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Summary Groundwater flow-paths through shallow-perch and deep-regional basaltic aquifers
at the Golan Heights, Israel, are reconstructed by using groundwater chemical and isotopic
compositions. Groundwater chemical composition, which changes gradually along flow-paths
due to mineral dissolution and water–rock interaction, is used to distinguish between shal-
low-perched and deep-regional aquifers. Groundwater replenishment areas of several springs
are identified based on the regional depletion in rainwater d18O values as a function of elevation
(�0.25& per 100 m). Tritium concentrations assist in distinguishing between pre-bomb and
post-bomb recharged rainwater.
It was found that waters emerging through the larger springs are lower in d18O than surround-

ing meteoric water and poor in tritium; thus, they are inferred to originate in high-elevation
regions up to 20 km away from their discharge points and at least several decades ago. These
results verify the numerically simulated groundwater flow field proposed in a previous study,
which considered the geological configuration, water mass balance and hydraulic head spatial
distribution.

�c 2006 Elsevier B.V. All rights reserved.
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Introduction

The Golan heights, northeastern Israel (Fig. 1), is located at
the western edge of the Hauran – a broad, flat volcanic
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province that extends into southern Syria. The Golan and
the Hauran basalts serve as a regional aquifer that is being
exploited by both Israel and Syria in order to meet the water
demands of the local residents and agriculture. In a previous
study (Dafny et al., 2003), the flow regime within the Golan
basalt aquifer was analyzed and numerically simulated using
physical data only, namely, water mass balance and head
d.
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Figure 1 (a) Location map and (b) hydrological background map showing major springs, major streams and rivers, producing water
wells, yearly rain isohyets (1961–1990 average), sedimentary outcrops and the computerized model boundaries defined by Dafny
et al. (2003).
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distribution (see modeled area in Fig. 1). In the present
study, we verify the simulated hydrogeological model by
using geochemical and isotopic data.

Geochemical methods are commonly applied to study
groundwater flow regimes (Freeze and Cherry, 1979). Par-
ticularly, as in the scope of this research, these methods
are applied in studies of basaltic aquifers all around the
world (e.g., Hawaii, Scholl et al., 1996; United States, Rose
et al., 1996; Larson et al., 2000; India, Pawar, 1993; Jordan,
Abu-Jaber et al., 1998). Isotope techniques are of particular
importance when examining fracture flow patterns (Rose
et al., 1996) or areas with a scarcity of wells (Scholl
et al., 1996).

The available hydrological data of the Golan basalt aqui-
fer is limited to its western slopes, where its larger springs
are located, and to its eastern edge, where most of the
pumping wells are located (Fig. 1). Moreover, parallel data
from wells in the Syrian territory are not available. Geo-
chemistry and isotope techniques can therefore be addi-
tional useful tools alongside the traditional hydrogeology
methods, and can tremendously improve our understanding
about the groundwater flow regime in the aquifer.

The study had two main objectives. First, to identify and
characterize all water types that exist in the basaltic aquifer
based on their chemical compositions and ionic ratios. Sec-
ond, to give constraints on the groundwater flow regime
using the chemical and isotopic compositions. The second
stage included reconstruction of the isotopic composition
of rainwater and estimation of the groundwater travel time.
Thereby, a comprehensive evaluation of the groundwater
flow-paths from the replenishment areas towards the natural
outlets, especially toward the larger springs, was achieved.
Hydrogeological background

The Golan is a highland region covered by the Pliocene-
Pleistocene Bashan group basalts (Mor, 1986). Prior to the
volcanic eruptions, a broad syncline, whose relief was
formed by tectonic and erosive processes, extended be-
tween the Hermon anticline in the north and the Ajlun anti-
cline in the south (Michelson, 1979). The Bashan group
basalts erupted mainly from volcanic cones located in the
eastern part of the Golan (Mor, 1986). It unconformably cov-
ered the underlying sedimentary rocks, with the exception
of a few small outcrops in the northern part of the Golan
(Fig. 1). Eventually, the basalts filled the syncline and cre-
ated an elevated plateau. The thickness of the Bashan
Group in the north and central parts of the Golan is several
hundred meters and it reaches a maximum of approximately
750 m (Dafny et al., 2003). It thins toward the south at the
slopes of the Yarmouk gorge (Fig. 1) to approximately 50 m.
A few deep gorges, most of which in the southern Golan, are
carved through the entire basalt column, and expose the
underlying sedimentary units (Fig. 1).

The basaltic rock column in the Golan, like in other vol-
canic lava-flows provinces, is composed of repeated se-
quences of basalt flows topped by clayey paleosols
(Whitehead, 1992; Mor, 1986). Each sequence represents
one or several lava flow pulses accompanied by a period
of weathering and soil development. The thickness of the
soil depends on the local topography and on the time span
between two flow events. Commonly, those periods were
relatively short, and therefore only restricted, thin patches
of soil were developed. In places where thick soil did accu-
mulate it was ‘‘baked’’ and fossilized by the heat radiated
from the subsequent lava flow event.

The basaltic sequence serves as an aquifer and is fed so-
lely by infiltrating rainwater (as discussed later). A Mediter-
ranean climate prevails at the Golan; namely, dry and hot
summer (May–September) and rainy cold winter (Octo-
ber–April) as is illustrated by the upper histogram at
Fig. 2. The annual precipitation amount at the Golan varies
from more than 1200 mm in the northeast to less than
500 mm in the south (Fig. 1). Recharge was estimated in dif-
ferent studies to vary between 10 and 30% of the total pre-
cipitation in different parts of the Golan (Burdon, 1954;
Mero and Kahanovitz, 1969; Michelson and Michaeli, 1971;
Michelson, 1979).

Groundwater flow in basaltic aquifers takes place mainly
through open fractures and joints (Domenico and Schwartz,
1998). In the unsaturated zone, the flow is preferential,
mainly through connective fractures (e.g., Larson et al.,
2000). Fossilized soils act as a local barrier to the vertical
flow, hence, in places where those soils are thick and broad,
perched aquifers are developed. In the Golan, paleosols usu-
ally have a lens shape (up to few kilometers in length) and
are not spread continuously over large areas. Therefore,
most of the groundwater percolates downward to deeper-re-
gional aquifers. In some places this lithological situation
leads to the existence of a few perched aquifers, one above
the other (Fig. 3). The perched aquifers drain through nearly
200 small seasonal springs located mainly in the elevated
(eastern) parts of the Golan, termed here ‘upper Golan
Springs’. The discharge of most perched springs is directly
dependent on the precipitation. Their hydrographs (e.g., Pe-
ham spring, Fig. 2) reveal small or no baseflow in the dry sea-
son and fast declines in discharge quantity after the rainy
season ceases. Both evidences suggest that the majority of
the perched aquifers have small storage capacities and small
replenishment areas. A very few other wider perched aqui-
fers feed larger springs located in the central Golan, termed
here ‘central Golan Springs’. These springs discharge
through longer time periods, some of which continue
throughout the year (e.g., Qusebiyya spring, Fig. 1). The
combined discharge of all the perched springs is estimated
to be approximately 10 Million Cubic Meter per year (MCM/
y; Gilead and Glazman, 1991; Hydrological Survey of Israel,
2000), which is less than 2% of the total Golan water budget
as precipitation. Water discharges from the perched springs
are commonly consumed by local vegetation or discharges
into nearby rivers and streams.

A few more perched springs at the southwest part of the
Golan emerge at the contact between the basalts and the
underlying aquicludic chalk units (or below it, e.g., Me Geha
spring; Fig. 1). These springs are termed here ‘Southern Go-
lan Springs’.

Underneath the north and central parts of the Golan, a
regional aquifer exists at the lower section of the basaltic
sequence. The regional aquifer ends in the vicinity of the
Daliyyot Gorge (Fig. 1), where the saturated zone thins
out. The regional aquifer is sealed at its base by a thick
aquiclude in most of the area. In limited areas, in the north-
ernmost and southernmost parts of the aquifer, where the



Figure 3 Schematic diagram of the basalt hydro-stratigraphy.
Several perched aquifers appear one above the other at the
unsaturated zone, above the regional, deeper aquifer.
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Figure 2 Hydrographs of three selected springs: Notera (average annually discharge of 10.2 MCM), Gilbon (6.1 MCM) and Peham
(2.9 MCM) along with monthly precipitation at the ‘‘Golan’’ agriculture experimental station, north of Quneitra. Spring discharge
and monthly rain data obtained from the Hydrological Service of Israel and the Meteorological Service of Israel, respectively.
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impermeable units are missing, hydraulic connections with
deeper sedimentary aquifers might exist. Water in these
areas can therefore flow from the basalt aquifer to the
underlying layers and vice versa, depending on water heads
of both aquifers (Michelson, 1972, 1979; Gilead, 1988;
Dafny, 2002). However, water budget considerations show
that flow between the underlying sedimentary aquifers
and the basalt aquifer is likely to be negligible (Dafny
et al., 2003).

The regional aquifer groundwater flows in two opposite
directions, creating two basins: a western one, the Kin-
neret–Hula basin, which drains towards the Jordan Valley,
and an eastern one, which is located mostly in Syria and
drains towards the upper Yarmouk River. The area of the
Kinneret–Hula basin is approximately 770 km�2 (follows
the area surrounded by the dashed line in Fig. 1), yielding
naturally 85 MCM/y (16% of the total rain; Dafny, 2002). Bet-
ter understanding of the flow regime in this basin is the pri-
mary objective of this study.

The groundwater in the Kinneret–Hula basin originates
from the replenishment area at the eastern Golan and
flows toward the natural outlets at its western slopes.
Thirty springs and numerous small seepage points, termed
here the ‘Side Springs’ (Fig. 1), which altogether yield
approximately 51 MCM/y, emerge at the northern half of
the western slopes (Gilead, 1988; Gilead and Glazman,
1991; Dafny, 2002). Most of the Side Springs (e.g., Notera
and Gilbon springs, Fig. 2) demonstrate high baseflow all
over the year, including the dry season. The greatest
spring, Notera, located at an altitude of 90 m, yields
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9–10 MCM/y, while its average discharge in the summer is
approximately 0.8 MCM per month (Fig. 2). Another large
spring – Gilbon, has an average summer discharge of
approximately 0.5 MCM per month and shows almost the
same hydrological characteristics (Fig. 2). Hydrographs
shows rather stable discharge through most of the years,
with only small seasonal fluctuations. However, in excep-
tional rainy years (e.g., 1982, 1991, 1992; Fig. 2) discharge
peaks seems to follow the storm events and decline very
fast afterwards. Some of the Side Springs have lower dis-
charges; Adarim spring, for example, which emanates at
the contact between the basalt rocks and impermeable
soils of the Hula valley, has an average discharge of
approximately 0.02 MCM per month during the summer.
Other Side Springs discharge only during the rainy season
and dry a short while afterwards; such is Mamun spring
(Fig. 1), at an altitude of about 300 m, whose average dis-
charge is approximately 0.9 MCM/y (Fig. 1).

Hydrograph analyses of the highest discharging Side
Springs imply that they are fed by large storage aquifers,
which can sustain the high baseflow during the dry seasons.
Commonly, such hydrogeological behavior characterizes
aquifers that have wide replenishment areas with perma-
nent recharge. Thus, it is clear that the Side Springs are
fed by the regional aquifer as suggested earlier (Michelson,
1979; Dafny et al., 2003), and as confirmed by analysis of
the water heads and the flow-paths (Dafny et al., 2003).
Furthermore, this hypothesis favors a hydraulic continuity
throughout the Golan basalt rocks. This supposition is addi-
tionally supported by analysis of the reconstructed pre-
basalt relief map (Dafny et al., 2003) which exhibits 1: mod-
erate descent of the relief from the eastern Golan toward
the west and southwest, and 2: thick sequence (few
100 m) of the basalts in most of the northern and central
Golan. Combining all observations, it becomes obvious that
the basalt sequence serves as a unified, continuous package
of layers dipped toward the west–southwest and enables
the regional flow of groundwater.
Figure 4 Maps of (a) groundwater heads and (b) groundwater fl
conditions (from Dafny et al., 2003). Deep wells are marked by bl
shown also in Fig. 1.
Groundwater production through boreholes, mostly at
the Allone HaBashan pumping field, at the eastern Golan
(Fig. 1), currently stands at 7–8 MCM/y. The water table
seasonal fluctuations in these boreholes (less than 1 m)
are rather small compared to the total saturated thickness
(about 300 m).

The conceptual model regarding the Kinneret–Hula basin
has been quantified by the MODFLOW numerical code
(McDonald and Harbaugh, 1988). Model introduction and
calibration were discussed in detail by Dafny et al. (2003).
Computed maps of groundwater head distribution and
groundwater flow vectors in the Kinneret–Hula basin are
shown in Fig. 4. The numerical model confirms the basic
conceptual assumptions regarding the spatial hydraulic con-
tinuity and the groundwater flow directions, as described
above.

Although the groundwater flow regime within the Golan
basalt aquifer seems to be satisfactorily understood (Dafny
et al., 2003), geochemical data can verify (or contradict)
the accepted knowledge. This mission is feasible due to
the fact that reliable geochemical data on the Golan water
sources is available. We have collected additional geochem-
ical and isotopic data as needed.
Geochemical background

It is widely accepted that each of the major ions dissolved in
groundwater originates from one of three possible sources:
(1) juvenile rainwater, (2) water–soil and water–rock inter-
actions, and (3) anthropogenic influences. Water–rock
interactions in basaltic aquifers were summarized schemat-
ically by Stumm and Morgan (1970):

Basalt Rock + CO2 +H2O!Al–Si Minerals + H4SiO4 +HCO�3
+ Caþþ/Mgþþ/Naþ/Kþ/Srþþ/Feþþ ð1Þ

The Golan volcanic rocks are of alkali-olivine basalt
composition (Weinstein, 1992, 1998) and composed mainly
ow directions in the Kinneret–Hula basin under steady-state
ack dots; major springs by open circles. Model boundaries are
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of olivine, pyroxene and plagioclase (labradorite, An50–70).
In the presence of slightly acidic rainwater, the original sil-
icate minerals are dissolved quickly and incongruently
(Na > K > Ca > Sr > Mg > SiO2) (Sendler, 1981). In this pro-
cess, cations and balancing bicarbonate ions are released
into the water and new alumino-silicates such as kaolinite
and smectite are formed (Garrels, 1967). In fact, the disso-
lution process is so fast that within a month (or even less)
the water almost reaches chemical equilibrium with the
host rocks and dissolution rates decrease exponentially
(Sendler, 1981). Solubility product calculations show that
whenever bicarbonate concentration exceeds approxi-
mately 200 mg/l, calcite precipitation is favorable (Sendler,
1981). The precipitated calcite fills the basalt cracks, frac-
tures and voids.

Since HCO3 is added to the groundwater through dissolu-
tion processes (Eq. (1)) it is consider a good indicator of the
degree of mineralization of the water (Feth et al., 1964)
and, in other words, of the time span after recharge. A rea-
sonable correlation between HCO3 concentration and major
cation concentrations indicates that they too originated
from the dissolution process. However, other processes,
such as preferential dissolution of specific minerals, calcite
precipitation within the basalts, cation exchange with clay
minerals, and local conditions, such as upper soil thickness
variations, vegetation cover, anthropogenic and agricultural
activities and contact with lower sedimentary layers, all
influence the chemical composition of the Golan groundwa-
ter and result in deviation from these expected correlations
(Sendler, 1981). Potassium, although theoretically released
by rock dissolution, shows a low ‘‘background level’’
(<5 mg/l) since it is absorbed easily by clay minerals, mainly
in the uppermost soil (Sendler, 1981).

The other major anions – chloride, sulfate and nitrate
are not principal constituents of basaltic rocks. The main
source of Cl and SO4 in the Golan basalt aquifer is the rain-
water. The mean geochemical composition of 36 rainwater
samples collected at three stations in the Golan (Qazrin,
Ein-Ziwan and Qeshet, Fig. 5) was taken from Herut
(1992). Rainwater TDS (total dissolved solids) is lower than
10 mg/l, chloride average concentration is 4.5 mg/l (med-
ian of 2.5 mg/l), and Na/Cl equivalent ratio is 0.82 on the
average, implying that Cl and Na preserve their original
marine ratio. Since chloride is not contributed by the basalt
dissolution it can be considered as a conservative ion in the
groundwater. Increase of Cl content implies a net influence
of evapo-transpiration. High concentration of sulfate (40%
of TDS) and calcium (10%) indicate some dissolution of car-
bonate and gypsum dust in the rain (Herut, 1992).

Most of the nitrate in the basalt aquifer originates from
natural biogenic activity in the uppermost soil (Sendler,
1981); its ‘‘background level’’ concentration is low
(<15 mg/l). Higher concentrations of nitrate at specific
locations indicate massive biogenic contamination whose
source could be cattle pasture fields or sewage of human
origin (Sendler, 1981; Herut, 1992). Crop fertilization and
spraying increase the concentration of NO3 as well as SO4

(Sendler, 1981; Shaliv, 1999).
All the basaltic groundwater sources of the Golan are

fresh and exhibit overlapping ranges of ion concentrations
and similar ionic ratios (as discussed later). Therefore,
these indicators cannot serve as tools to distinguish be-
tween water bodies of different origins. A favored tool for
reconstructing groundwater flow-paths is thus the isotopic
composition of oxygen and hydrogen in the water, which
vary throughout the basaltic aquifer. The predictable varia-
tions in compositions of stable isotopes of oxygen and
hydrogen in precipitation make them a powerful tool for
assessing the processes affecting groundwater occurrence
and movement (Gat, 1971). In most cases, the isotopic com-
position of groundwater depends mainly on the isotopic
composition of the rain in the recharge area, which is a
function of the area latitude and altitude, its distance from
the open sea and its temperature (Gat, 1987). By character-
ization of precipitation isotopic value trends according to
any geographic parameter, such as elevation, it becomes
possible to reconstruct the replenishment areas of different
outlets and thereby the groundwater flow-paths in the aqui-
fer. This method was applied in several studies of basaltic
aquifers around the world (Rose et al., 1996; Scholl et al.,
1996; Abu-Jaber et al., 1998; Larson et al., 2000).

One of the most remarkable trends is attributed to the
‘altitude effect’ – the linear correlation between the isoto-
pic composition of the oxygen/hydrogen and the altitude.
This effect was first described at regions of temperate cli-
mate by Dansgaard (1961), exhibiting a decrease in d18O va-
lue of 0.2& for every 100 m elevation gain. This variation
was explained as a reflection of the temperature depen-
dence of isotopic fractionation during the condensation of
vapor (Dansgaard, 1964). Since then, the altitude effect
was observed in many places all over the globe, including
the Hauran at South-East Syria (Kattan, 1997). Rainwater
samples were collected and analyzed from several locations
at the Hauran. Each of the reported values represents the
accumulated amount throughout a single calendar month,
between December 1989 and March 1990. Kattan (1997) ob-
tained a linear relationship between d18O and dD, dD = 8
d18O + 22, which matches the Mediterranean Meteoric Water
Line of Gat (1971) and a linear relationship between d18O
and altitude (Z in m), d18O = �0.0023Z � 5.15, in accor-
dance with Dansgaard’s (1961) ‘altitude effect’.

An additional isotopic tool is the tritium dating of the
groundwater. Assuming an isolated flow-path, Tritium (3H)
concentration can be used to calculate groundwater travel
time. In practice however, the dating accuracy is question-
able since most groundwater outlets exhibit mixing of many
flow-paths (Gvirtzman and Magaritz, 1989). Nevertheless,
two typical ‘‘end-members’’ of tritium concentration can
be used in groundwater dating: (1) High concentrations,
similar to recent rainwater concentrations, indicate a very
young water source. (2) A concentration of zero tritium indi-
cates not only a relatively longer residence time in the sub-
surface, during which all the primary tritium had decayed,
but also detachment of fresher water mixing along the
flow-paths.

Tritium dating was served as a useful tool during 3–4
decades after the atmospheric nuclear test period, which
were carried out in the 1960s, and had changed radically
the tritium natural background concentration. In Israel,
for example, tritium concentration increased from about
5 TU in the 1950s (Kaufman and Libby, 1954) to a peak about
two orders of magnitude greater (Carmi and Gat, 1973). To-
day, tritium concentrations in Israel’s rainwater are about
6–8 TU (Yechieli et al., 1994; Bergelson, 1997). Specifically,
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tritium concentrations in Quneitra’s December-1989–
March-1990 rain samples vary between 6.5 and 7.6 TU, with
a weighted mean of 7.1 TU (Kattan, 1997).

Methods

Twenty new water samples were collected from wells and
springs in the Golan between winter 2001 and spring 2002.
Springs were sampled at the emerging points to avoid any
influence of vegetation or cattle pollution; polluted springs
were not sampled. Production wells were sampled from
valves before water chlorination. Other wells were sampled
using a hand sampler. Samples were stored in a cooling tank
in clean plastic bottles with airtight seals until analysis.

Chemical analyses as well as the isotopic composition of
oxygen and hydrogen were conducted in the Geological Sur-
vey of Israel (GSI) laboratories. Concentration of K, Na, Mg,
Ca and Sr were measured by the inductively coupled plasma
spectrometry method (ICP), using Perkin–Elmer-Optima
3000 ICP. Concentration of Cl, NO3, PO4, SO4, Br and F were
measured by the Ion Chromatograph method, using Dionex-
4000I. HCO3 concentrations were measured by potentiomet-
ric titration with 0.5 N HCl solution. The analytical
precisions for all cations and anions are 2%. The reaction
error (RE%) was calculated using the formula:

REð%Þ ¼
P

Cations�
P

Anions
P

Cationþ
P

Anions
� 100 ðall in meq=lÞ

Samples were prepared for 18O/16O analysis by CO2 equili-
bration (Epstein and Meyeda, 1953) and for D/H analysis
by zinc reduction (Coleman et al., 1982). Analyses were
made using ISOPREP-18 system, followed by mass spectrom-
etry on a VG-SIRA II mass spectrometer and calibrated
against the NBS-19 standard following Coplen (1988). Oxy-
gen and hydrogen isotope analyses are reported in the usual
d notation as permil deviations from the SMOW reference
standards. Analytical precisions are ±0.1& for d18O and
±2& for dD.

Tritium concentrations were measured in the Depart-
ment of Environmental Science and Energy Research at
the Weizmann Institute of Science, Israel. Water samples
were first isotopically enriched by electrolysis and thereaf-
ter the tritium concentrations were measured by means of
counting the radioactive decays using a LKB 1220 scintilla-
tion counter. Tritium concentrations are reported in TU
units, where 1 TU equals to one tritium atom out of 1018

hydrogen atoms. The analytical precision is 0.1–0.3 TU.
In addition to our samples collected specifically for the

current study, 52 precise (i.e., RE < 3%) reported water
analyses from wells and springs were gathered from previ-
ous studies conducted in the Golan (Sendler, 1981; Sendler
et al., 1986) and from unpublished information from well
files, analyzed by the Mekorot water company Ltd. main lab-
oratory. Altogether, the data file includes 73 groundwater
analyses of major ions (Table 1), 48 isotopes analyses of
oxygen, 38 of deuterium and 25 of tritium concentration
(Table 2). The whole data file represents 46 groundwater
sampling points spread throughout the Golan (Fig. 5). Three
of the sampling sites (1–3 in Fig. 5), which are located at
the foot of Mt. Hermon, replenished by a carbonate aquifer
rather than basaltic aquifer. They are reported here merely
since their isotope compositions are valuable for analyzing
the altitude effect.

Results and discussion

Groundwater chemical composition

The basaltic water composition at the Golan (Table 1) is
rather homogeneous and characterized by low concentra-
tions of solutes (e.g., TDS < 550 mg/l), HCO3 as the major
anion (HCO3� Cl > SO4) and Na/Cl ratio higher than 1,
reflecting dissolution of Na from the basalt minerals. All
of these are in agreement with previous studies on basaltic
water (Garrels, 1967; Sendler, 1981). Anthropogenic con-
taminations and agricultural influences appear only at spe-
cific outlets, e.g., Me-Geha, Gamla and Pik Springs, as
seen in the relatively higher NO3 concentrations. The geo-
chemical composition of each spring, apart from the ones
which have been contaminated (e.g., Me Geha spring),
was found to be stable in time, whether comparing the late
1970 samples to the 2000–2001 samples or comparing win-
ter–summer analyses.

Good to fair correlations were found between bicarbon-
ate to Mg, Ca and Sr (R2 = 0.84, 0.65 and 0.49, respectively;
Fig. 6). This suggests that the three cations are balanced
mainly by bicarbonate anion, and hence originate from dis-
solution of basalt minerals. Still, Ca is extracted from the
water due to calcite precipitation, cation exchange and
other processes and hence its correlation to HCO3 is only
fair. Moreover, neither Na nor K, which also serve as main
constitutes of basalt minerals, correlate with HCO3; Na is
correlated with Cl while K with its low concentrations is very
much influenced by cation exchange. On the other hand, the
major anions, including Cl, SO4 and NO3, which originate
from juvenile rainwater or anthropogenic influences, do
not show any correlation to HCO3. These findings imply that
although HCO3 is theoretically an indicator to basaltic water
evolution, it cannot be used for practical study, since many
other influences occur along the groundwater flow-paths.

The relation between the major cation (Na, Ca and Mg)
concentrations is variable (Ca P Na > Mg or Na > Ca > Mg)
and implies that groundwater is dissolving basalt rocks with
slightly different composition, or is preferentially dissolving
specific minerals. The groundwater of Allone HaBashan
wells (Sites 27, 28; Fig. 5) characterized by the highest
Na/Cl measured in the Golan (�4), may imply preferential
dissolution of Na-bearing minerals or different mineralogi-
cal composition of the basalt rocks at the well replenish-
ment area.

The basaltic water temperatures range between 17.5 and
23.1 �C. Temperatures of most Side Springs range between
18.3 and 21 �C. In the northern part of the Golan water is
a bit colder, and temperatures range between 16.5 and
17.6 �C, with the exception of 16 �C temperature found in
Quneitra 1 well (Table 1). Low temperatures suggest quick
infiltration and rather shallow flow-paths. Furthermore, it
negates any possibility of magmatic heating, as suggested
at other volcanic areas (e.g., Rose et al., 1996).

The four spring groups, which were introduced earlier
according to hydrogeological criteria (i.e., the Side Springs,
the central Golan Springs, the upper Golan Springs and the



Figure 5 Locations of sampling sites of precipitation, springs and wells. Numbers refer to the sites listed in Tables 1 and 2. Springs
and wells are outline according to their hydrogeological and geochemical grouping: circles, upper Golan Springs; diamonds, central
Golan Springs; squares, Side Springs; triangles, Southern Golan Springs; hexagons, Side Springs with carbonates rocks influence.
Points 27, 28 and 29 belong to none of the above groups.
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Table 1 Geochemical and general data of groundwater samples

Site No. Location Sample Date pH EC Temperature
(�C)

Na K Ca Mg Sr Cl SO4 HCO3 NO3 TDS RE% Na/Cl Na/Mg Ca/Mg

mg/l Eqv. ratio

2 Birkhat Ram 1 w. 21/1/70 7.5 17.0 5 1.0 55 26.0 13.9 276 5.6 402 1.24 0.55 0.10 1.29
2 Birkhat Ram 2 w. 18/8/76 7.7 520 16.5 10 4.0 48 31.0 15.2 11.0 265 25.0 409 0.69 1.01 0.17 0.94
4 Mas’ada 2 well AB-58 20/9/00 15 1.7 22 14.5 0.18 11.7 8.8 145 7.5 301 �0.88 1.98 0.55 0.90
4 Mas’ada 1 well GH-67 30/4/01 19 1.8 23 14.3 0.18 12.2 8.1 151 9.2 238 0.17 2.34 0.68 0.95
5 Fit GH-53 17/4/01 7.7 310 17.6 20 4.5 37 14.1 0.21 19.0 8.3 166 30.2 299 0.93 1.66 0.76 1.57
5 Fit GH-27 2/11/00 7.5 327 17.5 20 4.7 40 15.7 0.22 22.1 8.4 183 31.0 325 �0.24 1.39 0.67 1.54
6 Nebi Huda GH-59 18/4/01 7.7 523 18.1 43 3.0 59 30.4 0.44 39.3 11.5 361 6.8 555 0.16 1.69 0.75 1.18
7 Kalil GH-21 11/10/

00
502 23.1 42 5.0 42 24.8 0.27 35.2 8.5 283 20.4 460 �0.70 1.82 0.88 1.02

8 Brakha GH-58 18/4/01 7.9 259 17.9 25 4.0 25 14.0 0.15 16.9 5.8 161 13.2 264 1.34 2.24 0.93 1.06
8 Brakha GH-20 11/10/

00
296 20.4 27 4.6 26 14.2 0.15 18.8 5.6 177 14.0 287 �0.35 2.21 1.01 1.10

9 Shamir 6 1/4/79 7.2 19.0 20 22 10.9 0.17 14.9 5.5 137 10.7 263 �1.77 2.04 0.96 1.22
9 Shamir 6 1/8/78 7.6 20.5 25 23 12.7 0.19 16.7 5.3 164 11.7 296 �2.02 2.35 1.06 1.12
10 Dufeila GH-60 18/4/01 7.8 284 19.7 23 3.7 29 13.4 0.18 16.0 6.7 173 13.1 278 0.05 2.22 0.91 1.31
10 Dufeila GH-6 27/9/00 7.9 287 19.7 23 7.3 30 14.0 0.17 17.6 6.9 183 13.2 369 �0.38 2.04 0.88 1.28
11 HaRofe GH-46 16/4/01 7.1 370 18.6 25 2.9 43 21.0 0.27 26.9 9.5 232 12.4 372 0.63 1.40 0.62 1.24
11 HaRofe GH-4 27/9/00 7.5 366 19.2 23 2.7 42 20.2 0.26 26.0 9.2 224 11.1 434 0.19 1.34 0.59 1.25
12 Lehavot GH-5 27/9/00 7.4 348 18.8 22 2.5 38 19.6 0.25 24.9 9.2 214 11.8 415 �0.46 1.36 0.59 1.18
12 Lehavot GH-47 16/4/01 7.5 353 18.7 24 2.7 40 20.0 0.26 26.2 9.4 225 12.5 360 �0.59 1.41 0.63 1.21
13 A’darim GH-63 18/4/01 7.5 375 21.4 37 2.8 26 19.0 0.27 27.1 8.9 207 9.5 338 0.24 2.08 1.02 0.83
13 A’darim GH-19 11/10/

00
368 21.8 37 2.9 26 19.0 0.25 27.6 8.9 210 9.8 341 �0.33 2.04 1.02 0.83

14 Mamun GH-61 18/4/01 7.7 240 18.3 23 4.5 19 12.5 0.15 14.9 4.2 144 15.2 237 �0.29 2.38 0.97 0.92
15 Gonen 5 1/4/79 7.2 20.5 18 26 12.0 0.23 16.7 8.0 144 10.7 275 �1.62 1.63 0.78 1.32
15 Gonen GH-62 18/4/01 7.6 275 20.1 20 3.2 28 12.8 0.21 15.8 7.4 159 12.5 258 �0.28 1.95 0.83 1.30
15 Gonen 5 1/8/78 7.4 21.0 12 26 12.3 0.16 14.5 6.7 152 11.0 269 �6.27 1.31 0.53 1.27
16 Divsha 3 1/4/79 7.2 20.0 13 3.0 26 12.7 0.24 15.7 8.5 153 10.9 277 �5.20 1.25 0.53 1.24
16 Divsha 3 1/8/78 7.9 20.5 22 27 13.5 0.18 16.1 6.7 168 10.9 301 �1.29 2.12 0.87 1.22
17 Notrera GH-45 16/4/01 7.8 264 19.8 26 4.5 23 14.0 0.19 17.8 6.6 159 14.6 265 0.76 2.21 0.96 1.00
17 Notrera GH-3 27/9/00 7.9 263 20.1 26 4.6 22 14.0 0.18 17.6 6.3 160 15.1 340 �0.02 2.27 0.97 0.95
18 Gilbon GH-44 16/4/01 8.0 271 20.1 33 3.2 17 13.0 0.11 17.5 4.1 155 12.0 254 1.52 2.86 1.32 0.79
18 Gilbon GH-1 27/9/00 8.0 265 20.2 31 3.0 15 12.5 0.10 18.1 4.1 151 11.5 318 �0.70 2.64 1.31 0.74
19 Bet HaMehes EL-12 9/5/01 38 3.8 16 13.5 0.11 20.2 4.0 170 12.5 278 0.49 2.92 1.50 0.72
20 Almein GH-43 16/4/01 7.8 331 20.7 29 3.7 30 17.0 0.22 20.2 5.0 193 16.5 314 1.87 2.21 0.90 1.07
20 Almein GH-2 27/9/00 7.8 328 20.7 27 3.4 28 16.5 0.20 20.1 5.1 185 15.5 378 0.48 2.05 0.85 1.03
21 Sanbar El-3 19/4/01 27 4.3 25 15.5 0.19 18.7 4.5 173 16.6 285 1.10 2.23 0.92 0.98
21 Sanbar A-33 11/6/76 7.8 20.0 27 4.9 25 15.3 0.20 19.2 6.1 182 16.8 332 �1.39 2.18 0.94 0.99
22 Mansura 1 well EL-7 9/5/01 16 1.7 15 10.6 0.10 14.0 4.4 93 14.8 169 2.20 1.80 0.81 0.83
22 Mansura 1 well 1/4/70 16 2.0 14 10.0 14.3 4.0 95 14.2 222 �0.49 1.73 0.85 0.84
23 HaEmir EL-6 9/5/01 16 1.5 24 13.0 0.20 20.3 10.9 110 15.5 211 2.48 1.24 0.66 1.10
24 Quneitra well 3/6/71 7.8 16.0 13 3.0 24 14.0 19.3 11.0 116 22.5 223 �0.77 1.04 0.49 1.04
25 Dalawe 1 well EL-11 9/5/01 20 7.0 12 7.5 0.16 22.8 3.2 81 13.7 167 0.32 1.35 1.41 0.97
26 Aleike El-4 19/4/01 22 2.4 32 19.0 0.26 22.7 8.6 178 20.2 305 1.43 1.49 0.61 1.02
27 Allone HaBashan 5 well EL-8 9/5/01 45 3.5 10 7.3 0.07 17.0 3.9 149 9.6 244 �0.48 4.04 3.22 0.82
28 Allone HaBashan 2 well 30/8/85 8.4 20.0 44 5.0 19 6.0 18.0 10.0 152 8.0 291 2.11 3.77 3.88 1.92
28 Allone HaBashan 3 well EL-18 1/10/91 47 4.8 9 8.0 0.10 20.0 3.8 154 9.9 257 �0.54 3.62 3.11 0.70
28 Allone HaBashan 2 well EL-9 9/5/01 45 4.3 9 7.8 0.08 17.0 3.5 151 8.4 246 �0.13 4.08 3.05 0.70
29 Allone HaBashan 1 well �1982 8.0 18.0 25 3.0 39 24.0 41.0 7.0 219 17.0 440 �0.87 0.94 0.55 0.99
30 Hushniyya El-1 19/4/01 13 0.7 20 11.3 0.23 17.5 7.9 100 11.7 183 0.52 1.15 0.61 1.07
30 Hushniyya A-27 23/3/76 7.0 15.0 11 0.5 16 8.7 0.19 13.5 5.9 95 7.4 190 �3.14 1.30 0.69 1.14
31 Peham EL-13 9/5/01 14 1.4 19 10.9 0.19 15.9 7.4 95 15.5 179 0.97 1.34 0.67 1.03
31 Peham A-35 11/6/76 7.6 19.5 12 1.7 15 8.4 0.17 16.3 8.0 77 5.2 182 1.03 1.15 0.77 1.08
32 Dananir A-34 11/6/76 7.4 19.5 16 3.5 11 6.6 0.14 13.3 6.2 68 10.1 166 3.40 1.90 1.32 1.03
33 Tanuria El-2 19/4/01 18.7 14 1.6 20 11.0 0.20 17.6 8.2 100 14.9 188 0.13 1.23 0.67 1.10
33 Tanuria A-30 24/3/76 7.3 19.0 11 1.7 15 8.6 0.17 15.5 6.8 81 7.0 183 �0.34 1.10 0.68 1.08
34 Mansura A-39 12/6/76 6.5 19.0 19 4.3 17 7.6 0.15 14.6 8.0 85 21.6 212 2.16 2.02 1.33 1.35
34 Mansura A-26 23/3/76 7.2 19.0 19 3.8 14 8.3 0.17 14.1 9.1 96 10.0 205 0.03 2.07 1.20 1.05
34 Mansura A-32 11/6/76 7.5 20 3.8 14 8.5 0.17 13.5 8.1 101 10.2 210 0.00 2.26 1.23 1.01
35 Dufun A-25 23/3/76 7.0 18.5 19 4.0 13 8.1 0.15 14.8 6.9 89 18.3 202 �1.30 1.95 1.22 1.00
36 Shabaniya A-31 24/3/76 7.4 19.5 21 3.8 14 8.6 0.16 17.4 8.2 87 21.4 213 �0.25 1.84 1.27 0.99
37 Peres EL-10 9/5/01 35 1.4 37 19.5 0.33 38.8 8.6 197 25.2 362 0.86 1.39 0.95 1.14
37 Peres EL-16 7/11/01 33 1.4 35 18.6 0.30 36.7 8.3 200 28.8 362 �2.02 1.39 0.94 1.14
39 Qusebiyya Bottle �2000 32 3.5 26 18.0 � 24.0 6.0 198 15.0 323 �0.35 2.06 0.94 0.88
39 Qusebiyya A-37 11/6/76 7.6 21.0 31 4.2 25 19.1 0.25 25.9 5.3 205 14.8 363 �1.71 1.85 0.86 0.80
39 Qusebiyya A-29 24/3/76 8.0 21.5 32 3.7 24 19.2 0.25 25.3 5.6 203 11.0 357 �0.74 1.93 0.87 0.77
40 Sheik Husein A-28 24/3/76 7.2 23.0 34 1.8 53 31.1 0.51 43.7 11.2 305 22.3 555 �0.63 1.20 0.58 1.03
40 Sheik Husein EL-5 19/4/01 22.4 34 1.6 50 31.0 0.45 42.0 13.3 301 16.5 490 �0.87 1.23 0.57 0.98
41 Gamla EL-15 7/11/01 31 0.5 67 29.0 0.40 42.0 17.0 298 38.0 522 0.15 1.12 0.56 1.39
42 Ramat Magshimim 1 well EL-17 7/11/01 54 2.6 27 17.4 0.20 56.0 16.4 159 32.8 364 1.07 1.47 1.63 0.93
42 Ramat Magshimim 1 well GH-66 30/4/01 52 2.3 26 17.0 0.24 53.0 15.8 164 35.0 366 �0.88 1.50 1.60 0.93
42 Ramat Magshimim 1 well AB-54 20/9/00 49 2.3 26 16.7 0.24 52.0 23.3 162 27.0 431 �2.02 1.45 1.55 0.93
43 Me Geha EL-14 7/11/01 43 0.5 66 29.0 0.50 93.0 28.0 220 62.0 542 �1.70 0.70 0.77 1.38
43 Me Geha A-23 23/3/76 7.5 23.0 29 1.0 44 20.1 0.40 32.8 10.0 230 26.3 433 �1.84 1.36 0.76 1.32
44 Swikta A-36 11/6/76 7.7 22.5 48 0.7 30 19.2 0.48 45.8 10.8 199 29.5 416 �0.87 1.61 1.32 0.93
45 Pik A-20 22/3/75 7.4 21.5 38 12.4 101 26.7 0.75 74.7 46.0 290 124.0 742 �3.24 0.79 0.75 2.28

Sampling locations are shown in Fig. 5, according to their site number. Samples sources: A, Sendler, 1981; 3–6, Sendler et al., 1986; bottle, commercial mineral water bottled in Qusebiyya spring, 2000; GH and AB,
unpublished data bases of the Geological Survey of israel; EL, this study.
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Table 2 Isotopic data and altitude of groundwater samples

Site No. Location Sample Altitude (m) Date of sampling d18O& dD& d-Excess Tritium TU 2r

1 Sa’ar1 GH-56 1030 17/4/01 �7.5 �34.9 25.1 4.5 0.2
2 Birkhat Ram 3 well1 GH-69 995 (955) �7.5 �33.2 26.8 4.4 0.2
3 Masrafe1 GH-57 985 17/4/01 �7.2 �32.4 25.2 0.2
4 Mas’ada 1 well GH-67 980 (880) 30/4/01 �6.1 �23.0 25.8 4.3 0.2
4 Mas’ada 2 well AB-58 980 (940) 20/9/00 �5.5 �23.1 20.9 5.4 0.2
5 Fit GH-53 540 17/4/01 �7.0 �33.3 22.7 5.0 0.2
5 Fit GH-27 540 2/11/00 �6.8
7 Kalil GH-21 90 11/10/00 �6.5 �31.2 20.8
8 Brakha GH-20 80 11/10/00 �7.1 �31.6 25.2 3.6 0.3
8 Brakha GH-58 80 18/4/01 �7.0 �32.1 23.9 3.5 0.2

10 Dufeila GH-6 300 27/9/00 �6.8 �28.1 26.3 1.8 0.2
10 Dufeila GH-60 300 18/4/01 �6.8 �31.3 23.1 1.3 0.2
11 HaRofe GH-4 120 27/9/00 �6.5 �30.1 21.9 3.2 0.2
11 HaRofe GH-46 120 16/4/01 �6.2 �29.4 20.2 3.5 0.2
12 Lehavot GH-47 120 16/4/01 �6.4 �22.3 28.9
12 Lehavot GH-5 120 27/9/00 �6.3 �25.1 25.3 2.9 0.3
13 A’darim GH-19 80 11/10/00 �6.5 �31.0 21.0
13 A’darim GH-63 80 18/4/01 �6.4 �31.6 19.6 0.0 0.2
14 Mamun GH-61 260 18/4/01 �6.7 �30.5 23.1 0.4 0.1
15 Gonen GH-62 160 18/4/01 �7.0 �27.6 28.4 2.3 0.2
15 Gonen EL-19 160 7/11/01 �6.8
17 Notrera GH-45 100 16/4/01 �7.3 �33.2 25.2 1.4 0.2
17 Notrera GH-3 100 27/9/00 �6.8 �31.9 22.5 0.8 0.1
17 Notrera EL-20 100 7/11/01 �6.8
18 Gilbon GH-44 120 16/4/01 �6.8 �35.0 19.4 0.0 0.2
18 Gilbon GH-1 120 27/9/00 �6.4 �31.0 20.2 0.0 0.1
19 Bet HaMehes EL-12 110 9/5/01 �6.3 �29.9 20.5
20 Almein GH-43 170 16/4/01 �6.4 �32.1 19.1 1.0 0.2
20 Almein GH-2 170 27/9/00 �5.5 �28.6 15.4
21 Sanbar El-3 310 19/4/01 �6.4 �31.0 20.2 1.1 0.2
22 Mansura 1 well EL-7 960 (780) 9/5/01 �6.6 �33.2 19.6
23 HaEmir EL-6 810 9/5/01 �6.3 �29.7 20.7 6.5 0.2
25 Dalawe T/1 well EL-11 905 (825) 9/5/01 �6.5 �32.4 19.6
26 Aleike El-4 570 19/4/01 �6.7 �29.2 24.4 3.9 0.2
27 Allone HaBashan 5 well EL-8 950 (630) 9/5/01 �6.7 �32.0 21.6 0.0 0.2
28 Allone HaBashan 2 well EL-9 865 (630) 9/5/01 �6.7 �33.0 20.6
28 Allone HaBashan 3 well EL-18 865 (630) 1/10/01 �6.6
30 Hushniyya El-1 790 19/4/01 �6.3 �30.0 20.4 6.5 0.3
31 Peham EL-13 710 9/5/01 �6.5 �29.9 22.1
33 Tanuria El-2 630 19/4/01 �5.9 �28.6 18.6
37 Peres EL-10 490 9/5/01 �6.3 �24.9 25.5
37 Peres EL-16 490 7/11/01 �5.8
38 Me Eden 1 well AB-236 385 (360) 14/6/01 �6.1
38 Me Eden 1 well AB-235 385 (360) 13/6/01 �5.8
40 Sheik Husein El-5 250 19/4/01 �5.3 �23.3 19.1 2.4 0.2
41 Gamla EL-15 200 7/11/01 �5.0
42 Ramat Magshimim 1 well2 GH-66 413 (360) 30/4/01 �5.5 �20.6 23.4
42 Ramat Magshimim 1 well2 AB-54 413 (360) 20/9/00 �5.3 �20.9 21.5
42 Ramat Magshimim 1 well2 EL-17 413 (360) 7/11/01 �5.1
43 Me Geha EL-14 100 7/11/01 �4.9
Sites locations are shown in Fig. 5. Bold sites represent shallow wells and perched springs that used for reconstructing the rainwater
isotopic gradient. Wells surface elevations (and groundwater level) are listed. Samples source: GH and AB, unpublished data bases of the
Geological Survey of Israel; EL, this study. (1) Emerges from carbonate units only; (2) penetrates a carbonate unit underneath the basalt.
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Southern Golan Springs), are distinguished also by their
chemical composition. The typical chemical composition
of each group (Table 3) was defined based on all its springs,
except for the Side Springs group that was defined only on
its most voluminous ones. Basaltic well analyses and excep-
tional spring analyses were compared to the defined groups
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Figure 6 Concentrations of solutes vs. bicarbonate in the Golan groundwater. All values are in mg/l. Horizontal axes are
consistent, vertical axes are variable. Regression lines are plotted where R2 is significant.
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and attributed thereafter to the most similar one, or alter-
natively to a new geochemical group. The most prominent
ions, which enable such distinction, were Sr, Ca, Mg and
HCO3.

The upper Golan Springs are characterized by the low-
est TDS, HCO3, Ca and Mg concentrations among all other
groundwater outlets in the Golan (Table 3). The central
Golan Springs have higher solute concentrations than the
upper Golan Spring. For example, TDS ranges between
305–363 mg/l compared to 166–223 mg/l at the upper Go-
lan Springs. Similarly, Mg and HCO3 concentrations, range
between 18–19.5 and 178–205 mg/l compared to 6.6–13
and 68–110 mg/l, respectively (Table 3). The increase in
the solute concentrations is attributed to the longer tra-
vel-time of groundwater along the perched aquifers, during
which rock dissolution continues. However, the chemical



Table 3 Ranges of TDS and ion concentrations of spring groups (all in mg/l)

Side Springs Central Golan Springs Upper Golan Springs Southern Golan Springs

Na 12–38 22–35 11–21 29–48
Ca 15–30 24–37 11–24 30–67
Mg 10.9–17.0 18.0–19.5 6.6–13 19–29
Sr 0.15–0.24 0.25–0.33 0.14–0.23 0.40–0.75
Cl 14.5–20.2 22.7–38.8 13.3–20.3 33–93
SO4 4.0–8.5 5.3–8.6 5.9–10.9 >10
HCO3 137–193 178–205 68–110 199–298
TDS 237–378 305–363 166–213 360–542
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compositions of the Side Springs resemble those of the
central Golan Springs (Table 3), and even lower in few
cases. The absence of further increase of the solute con-
centration, although it is obvious that groundwater emerg-
ing at the Side Spring passes longer distances and time
periods, probably implies that rock dissolution ceased at
some point along the flow-path. Keeping in mind that rock
dissolution requires the presence of aggressive water,
which originates while crossing the soil horizon, one must
expect that accumulation of solutes will take place mainly,
if not entirely, at the upper part of the basaltic sequence.
Moreover, in lab experiments in which rainwater had been
reacted with basalt rocks from the Golan, it was found
that the water almost reached chemical equilibrium within
1 month (!) and then the dissolution rate decreased expo-
nentially (Sendler, 1981). The lack of further dissolution at
the Side Springs is in agreement with this lab experiment
and hence does not negate the hypothesis that these
springs are fed by deep, detached flow-paths within the
basaltic aquifer.

Four of the analyzed Side Springs (Sites 7,11–13; Fig. 5)
were classified as a sub-group in which the solute concen-
trations are significantly higher than other side springs.
For example, Mg is about 20 mg/l in comparison to 10–
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Figure 7 d18O vs. dD for the Golan groundwater (black dots) and
showing linear relationship with the Mediterranean Meteoric Water
MMWL.
17 mg/l, and Sr is about 0.26 mg/l in comparison to 0.15–
0.24 mg/l. These higher concentrations can be explained
in accordance with their geographic locations, by a mixture
between the major basaltic water and minor carbonate
water. The carbonate water replenished at or passed
through the underlying sedimentary rocks that outcrop
few kilometers eastward. Another exceptional spring is
Sheik Hussein, in which the higher HCO3, Ca, and Sr concen-
trations are still unexplained. The Southern Golan Springs
and the Ramat Magshimim 1 well (Site 42; Fig. 5) have high
SO4 concentration (>11 mg/l) and significantly higher NO3

concentration (>26 mg/l). This indicates the influence of
agricultural activities, such as crop fertilization, crop spray-
ing, and percolation of surplus irrigation water, whose origi-
nal solute concentrations are higher than the local
groundwater.
Groundwater isotopic composition

The isotopic composition of oxygen and hydrogen of samples
from the Golan groundwater and rainwater (at Quneitra;
Kattan, 1997), are presented in Fig. 7, along with the Med-
iterranean Meteoric Water Line (MMWL). It appears that
-6.5 -6.0 -5.5 -5.0
18O

rain samples (open circles, from Kattan, 1997). Water samples
Line (MMWL). Dashed lines are within a distance of 1 STD from
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nearly all samples fall close to the MMWL, except for four
samples that deviate significantly (>1 std.). This evidence
confirms, as expected, that the Golan groundwater origi-
nated from present rainwater. Furthermore, it indicates
that rainwater has not undergone isotopic fractionation
through evaporation before recharge (Gat and Gonfiantini,
1981). Consequently, it may be concluded that the primary
mechanism by which water is removed from the vadose
zone is transpiration by vegetation rather than direct evap-
oration (Burg and Heaton, 1998).

Moreover, since the isotopic composition of the ground-
water represents that of the penetrating rainwater at its
replenishment area, it may be used as an independent indi-
cator for the geographic location of a spring’s replenish-
ment area. Indeed, the ‘altitude effect’ (Dansgaard, 1961)
at the Golan rainwater is confirmed by a linear correlation
between both: d18O (Fig. 8) and dD to the altitude (Z in m):

d18O ½‰� ¼ �0:0025Z ½m� � 4:53 R2 ¼ 0:90 ð2Þ
dD ½‰� ¼ �0:0189Z ½m� � 15:13 R2 ¼ 0:93 ð3Þ

This effect was established based on 12 water samples (bold
sites in Table 2, underlined in Fig. 9); nine of which are of
small springs and three are shallow wells. These springs
and wells were selected since they are all fed by small
and restricted perched aquifers. Hence, their isotopic com-
position represents the average meteoric precipitation in
their immediate vicinity. The observed isotopic gradient,
�0.25& for the d18O for every 100 m elevation gain,
matches Dansgaard (1964) principle, and is also in agree-
ment with Kattan’s (1997) observations in Syria. It is worth
noticing again that the analytical error of the d18O is less
than half of the observed isotopic gradient, hence the rela-
tively small differences in d18O between different sites are
significant. The Golan altitude varies between �200 m (be-
low sea level) in the southwest to more than 1100 m (above
sea level) in the northeast. Iso-composition lines therefore
y = -0.0025x - 4.53
R2 = 0.90
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Figure 8 Shallow groundwater d18O vs. elevation. Linear trend sho
Average Quneitra rain composition (Kattan, 1997) is presented by d
correspond to the topographic elevation contours (Fig. 9).
The oxygen isotopic composition of Me Geha spring, in the
southwest Golan is the ‘heaviest’ (�4.9&) while that of
Sa’ar, the highest sampled springs, is the ‘lightest’
(�7.5&). Quneitra rainwater, with a weighted mean of
�7.4& (Kattan, 1997), resembles that of the highest Golan
springs (Figs. 7 and 9).

The isotopic compositions of the Side Springs and of Al-
lone HaBashan wells (Table 2, Fig. 9) are more depleted
than perched springs in their immediate vicinity and deviate
significantly from the expected isotopic composition
according to Eq. (2). For example, in the Allone HaBashan
3 well the isotopic composition is lighter than in Hushniyya
spring, 3 km distant (�6.7& and �6.3&, respectively;
Fig. 9); so is the situation between Mamun and Dufeile
springs compared to HaEmir spring, 8 km apart (�6.7&,
�6.8& and �6.3&, respectively; Fig. 9). Therefore, it is
hypothesized that the Side Springs and the regional aquifer
in Allone HaBashan deep wells are fed by rainwater that
originated in distant, higher areas, in which the precipita-
tion isotopic composition is depleted.

It is not surprising that relatively high tritium concentra-
tions of up to 6.5 TU, were measured in two perched springs
on the elevated plateau (i.e., Hushniyya and HaEmir
springs, Table 2). Indeed, such tritium concentrations rep-
resent local rainwater concentrations, as indicated by Kat-
tan (1997). Hydrological considerations confirm that these
springs are fed by local rain in their nearby surroundings.
On the other hand, zero tritium concentrations were mea-
sured at Allone HaBashan 5 deep well and in two of the Side
Springs (i.e., Gilbon and A’darim; Table 2). These water
sources are located at a significant distance from the
replenishment areas. Taking into account the three possible
periods (pre-bomb, bomb, and recent), zero concentration
can only be attained from pre-bomb rains that entered
the groundwater system with around 5 TU at the 1940s
or earlier. Finally, it is worth noting that tritium
-7.4

600 800 1000

vation [meter]

ws isotopic gradient of �0.25& per 100 m of elevation increase.
iamond shape.



Figure 9 Isotopic composition of oxygen in rainwater and groundwater. Dashed lines represent estimated composition of
precipitation based on 12 water samples (underlined in the map), which represent the average meteoric precipitation in their
immediate vicinity. AB – Allone HaBashan wells. Topographic contours interval is 100 m.
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concentrations of other Side Springs range between 0.4 and
3.6 TU while at the most voluminous one – Notera spring, it
is around 1 TU.
Groundwater flow-paths

Unlike the upper Golan Springs, which emerge from well-
defined local perched aquifers, the Side Springs drain the
deeper regional aquifer; hence it is slightly complicated to
delineate their replenishment areas. The groundwater
chemical composition of the Side Springs is almost identical
to that of the central Golan Springs; therefore it cannot
serve as a tool for tracking flow-paths. However, their isoto-
pic compositions and tritium concentrations shed light on
this issue and help to constrain the regional flow regime in
the basaltic aquifer.

Using the oxygen isotope ‘altitude effect’ in the Golan
rainwater (Eq. (2)), the replenishment areas for several Side
Springs could be identified. The linear regression line
(Fig. 8) was used to calculate the replenishment elevation
of the specific groundwater outlet assuming the existence
of a single recharge point (‘the point source assumption’)
and a single flow-pathline. This approach is probably valid
for the small springs, while, the calculated elevation for
the larger springs represents, in fact, the weighted average
recharge elevation (‘the continuous source assumption’). In
other words, it is assumed that the groundwater emerging
through the voluminous springs may represent a mixture
of several flow-paths from several recharge areas, each with
its own isotopic composition. Consequently, for the contin-
uous source assumption calculations are based on:

d18Os ¼
P

d18OiPiRiP
Pi Ri

ð4Þ

where d18Os is the isotopic value at the emerging point,
d18Oi is the isotopic value of precipitation at elevation inter-
val i, obtained from Eq. (2), Pi is the precipitation amount at
elevation interval i (Fig. 1), and Ri is the estimated recharge
fraction for elevation interval i (obtained from water bal-
ance considerations; Dafny, 2002). Table 4 summarizes
the parameters used for these calculations. Elevation inter-
vals were set every 100 m, between 400 and 1100 m, except
of the vast 900–1000 m interval that was divided into two
parts: the eastern and the western sides of the ridgeline.

Both possible replenishment areas, i.e., either by assum-
ing a point source (Eq. (2)) or by a continuous source (Eq.
(4)), were calculated for the few Side Springs that were
Table 4 Parameter values used for calculating spring’s d18O

Elevation (m) East

1100 1100 1000 900

d18O (&) �7.28 �7.15 �6.90
Precipitation (mm) 1100 950 800a

Recharge fraction (%) 12 18 18a

a The 900–1000 m elevation interval eastern to Quneitra has an av
approximately 12%.
measured and for the deep Allone HaBashan wells. Replen-
ishments areas were mapped (Fig. 10) considering the esti-
mated flow-paths resulting from the numerical flow model
(Fig. 4b). The point source elevations range between 750
and 1100 m and the continuous source ranges, for most Side
Springs, between 400 and 1100 m. Naturally, one can expect
that the calculated lines and points represent much wider
strips.

Tritium concentrations of the Side Springs are signifi-
cantly lower than other springs at the Golan Heights, attest-
ing to a longer travel time in the aquifer. Nevertheless, the
exact travel time could not be estimated because of the
possible mixing with younger water contributions along
the flow course as well as limitations of the Tritium dating
system. Interpretation of replenishment areas and flowlines
is based on both tritium dating and oxygen and hydrogen
isotopes.

To demonstrate the various groundwater flow-paths and
springs types, a schematic NE-SW section across the Kin-
neret–Hula basin was drawn (Fig. 11). The cross-section
demonstrates three ‘‘horizons’’ of aquifers, one above the
other, along with their respective d18O and tritium concen-
trations from which the upper two are perched and the
deepest is the regional one. Several possible groundwater
flow-paths (marked ‘A’–‘E’) from the replenishments areas,
mainly in the east, to the springs at the west are shown. The
uppermost perched springs (‘E’, Fig. 11) are replenished
from small local areas nearby, and thus their chemical and
isotopic compositions reflect the rainwater characteristics
of their immediate surroundings. Values of d18O are de-
pleted and tritium concentrations are relatively high. The
small seasonal springs at Quneitra vicinity are the typical
examples of the ‘E’ category but since they had not been
analyzed in this study, the assigned values in Fig. 11
(�7.2& and �7 TU, respectively) refer to Masrafe spring
(Site 3 in Fig. 5). At the central Golan Heights, Hushniyya
and Peham springs (Fig. 9) are other examples of this type,
but since they are located at lower elevations, their d18O
values are less depleted (Table 2, Fig. 9).

The lower perched springs in Fig 11, are referred to the
central Golan Springs. They are fed by a mixture: rainwater
from lower altitude areas at their immediate surrounding
(‘C’, Fig. 11), rainwater from upper altitude areas at distant
zones (‘D’), and percolation from the upper perched hori-
zons. Generally, these springs are characterized by less de-
pleted d18O and tritium content, and their isotopic and
chemical compositions vary according to the specific mix-
ture; HaEmir spring (Fig. 9) is the typical example of ‘C’
West

800 700 600 500 400

�6.65 �6.40 �6.15 �5.90 �5.65
700 650 620 570 425
24 24 24 24 24

erage precipitation of about 1225 mm per year and recharge of



Figure 10 Reconstruction of the replenishment areas of several Side Springs and two deep wells. Groundwater flow-path trends
are based on the computerized model (Fig. 4b). Dashed lines represent ‘roofed’ segments, continuous lines represent phreatic
segments (continuous source approach, Eq. (4)), and stars represent replenishment focal areas (point source approach, Eq. (1)).
Enclosed also are the computerized model boundaries. Topographic contours interval is 100 m.
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Figure 11 A schematic cross-section (NE–SW), showing the principle groundwater flow-paths within the perched and the regional
basaltic aquifers. ‘A’–‘E’ refers to principle flow-paths; Groundwater typical isotopic values are listed as well.
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flow-path. Its d18O (� � 6.5&) is less depleted than the
upper perched springs and its tritium concentration
(6.5 TU) resembles fresh rainwater. Aleike spring exempli-
fies a mixture of ‘C’ and ‘D’ flow-paths. Its d18O
(� � 6.7&) is more depleted than expected, since it replen-
ished from higher areas, while its tritium concentration is
relatively low (4 TU).

The springs that emerge from the deep regional aquifer,
the Side Springs, consist of two subgroups. The first includes
springs that are replenished solely at the eastern Golan
Heights, where flow-paths are deep and detached from
the atmosphere (‘A’ in Fig. 11). In these springs d18O values
are mostly depleted (�7&) and resemble that of the upper-
most perched springs, and the tritium concentrations are
zero. Gilbon, Mamun and Adarim springs (Table 2, Fig. 9)
are some examples of type ‘A’ flow-path. Their d18O are al-
most identical, and the measured tritium concentration is
0.0 TU, implying that their groundwater residence time is
at least 60–70 years, and that they have not interacted with
fresh water during any stage of the flow course. Point-
source approach (Eq. (2)) suggests that the replenishment
area to all of these springs is at altitudes of 750–900 m.
The groundwater of Allone Habashan wells demonstrates
this flow type also (d18O values of �6.6& to �6.7&, lighter
than that of a nearby perched spring, tritium concentration
of 0.0 TU). Substituting d18O = �6.6& to �6.7& into Eq. (2)
yields recharge altitudes of about 830–870 m, which are lo-
cated approximately 10 km north–northeast of the wells
(Fig. 10).

The second subgroup includes springs, which are fed by
mixture of both, rainwater that penetrated at the eastern
Golan (‘A’) and local rainwater (‘B’). Most of the other Side
Springs that were studied (Table 2) exemplify mixtures of
type ‘A’ and type ‘B’ flow-paths, as confirmed by their
slightly less depleted isotopic composition; d18O is between
�5.5& and �7.1&, and by their tritium concentrations,
which range between 1.0 and 3.6 TU.

Notera, the largest spring in the Golan (9–10 MCM/y),
exemplifies an unequal mixture of ‘A’ (major) and ‘B’ (min-
or) flow-paths. Its tritium concentration (0.8–1.4 TU) is at
the lower part of the scale and its d18O value (�7.3&) is
the ‘lightest’ among the Side Springs. Substituting its d18O
value into Eq. (2) yields a recharge altitude of 1100 m.
The same results are obtained by using Eq. (4). It is thus
clear that the majority of this spring water originates in
the northeastern Golan, 20 km east of the spring, though a
small fraction of recharge occurs at nearer and lower areas,
causing a slight increase of the tritium concentration and
raising the oxygen isotopic value up to �6.8&.
Conclusions

Application of geochemical methods involving chemical
composition and isotopic techniques, i.e., analysis of the
oxygen–deuterium-altitude relations along with tritium
dating, enabled us to reconstruct the main flow-paths of
groundwater in the Golan basaltic aquifer and the replen-
ishment areas of several major springs. This verified the
previous model of flow within the Golan basalt aquifer
developed from a purely physical approach (Dafny et al.,
2003). Consequently, a thorough understanding of the
groundwater flow regime within the Golan basaltic aquifer
was achieved.

The Golan basaltic aquifer is fed solely by rain. The
unsaturated zone includes several perched aquifers, one
above the other, each with its own water table. A small
amount of groundwater emerges through those perched
springs, while the major part infiltrates to the deeper regio-
nal aquifer. The basaltic water composition of the Golan is
generally characterized by low solute concentrations, by
HCO3 being the major anion (HCO3� Cl > SO4) that balances
the cations (Ca � Na > Mg), by equivalence ratio Na/Cl > 1,
and only by local anthropogenic contaminations. This com-
position differs from the groundwater of deeper carbonate
aquifers; thus it suggests, as expected, that the entire
basaltic aquifer is detached from carbonate aquifer under-
neath (with the exclusion of limited areas in the northern-
most and southernmost parts of the Golan). Moreover, the
groundwater composition is rather homogenous throughout
the aquifer, with the exception of the smallest, eastern
perched springs whose concentrations are lower. Ionic
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ratios, like Na/Cl, Ca/Mg and Na/Ca, are spread over a wide
range with no clear and simple trend; thus they do not
enable any hydrogeological distinction. Hence, the use of
water composition in future groundwater studies of basalt
aquifers should be made carefully and only in conjunction
with isotopic data (or other data such as minor and trace
elements).

The ratio between d18O to dD in both rainwater and
groundwater at the Golan fit the Mediterranean meteoric
water line and suggest that rainwater has not undergone iso-
topic fractionation before and during recharge. The loss of
water from the upper soil or even from the uppermost-
unsaturated zone is taking place mainly through transpira-
tion. An elevation-dependence depletion in rainwater d18O
(�0.25& per 100 m) was identified using some small
perched springs and shallow wells, helping in reconstruction
of the replenishment altitude of the larger springs as well as
some deeper wells. The variations of d18O values, coupled
with tritium concentrations in groundwater suggest that
the basaltic aquifer is fed by rain that falls over all the bas-
alts exposures. Most of the Side Springs, at the western
slopes of the Golan, are being replenished in the eastern Go-
lan, approximately 20 km distant, while most of the perched
springs are been replenished in their vicinity, some with a
contribution from upper, eastern areas. Their high tritium
concentrations indicate a relatively short resident time
within the aquifer.

The isotopic evidences support the existence of hydraulic
continuity across the Golan basalt sequence and hence rein-
force the conclusions made in the conceptual and computa-
tional models (Dafny et al., 2003). However, neither the
d18O values nor the tritium concentration can solely and
exclusively explain the source and flow-paths of the ground-
water; it is only the combination of them that enables the
hydrogeological conclusions presented above.
Acknowledgements

This study was funded by a Grant from the Israeli Water
Commission. The authors thank Mr. Haim Hemo from the
Geological Survey of Israel (GSI) for his help in the field-
work, Dr. Ittai Gavriely and Dr. Bettina Shilman from the
GSI for their help and discussions, the GSI laboratory staff
for efficient and precise work, and for Prof. Harvey Blatt
for his comments on the manuscript.
References

Abu-Jaber, N.S., Jawad, A.A., Al Qudah, K., 1998. Use of solute and
isotopic composition of groundwater to constrain the ground-
water flow system of the Azraq area, Jordan. Groundwater 36
(2), 361–365.

Bergelson, G., 1997. The saline springs at the Kinneret Lake basin.
Ph.D. diss., The Hebrew University of Jerusalem, pp. 78 (in
Hebrew, English Abstract).

Burdon, D.J., 1954. Infiltration rates in the Yarmouk basin of Syria-
Jordan. International Association Science Hydrology 37, 343–
355.

Burg, A., Heaton, T.H.E., 1998. The relationship between the
nitrate concentration and hydrology of a small chalk spring;
Israel. Journal of Hydrology 204, 68–82.
Carmi, I., Gat, J.R., 1973. Tritium in precipitation and fresh-
water sources in Israel. Israel Journal of Earth Sciences 22,
71–92.

Coleman, M.L., Shepard, T.J., Durham, J.J., Rouse, J.E., Gillan,
R.M., 1982. Reduction of Zinc for hydrogen isotopic analysis.
Analytical Chemistry 54, 993–995.

Coplen, T.B., 1988. Normalization of oxygen and hydrogen isotope
data. Chemical Geology 72 (4), 293–297.

Dafny, E., 2002. The Hydrogeology of the Golan Heights Basalt
Aquifer, Israel. M.Sc. Diss., The Hebrew University of Jerusalem,
Jerusalem, pp. 110. Appendixes and GSI Report, GSI/28/03 (in
Hebrew, English Abstract).

Dafny, E., Gvirtzman, H., Burg, A., Fleischer, L., 2003. The
Hydrogeology of the Golan Basalt Aquifer, Israel. Israel Journal
of Earth Sciences 52, 139–153.

Dansgaard, W., 1961. The isotopic composition of natural waters.
Meddr Groenland 165, 1–120.

Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16 (4),
46–468.

Domenico, P.A., Schwartz, F.W., 1998. Physical and Chemical
hydrology, second ed. Wiley, Inc., New York, pp. 506.

Epstein, S., Meyeda, T.K., 1953. Variation of 18O content of waters
from natural sources. Geochimica et Cosmochimica Acta 4 (5),
213–223.

Feth, J.H., Roberson, C.E., Polzer, W.L., 1964. Sources of
mineral constituents in water from granitic rocks in Sierra
Nevada, California and Nevada. USGS Water Supply paper
1535-I.

Freeze, R.A., Cherry, J.A., 1979. Groundwater. Prentice Hall Inc.,
New Jersey, pp. 604.

Garrels, R.M., 1967. Genesis of some ground waters from igneous
rocks. In: Abelson, Ph.D. (Ed.), Researches in Geochemistry.
Wiley and sons, Inc., New York, pp. 405–420.

Gat, J.R., 1971. Comments on the stable isotope method in the
regional groundwater investigations. Water Resource Research 7
(4), 980–993.

Gat, J.R., 1987. Variability (in time) of the isotopic composition of
precipitation consequences regarding the isotopic composition
of hydrologic systems. IAEA, Vienna, pp. 551–563.

Gat, J.R., Gonfiantini, R., 1981. The isotopes of hydrogen and
oxygen in precipitation. In: Fritz, P., Fontes, J.C. (Eds.),
Handbook of Environmental Isotope Geochemistry, vol. 1A.
Elsevier, Amsterdam, pp. 21–47.

Gilead, D., 1988. Mt. Hermon, the major water source of Israel. In:
Klein, M. (Ed.), Ofakim Ba-Geographia. University of Haifa,
Israel, pp. 39–50.

Gilead, D., Glazman, H., 1991. North Israel spring survey.
Hydrological survey of Israel Report HR 1/91/10, Jerusa-
lem, pp. 58.

Gvirtzman, H., Magaritz, M., 1989. Water and anion transport in the
unsaturated zone traced by environmental Tritium. In: Bar-
Yosef, B., Barrow, N.J., Goldshmid, J. (Eds.), Ecological Studies,
Inorganic Contaminants in the vadose zone, vol. 74. Springer,
Germany, pp. 190–198.

Herut, B., 1992. The chemical composition and the soluble salts
sources in rainwater in Israel. Ph.D. diss., the Hebrew University
of Jerusalem, Jerusalem, pp. 144.

Hydrological Survey of Israel, 2001, Current condition and exploi-
tation of Israel’s water sources up to fall 2000. Hydrological
Survey of Israel, Jerusalem, pp. 292.

Kattan, Z., 1997. Chemical and environmental isotope study of
precipitation in Syria. Jornal of Arid Environments 35, 601–
615.

Kaufman, S., Libby, W.F., 1954. Natural distribution of tritium.
Physical Review 93, 1337–1344.

Larson, K.R., Keller, C.K., Larson, P.B., Allen-King, R.M., 2000.
Water resource Implications of 18O and 2H distributions in Basalt
aquifer system. Ground Water 38 (6), 947–953.



524 E. Dafny et al.
McDonald, M.G., Harbaugh, A.W., 1988. A modular three-dimen-
sional finite-difference ground-water flow model. USGS Open
File Report, pp. 83–875.

Mero, F., Kahanovitz, A., 1969. Hydrological evaluation of Berekhat
Ram. TAHAL Report, Tel Aviv, pp. 6.

Michelson, H., 1972. Hydrogeology of southern Golan Heights.
TAHAL Report HR/72/037, Tel Aviv, pp. 89.

Michelson, H., 1979. The geology and paleogeography of the Golan
Heights. Ph.D. Diss., Tel Aviv University, pp. 163.

Michelson, H., Michaeli, A., 1971. Peham Springs exploitation
possibilities by wells. TAHAL Report, Tel Aviv, pp. 25.

Mor, D., 1986. The Volcanism of the Golan Heights. Ph.D. Diss., The
Hebrew University of Jerusalem, GSI Report 5/86, pp. 159.

Pawar, N.J., 1993. Geochemistry of carbonate precipitation from
the ground waters in basaltic aquifers: an equilibrium thermo-
dynamics approach. Journal Geological society of India 41, 119–
131.

Rose, T.P., Davisson, M.L., Criss, R.E., 1996. Isotope hydrology of
voluminous cold springs in fractured rock from an active volcanic
region, northeastern California. Journal of Hydrology 179, 207–
236.

Scholl, M.A., Ingebritsen, S.E., Janik, C.J., Kauahikaua, J.P., 1996.
Use of precipitation and groundwater isotopes to interpret
regional hydrology on a tropical volcanic island: Kilauea volcano
area, Hawaii. Water Resource Research 32 (12), 3525–
3537.
Sendler, A., 1981. Geochemistry of groundwater from basaltic
aquifers at the Lower Galilee and the Golan. M.Sc. diss., The
Hebrew University of Jerusalem, GSI Report 81/2, pp. 91 (in
Hebrew, English Abstract).

Sendler, A., Brener, I., Halitz, L., 1986. Distribution of koret
elements in the northern drainage basin of the Kinneret
Lake (1978–1983). GSI Report 36/86, Jerusalem, pp.
45.

Shaliv, G., 1999. The basaltic aquifer at the eastern-lower Galilee
(Israel), groundwater production enlargement suggestions (1st
year progress report). Israel Water Committee Report 67/99, pp.
49.

Stumm, W., Morgan, J.J., 1970. Aquatic Chemistry, third ed. Wiley,
New York, 1022.

Weinstein, Y., 1992. Petrology of Pleistocene basalts from Mt.
Avital, north Golan Heights. M.Sc. diss., The Hebrew University
of Jerusalem, pp. 127.

Weinstein, Y., 1998. Mechanisms of generation of intra-continental
alkali-basalts in northeastern Israel. Ph.D. diss., Hebrew Uni-
versity of Jerusalem, Jerusalem, pp. 101.

Whitehead, R.L., 1992. Geohydrologic framework of the Snake
River Plain regional aquifer system, Idaho and eastern Oregon.
USGS Professional Paper 1408-B, pp. 32.

Yechieli, Y., Ronen, D., Carmi, I., Kaufman, A., 1994. New tritium
data in waters of the Dead Sea area. Israel Journal of Earth
Sciences 43, 213–220.


	Deduction of groundwater flow regime in a basaltic aquifer using geochemical and isotopic data: The Golan Heights, Israel case study
	Introduction
	Hydrogeological background
	Geochemical background
	Methods
	Results and discussion
	Groundwater chemical composition

	Groundwater isotopic composition
	Groundwater flow-paths
	Conclusions
	Acknowledgements
	References


