different 37Sr/%°Sr ratio.

and domestic waste waters. Segal-Rozenhaimer
et al. (2004) showed that the NO; content of the
lower Jordan River is continuously increased by
input from NOs-rich groundwater with high 6'°N
values that also characterizes the saline Yarmouk
water. Likewise, man-made effluents (e.g., sewage
or agricultural return flows) have typically high B
concentrations (Vengosh, 2003).

The ¥Sr/%Sr ratio of the saline Yarmouk is
lower than the 37Sr/®¢Sr ratio of the upstream fresh
Yarmouk (~0.70718 and 0.70755, respectively) and
the 87Sr/%°Sr ratios observed in the Yarmouk River
during the flood event (0.70693-0.70714). Bullen
et al. (1996) showed that the 8’Sr/*°Sr ratio in water
depends on the degree of the chemical equilibrium
with the local rocks. Given that most of the local
permeable rocks in the vicinity of the Yarmouk
River are basaltic, it is speculated that the fresh
Yarmouk water with the low *’Sr/*’Sr ratios is used
for irrigation in the northern Jordan Valley and is
being returned back to the Yarmouk channel down-
stream of the dam as agricultural effluents, forming
the saline Yarmouk. It is suggested that the agricul-
tural return flow discharges to the Yarmouk chan-
nel through basaltic pebbles and therefore
intensifying the water-rock interactions with the
basaltic pebbles, resulting in a lower ®’Sr/%¢Sr ratio
relative to the original fresh Yarmouk water.

Irrigation by the fresh Yarmouk water causes
recycling of salts and accumulation in the shallow
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drainage water. The positive correlation of the dif-
ferent ions with Cl™ (Fig. 9), coupled with the high
030 signal (range of —3.6 to —2.5%,; Fig. 10) indi-
cates that the high salinity is a product of extensive
evaporation of the shallow drainage waters. While
most of the major elements are conservatively con-
centrated during the evaporation process, HCO;
and Ca®" are significantly reduced, probably due
to precipitation of CaCOj in the soil (Fig. 9). The
PHREEQC software (Parkhurst and Appelo,
1999) was used to model the saturation state of per-
tinent minerals and showed that the saline Yarmouk
is often supersaturated with respect to calcite (SI in
range of 0.8—1.3) whereas the fresh Yarmouk water
is in equilibrium (SI = 0.06).

5.2.2. Subgroup Bl

The second water type identified in the northern
section of the Jordan Valley is a Na—Cl water type
(subgroup B1). This type of water was found on

the eastern bank of the Jordan Valley, adjacent to
Wadi Arab and Wadi Teibeh, 12-16 km south of
the Sea of Galilee (Fig. 1).

This water group is relatively fresh with C1™ con-
centrations below 600 mg/L. The SO; concentra-
tion (~1400 mg/L) in subgroup Bl is higher than
the CI~ concentration. The very high SO4/CI ratio
(0.6-1.0) and negative 5°*S values (—5.4%,) most
likely reflect oxidation of sulfide minerals to SOy.
The negative 5°*S value in subgroup Bl eliminates
other SOi_ sources like gypsum dissolution, which
would have produced positive 5**S values. Ca/SO,
and Sr/Ca ratios provide additional evidence for
the argument that gypsum dissolution is not the
source of SO; ™ in the SOy-rich groundwater. Disso-
lution of gypsum would produce water with Ca/
SO,4 ~ 1 and a low Sr/Ca ratio, yet the groundwater
of this group has Ca/SO4~ 0.5 and high Sr/Ca
ratios (~0.01). It is concluded that the high SOf[
concentration and negative o°*S values reflect
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oxidation of sulfide minerals (e.g., pyrite) as being
the main process that contributes SO~ to the water.
This argument is also supported by geological evi-
dence; the SOy-rich water type (subgroup Bl) is
identified within the chalk-marl rocks of the Belga
Group (BI-B3; Upper Cretaceous to FEocene;
Bender, 1974), which are known to contain pyrite
in central and northern Jordan (Pufahl et al., 2003).

The low salinity of subgroup B1, along with the
high Na/Cl ratio and low Q value (Table 1) indi-
cates that the water composition of subgroup Bl
is not influenced by brine mixing.

5.2.3. Brine contribution to shallow groundwater in
the northern part of the lower Jordan Valley

The chemical composition of the shallow ground-
water from the Northern boreholes (Fig. 1) shows
both temporal and spatial variation in both solute
concentration and ionic ratios (Table 1). However,
the data shows that the Na/Cl and SO,/CI ratios
decrease with increasing salinity (Fig. 3). These rela-
tionships suggest that brines with typical geochemi-
cal characteristics are affecting the overall salinity
and chemical composition of the shallow groundwa-
ter, particularly in the vicinity of Boreholes 4 and 5.

Mixing calculation between a brine (represented
by the Tiberias Hot Springs composition) and a
fresh water component (as sampled in Borehole 1)
reveals a brine contribution of up to ~30% of the
solute composition (at Borehole 4; Fig. 3). In other
wells, (e.g., Boreholes 1 and 2), however, the effect
of the brines is negligible. Moreover, the data show
that a simplistic mixing model cannot always
explain the water composition of the shallow
groundwater. In some wells data points that are off-

set from the theoretical mixing line between brine
and fresh water were observed (Fig. 3). Thus, addi-
tional processes such as water—rock interaction, oxi-
dation-reduction processes, and mixing with other
water bodies may also control the chemical compo-
sition of the shallow groundwater. For example,
groundwater from Borehole 3, which is located very
close to the Jordan River, showed the highest diver-
sion from the theoretical mixing line (Fig. 3). Given
that the water level and chemical composition (e.g.,
Na/Cl =0.78, SO4/Cl ~ 0.1) in this well was found
to be similar to those in the adjacent Jordan River
(see in Farber et al., 2004), it is most likely that
the chemical composition of the groundwater is
influenced by lateral flow of the saline Jordan River.

5.3. Brine contribution to saline groundwater in the
central and southern Jordan Valley

Two groups of water with similar 8’Sr/*®Sr ratios
(0.70778-0.70820) were observed in the central and
southern Jordan Valley, the Na—Cl (subgroup B2)
and the Mg—Cl (subgroup B3; Table 1) water types.
Subgroup B2 was identified mainly in the central
part of the Jordan Valley (50-70 km south of the
Sea of Galilee), whereas subgroup B3 was found
in its southern part (70-100 km south of the Sea
of Galilee; Fig. 1). The brine contribution to each
of these subgroups is discussed below.

5.3.1. Subgroup B2: Na-chloride water type

The saline water of subgroup B2 (Fig. 1) is char-
acterized by Cl™ concentrations of ~1500 mg/L,
high NO; content (~150 mg/L), a high SO,/Cl ratio
(~0.5) and a high Na/Cl ratio (up to 1.3; Table 1).
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The isotopic composition of this group is character-
ized by positive 5°*S (+5.6%,) and relatively low
o'"B values (~30%,; Farber et al., 2004). The high
NOj concentration indicates an anthropogenic con-
tribution for this water. Given that this type of
water is found only on the eastern side of the Jordan
Valley, the authors postulate that the higher agricul-

tural activity along the eastern side of the Jordan
valley has resulted in formation of a large volume
of agricultural effluents that contribute to this type
of groundwater.

The geological strata in this part of the Jordan
Valley are composed of the Samra and Lisan forma-
tions, which are part of the Dead Sea Group
(Picard, 1943; Bentor and Vroman, 1960; Bentor,
1961; Begin, 1975). The Samra formation is a clastic
lacustrine unit that includes evaporite layers (i.e.,
authigenic aragonite or calcite, gypsum and halite),
sand, marl and conglomerate (Picard, 1943; Stein
et al., 2005). The overlying Lisan formation includes
chemically precipitated aragonite, gypsum and
traces of halite, and detrital sediments composed
of calcite, quartz, dolomite and clay minerals (Begin
et al., 1974). Water flow through the halite and gyp-
sum units would increase the water’s Na™ and Cl~
(due to halite dissolution), and the Ca®" and

SOﬁ’ concentrations (due to gypsum dissolution).

In sum, the saline groundwater of this group can
be derived from three sources: agricultural return
flow (high NOj), evaporite dissolution (high Na/
Cl and SO,4/Cl ratios, relatively low 5”B), and cen-
tral brine contribution (high Br/Cl ratios). The rela-
tive low Br/Cl ratio in water subgroup B2 rules out
the third option; the brine contribution.

The high concentrations of Na™, CI~ and SO}~
indicate that water flow through the Lisan and
Samra formation dissolved the halite and gypsum
salts. In some of the water samples, the Na/Cl ratios
were higher than 1 and in all of the samples, the Ca/
SO, ratios were lower than 1. The relative excess of
Na® and deficiency in Ca*" may suggest further
modification by an ion-exchange process that typi-
cally occurs in clay-rich sediments, such as those
of the Samra and Lisan formations. During this
process, Ca>" in the solution is exchanged with
Na® in the sediments. The ion-exchange process
could explain the excesses of Na™ (Na/Cl > 1) and
Mg>" (Ca/Mg< 1) and the relative deficiency of
Ca®" (Ca/SO, < 1).

Likewise, the relatively low 6''B values (~30%,)
also indicate that gypsum dissolution is the predom-
inant process controlling the water composition.
Vengosh et al. (1992) showed that during brine evo-
lution and salt crystallization, the residual brine is
enriched in ''B, whereas the salts become depleted
due to selective uptake of '°B by the precipitates.
Hence, dissolution of the Lisan gypsum would be
expected to result in SOi_-rich water with relatively
low 6''B values.
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Assuming that the Br/Cl ratio in Group B2
(2.7 x 107%) reflects remnants of evaporated seawa-
ter, the Br/Cl ratio corresponds to a 20-fold evapo-
rated seawater with a Na/Cl ratio ~0.7 (data from
McCaffrey et al., 1987). However, the mass-balance
calculations show that the relative excess of Na* (8-
17 meq/L) is not balanced by Ca*" depletion (13-30
meq/L), inferring that the Br/Cl ratio (2.7 x 1073 is
not an indicator for brine evolution but rather
reflects a mixture of solutes with both high (brines)
and low (halite dissolution) Br/Cl ratios.

5.3.2. Subgroup B3: Mg-chloride water type

The subgroup B3 is Mg—Cl saline water (Fig. 1)
having CI~ concentrations of up to ~1000 mg/L,
relatively low SO,4/Cl ratios in the range of 0.1-
0.2, a low Na/Cl ratio of <0.8, and low Q values
(<0.65). The isotopic composition in this subgroup
is similar to that of the typical Ca-chloride Rift Val-
ley brines with respect to the 0''B (>40%,) and
87Sr/%Sr (~0.7080) values. However, the 5°*S of
the brackish groundwater (—179,) is almost 409,
depleted relative to typical Ca-chloride brine %S
values (>209%,; Gavrieli et al., 2001; Table 1). Like-

wise, the low Q values differ from the typical Ca-
chloride brines with Q > 1.

The Mg—Cl water type of subgroup B3 flows in
the sediments of the Samra and Lisan formations
(Figs. 1 and 2). The Samra and Lisan sediments
have similar Sr isotope ratios but different S iso-
tope ratios to the typical Rift Valley brine. The
87Sr/%Sr ratios measured in the Samra and Lisan
formations range from 0.70805 to 0.70838 and
0.708026 to 0.708075, respectively (Raab et al.,
1997; Stein et al., 1997). According to Raab et al.
(1997) and Stein et al. (2000), the 6**S values of
these sediments fall within the narrow range of
18-249,, whereas the 6°*S values of subgroup B3
are negative (—17%,; Table 1). Overall, conflicting
results were observed; on the one hand, some geo-
chemical parameters reflect simple leaching of the
local sediments (e.g., 87Sr/86Sr ratios); on the other,
the chemical composition of this type of water
resembles, but is not identical to the composition
of the Rift Valley brines (e.g., low Na/Cl ratios).
Moreover, the depleted 0**S values are not found
in either the local sediments or the Rift Valley
brines.



512 E. Farber et al. | Applied Geochemistry 22 (2007) 494-514

The authors propose that the Mg—Cl water type
was generated by a mixing process between the
Ca—Cl brine and a Na-Cl water type (subgroup
B2; Fig. 11), coupled with sulfide oxidation or disso-
lution of sulfate minerals with negative 6°*S values
as the source for the **S-depleted SOLZ[. The sug-
gested Na-Cl end member is located north
(upstream) of subgroup B3, whereas the Ca—Cl
end member is found the central and southern parts
of the rift.

Fig. 11 presents possible mixing combinations
between the Ca—Cl brine-derived and the water of
subgroup B2 for different ion ratios (Na/Cl; SO,/
Cl and Q ratios). According to the mixing relation-
ship it is estimated that subgroup B3 reflects a mix-
ing product with a 7-20% contribution from the
Ca—Cl brine component.

While the chemical variations match possible
mixing with the Ca—Cl brines (with positive S iso-
tope values), the negative 0°*S values (~—17%,) in
the Mg—Cl water of subgroup B3 are not consistent
with this mixing hypothesis. Thus, it is argued that
the isotopic shift is due to water-rock interactions
with disseminated (secondary) gypsum within the
aragonites of the Lisan or Samra formations with
negative 6°*S values (as low as —26%,; Gavrieli
et al., 1998; Torfstein et al., 2005).

5.4. Geothermal water in the zarga area — Group C

Groundwater with the highest ¥’Sr/%°Sr ratios is
found in the foothills and highlands area in the
vicinity of the Zarqa River (Fig. 1). The groundwa-
ter in this area is associated with the outcrops of
Triassic, Jurassic and Lower Cretaceous rocks and
is discharged from the Nubian Sandstone aquifers
to the Jordan Valley (Salameh, 2002).

The saline water (TDS ~4600 mg/L) in the vicin-
ity of the Zarqa River is characterized by high
87Sr/%Sr ratios (0.70857-0.70871) and low &''B val-
ues (24-279%,; Table 1). The high Sr isotopic ratio is
typical for the weathering of feldspar minerals,
which are abundant in the arkosic sandstones of
the Kurnub Group (Nubian sandstone) aquifer.
The Kurnub sandstone is an erosion product of gra-
nitic rocks that contained radiogenic ¥’Sr and there-
fore it is assumed that groundwater flowing through
these sediments would acquire high ®’Sr/*°Sr ratios
(e.g., Fritz et al., 1987; Austin, 1992; Mook, 2000).
Given that weathering of old granite rocks is
expected to produce a strong radiogenic Sr isotopic
signal (>0.7090), the relatively lower ’Sr/®¢Sr ratios

measured in the groundwater (0.70857-0.70871)
reflects a contribution from other sources with
lower ’Sr/®Sr ratios.

Fig. 12 shows the distribution of ®Sr/*Sr ratios
along the lower Jordan River. The maximum
87Sr/3%Sr values were measured in the Zarqa River
itself, which drains the central zone of the Kurnub
units. The high Na/Cl (up to 0.96) and SO,4/CI (up
to 0.3) ratios, and the lower Br/Cl (2-3x107%)
ratios also indicate that this type of water is not
affected by mixing with the central brines.

6. Summary and conclusions

In this study the authors present the geochemistry
of the water resources in the central Jordan River
Valley between the Sea of Galilee and the Dead
Sea, and evaluate the origins of the shallow water
resources with respect to the Rift Valley brines.
The brine fingerprints were observed along both
the eastern and western banks of the lower Jordan
River. Geographical-chemical trends in the Na/Cl
and Br/Cl ratios were observed in groundwater that
are consistent with a larger scale south-to-north shift
in ionic ratios of the brines (Klein-BenDavid et al.,
2004). These findings provide new information for
this part of the Jordan Valley for which only scarce
information had previously been available.

The chemical and isotopic fingerprints of the Ca-
chloride Rift Valley brines were detected in shallow
groundwater and surface water in the Jordan Val-
ley. It was found that the brines play a significant
role in affecting the chemical composition and qual-
ity of different groundwater bodies between the Sea
of Galilee and the Dead Sea. In addition, the hydro-
geological investigations revealed layers of high
conductivity (e.g., conglomerate, sandstone) within
otherwise low-permeability units in which saline
water is flowing and mixing with different types of
water that flow into the Rift Valley. Overall, it is
shown that in addition to the contribution of brines,
water-rock interactions, evaporation and anthropo-
genic return flows often affect the groundwater
chemical compositions in the central Jordan valley.
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