Isr. J. Earth Sci.; 52: 139–153

The hydrogeology of the Golan basalt aquifer, Israel
Elad Dafny,a,b Haim Gvirtzman,a Avi Burg,b and Lorian Fleischerc
a

Institute of Earth Sciences, The Hebrew University of Jerusalem, Jerusalem 91904, Israel
b
Geological Survey of Israel, 30 Malkhe Yisrael Street, Jerusalem 95501, Israel
c
Geophysical Institute of Israel, P.O. Box 182, Lod 71100, Israel
(Received 20 May 2003; accepted in revised form 4 November 2003)

ABSTRACT
Dafny, E., Gvirtzman, H., Burg, A., Fleischer, L. 2003. The hydrogeology of the
Golan basalt aquifer, Israel. Isr. J. Earth Sci. 52: 139–153.
The Golan Heights, located in northeastern Israel, is a part of the Hauran volcanic
province. Plio-Pleistocene basalt rocks, ascribed to the Bashan Group, cover its
surface. The basalts serve as a regional aquifer that is exploited for local consumption.
New deep wells provide better information about the aquifer thickness, hydraulic
parameters, and water levels.
The objectives of this research were to develop conceptual and numerical
hydrogeology models for describing the flow field in the Golan basalt aquifer. In order
to establish the aquifer base, a structural map of near base “Bashan Volcanics” was
produced for the southern and central Golan, which was combined with a paleo-relief
map of the northern Golan. The conceptual groundwater flow model defines all
aquifer boundaries, its division into basins and sub-basins, its hydrological connection
with deeper aquifers, and its water balance. The computerized MODFLOW model
verified the conceptual flow model quantitatively, and the aquifer hydraulic properties
were calculated and calibrated.
The regional basalt aquifer extends only to the north and middle parts of the Golan;
at the south, only perched horizons are found. The aquifer is divided into two basins
according to the groundwater flow directions: toward the Kinneret–Hula, and toward
the Yarmouk. The water divide in between lies east of the volcanic cones in the
northern Golan, and curves westward to Nahal Daliyyot. The Kinneret–Hula basin is
divided into two sub-basins by a pre-basaltic topographic ridge that serves as a
hydraulic barrier. The Kinneret–Hula basin yields about 85 million m3/y of fresh water
on the average. It is discharged through the large springs on the western slopes of the
Golan, and seeps toward Biq’at Bet Zayda (into Lake Kinneret), the Hermon River,
the Jordan River, and the Yehudiyya plateau perennial streams.

INTRODUCTION
The Golan Heights, which is covered by basalt, is
situated in the northern part of Israel (32º40′–33º15′N
35º35′–35º50′E; Fig. 1). It is bounded by Wadi Sa’ar
in the north, separating it from Mount Hermon; by the
Yarmouk River in the south, separating it from the
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Gilad Mountains; by the Jordan River in the west,
separating it from the Hula Valley, Korazim Plateau
and Lake Kinneret; and by Wadi Raqqad in the east. Its
area within the State of Israel is 1044 km2.
The Golan basalts serve as a regional aquifer that is
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Fig. 1. A location map of the Golan.

exploited by both Israel and Syria in order to meet the
water demands, domestic and agricultural, of both
countries. Similar basaltic aquifers all around the
world (Iceland, United States, Djibouti, India, Jordan,
Syria, etc.), are being studied and exploited intensively, especially in light of their high water quality
(e.g., Jalludin and Razack, 1994; Larson et al., 2000).
Those studies reconstructed the groundwater flow
courses in basaltic aquifers and quantified their hydraulic parameters, such as hydraulic conductivity,
anisotropy, and storativity. Similarly, this study aims
to define the groundwater flow field in the Golan
basalt aquifer and to analyze its water balance.
The Golan hydrogeology was studied in the past by
Burdon (1954), Wolfart (1966), Mero and Bonne
(1967), Kidron (1968a, 1968b, 1969, 1971, 1972),
Michelson and Michaeli (1971), Michelson (1972),
Shiftan (1982), and others. These studies (some limited to small selected areas) aimed to learn the flow
regime in the basalt, to quantify the water balance, and
to apply the knowledge gained in planning new production wells. Michelson (1979), in his intensive

study, summarized most of the knowledge that had
accumulated by the late 1970s. At that time there were
no boreholes that penetrated the regional aquifer (except
in the Berekhat Ram area); therefore, groundwater
levels, hydraulic gradients, and hydrologic parameters
(conductivity, storativity) could not be learned.
During the last two decades, several new boreholes
have been drilled in the Golan penetrating the regional
basalt aquifer and providing new information. In this
study, we have reprocessed seismic lines and thereby
mapped the pre-basalt relief, which serves as the aquifer base. Integrating all the data, it becomes possible to
construct a new hydrogeological model that might be
used to develop a sustainable exploitation program for
the basaltic aquifer. In this study, a new conceptual
model that defines the aquifer boundaries, its division
to basins and sub-basins, its water balance, and
thereby its groundwater flow regime is introduced.
Using a computerized model (MODFLOW), the conceptual model was verified and the aquifer hydraulic
properties calculated and calibrated through sensitivity
analyses.
In addition, the present study intends to answer the
following basic questions: (1) Is there a hydraulic
continuity within the basalt rocks all over the Golan?
(2) Are there hydraulic connections between the basaltic aquifer and deeper aquifers? (3) Where does the
eastern water divide between the Yarmouk and
Kinneret–Hula basins pass? (4) What is the extent of
the replenishment zone of the springs emerging at the
western slope of the Golan?
GEOLOGICAL BACKGROUND
The Golan constitutes a part of the Hauran, a broad,
flat volcanic province that extends further eastward
into Syria (Fig. 1). The basalts and the other volcanic
rocks are of Pliocene-Pleistocene age (Mor, 1986;
Heimann, 1990) and are attributed to the Bashan
Group (Mor, 1986). Prior to the lava eruption, a broad
syncline, whose relief was formed by tectonic and
erosive processes, extended between the Hermon anticline in the north and the Ajlun anticline in the south
(Michelson, 1979). The Bashan Group basalts
unconformably covered the previous erosional relief,
with the exception of a few small sedimentary outcrops in the north of the Golan, such as the “Shamir
Windows” and others (Fig. 2). Eventually, the basalts
filled the syncline and created an elevated plateau.
Although a general thinning of the volcanic units
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penetrated to its base by a few wells, i.e., Ramat
Magshimim 1, Hital 1, and Mevo Hama 1 wells (Fig.
2; Michelson, 1972, 1982; Mor, 1986; Harash, 1990).
The basaltic rock column is composed of repeated
series of basalt rocks and clayey paleosols. Each series
represents one lava flow event accompanied by a period of weathering and soil development. The heat
radiating from each subsequent flow event caused
“baking” of the topsoil and fossilization. The thickness
of the soil depends on the time span between two flow
events. Commonly, those periods were very short and
therefore almost no soil has developed between bordering flows.
Most of the volcanic cones are located within two
narrow belts in the eastern part of the Golan (Fig. 2).
These belts are thought to be tectono-volcanic fissures
associated with the rifting of the Dead Sea transform
(Mor, 1986). The rifting also cut numerous north–
south-trending faults, which lower the western blocks
and create morphologic stairs of up to 400 m at the
western slopes of the Golan (Michelson, 1972;
Heimann, 1990). The two main faults are Shamir and
Sheikh Ali; both start as a part of the rift faults, and
curve to the northeast, penetrating eastward about 4 km
and 10 km, respectively (Fig. 2). However, the rifting
did not affect the Golan basaltic plateau.
HYDROLOGICAL BACKGROUND

Fig. 2. A map of the main geological features (after Mor,
1986). Well abbreviations: AB—Allone HaBashan; RM—
Ramat Magshimim. The cross section A–A′ is shown in
Fig. 6.

toward the south and the west was recognized, the
thickness of the Bashan Group was unknown until
recently, apart from the southern Golan, where the
entire basalt column is carved by deep gorges and

The Golan is dominated by a Mediterranean climate.
Its annual precipitation varies from more than 1200 mm
in the northeast to less than 500 mm in the south
(Fig. 3). The groundwater recharge coefficient was
estimated in different studies to vary between 10%–
30% of the total precipitation in different areas in the
realm of the Golan (Burdon, 1954; Mero and
Kahanovitz, 1969; Michelson and Michaeli, 1971;
Michelson, 1979).
Surface water drains into the Jordan Valley through
the numerous streams running either to Lake Kinneret
or the Hula Valley (western basin) or through the
Raqqad and Yarmouk rivers (eastern basin). The
watershed between these two basins follows the topographic ridgeline, adjacent to the Israeli–Syrian border
(Fig. 3). Most Golan streams flow only during the
rainy season and dry up shortly afterward. Only a few
streams, namely the Gilbon, Meshushim, Zawitan,
Yehudiyya, and El Al streams (Fig. 3) are perennial.
These streams are fed not only by direct surface runoff,
but also by springs that emerge in their catchment area.
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which are small and seasonal are located within the
Golan area. The small basaltic springs are fed from
limited perched aquifers that lie above the paleosols.
Other springs, located mainly on the northwestern
slopes of the Golan, between Azaz hill in the north and
Benot-Ya’aqov bridge in the south (known as
“Ma’ayanot HaDofen” and termed herein the “Side
Springs”, Fig. 3), are fed by the regional basalt aquifer.
The Side Springs discharge throughout the entire year,
yielding about 50 million m 3/y (Gilead, 1988;
Michelson, 1996).
Prior to 1967, there were only a few shallow water
wells in the Golan (Wolfart, 1966; Mero and Bonne,
1967). After 1968, attempts were made to produce
water through wells on the elevated plateau (Kidron,
1968a, 1968b, 1969, 1971, 1972; Michelson and
Michaeli, 1971; Michelson, 1972; Shiftan, 1982,
Shaliv, 1988). However, the Allone HaBashan 2 well
(Figs. 2,3), drilled in 1984 to a depth of 280 m, was the
first to produce large quantities of water with minor
drawdown (specific discharge of 96 m3/h per meter
drawdown, Michelson, 1991). Since then, seven new
deep wells were drilled in the vicinity of the Allone
HaBashan 2 well, one well in the northeastern Golan
(Emeq HaBacha 1), and one next to Qazrin (Me Eden
1, Figs. 2,3). Groundwater production through boreholes has gradually increased, mostly in the Allone
HaBashan field, and today it stands at about 10 million
m3/y.
The hydrological data, including spring discharge,
stream discharge, groundwater levels, and pumping
quantities are measured, collected, and analyzed by the
Hydrological Survey of Israel. Unless otherwise noted,
the spring and stream discharges cited in this paper are
quoted from the Hydrological Survey database.
THE “BASHAN VOLCANICS BASE”
STRUCTURAL MAP

Fig. 3. Hydrological background map, exhibiting major
springs, streams, and rivers, surface watershed, flow and rain
gauges, reservoirs, wells, and averaged isohyets for the period
1961–1990 (in mm/year). Well abbreviations as in Fig. 2.

Some streams, especially in the southern part of the
Golan, are captured by reservoirs (Fig. 3) with a total
volume of 38 million m3.
More than 200 known basaltic springs, most of

The pre-basaltic relief, on which the Bashan Volcanics
accumulated, was mapped in the entire Golan for the
first time in this study (Fig. 4). The structural map of
near base Bashan Volcanics (Fig. 4a) was constructed
in the central Golan based on reprocessed seismic
reflection lines (carried out for oil exploration during
1984–5 by the Israel Institute for Petroleum Research
and Geophysics, IPRG; now Geophysical Institute of
Israel (GII). The seismic data quality, although not
optimal, is generally good, although the original target
of the exploration was deep sedimentary layers rather
than the relatively shallow basalt layers. Therefore, the
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(b)

Fig. 4. (a) Structural map of near base Bashan Volcanics (central Golan) combined with a paleorelief map (northern Golan is
marked by diagonal lines and southern Golan, by horizontal lines). (b) Sources of the structural map including outcrops, wells,
and seismic lines.
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accuracy of the basalt thickness may vary by 10–15%
at most. In the northern and southern Golan (Fig. 4b),
the map was based mainly on the exposed contact

Fig. 5. Basalt isopach map. The eastern boundary is the
Israeli–Syrian border. Shamir and Sheikh Ali faults are
marked in black lines.

between the basalt rocks and the sedimentary units
underneath, and on the contact in boreholes. The basalt
thickness map (Fig. 5) was constructed by subtracting
the base Bashan height from the present topographic
elevations.
According to these maps, the thickness of the
Bashan Group in most of the Golan is several hundred
meters. It reaches a maximum of about 700–750 m at
the Bashanit volcanic ridge and about 650–700 m at
the Avital volcanic cone (Fig. 5). It thins toward the
south to only about 50 m at the slopes of the Yarmouk
gorge.
In the northern Golan, a topographic pre-basaltic
ridge is found (Fig. 4a), most of which is covered by
basalt. Its peak is exposed in the area of Harfa in Syria
(Fig. 4b), at about 1100 m above sea level (asl). The
ridge declines gently toward the southwest, and ends
as the southeastern uplifted block of the Shamir Fault.
At this end, a large sedimentary outcrop exists with
heights ranging between 450 and 800 m asl (the “Shamir
Windows”). Both of the pre-basaltic ridge flanks are
steep, though its southeast flank is steeper.
In the center of the Golan, the pre-basaltic relief
drops steadily from about 500 m asl in the east toward
the west and southwest, and patterns of ancient wide
valleys are noticeable (Fig. 4a). Around Nahal
Orevim, the basalt base height is around 300 m asl,
declining southward, to about 100 m asl around the
Benot-Ya’aqov bridge, and even lower under the
Yehudiyya Plateau. In the south of the Golan, the relief
is quite flat at a height of about 300 m asl.
In the western part of the Golan (2 km east of
Qazrin), under the Yehudiyya plateau (coordinate 217/
268, Fig. 4a), there is a large depression, approximately 3
km in diameter and 150 m deep. This crater is either the
upper part of an ancient canyon that continues westward
(through an opening seen at coordinate 214/270), or the
northern part of a large graben that lies between the
Yehudiyya and Sheikh Ali faults.
It seems that a pre-Pliocene fluvial system had
crossed the area from east to west and incised gorges and
valleys toward the subsiding base of the drainage system
in the Jordan Valley (Shaliv, 1991). The basalt flows
took advantage of the relief, and flowed in those valleys.
Such a process is seen clearly in the Raqqad and Sa’ar
canyons, which are both deep and steep (Michelson,
1972; Mor, 1986). In these canyons the incision continued during basalt accumulation (Michelson, 1973; Mor,
1986). In other places, the accumulation of the basalts
blocked the old drainage systems, eventually leading to
the development of new drainage systems.
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CONCEPTUAL HYDROGEOLOGICAL MODEL
A conceptual groundwater flow model of the regional
basaltic aquifer was constructed. Its fundamentals,
including a description of the aquifer boundaries, water
balance, and flow regime, are presented herein. The
conceptual model excludes the perched aquifers because
of their local nature and small extent; in principal, the
discharge from the perched aquifers into streams and
rivers was dealt with as part of the surface water
balance.
Hydraulic connections
In most of the Golan, the basaltic aquifer is limited at its
base by an aquiclude complex that includes the impermeable layers of the Mount Scopus and Avedat Groups
and the Fiq Formation (Fig. 6). However, in the Berekhat
Ram region, the basalt aquifer is hydraulically connected
to the Judea Group aquifer (Michelson, 1972, 1979;
Gilead, 1988), and at the Tel Manfuha–Tel Warda region
(Fig. 2), the basalt aquifer is hydraulically connected to
the Bar Kokhba Formation aquitard (Fig. 6). In the
southern part of the aquifer there is a hydraulic connection to the Hordos Formation aquitard (Michelson, 1972,
1979). Nevertheless, the basaltic aquifer can be considered as a detached aquifer and its groundwater flow
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regime can be modeled separately from other aquifers.
This is mainly due to the existence of an impermeable
base in most of the aquifer area. Moreover, in the very
limited areas where hydraulic connections exist, only
relatively small quantities of water can leak to or from
the adjacent and deeper aquifers. Examination of the
water budget in the Golan area (Dafny, 2002) shows that
input from the Judea aquifer can account for 1.5 million
m3/y at most, which probably is compensated by reverse
leakage. Similarly, the small amount of water that infiltrates to the Bar Kokhba aquitard eventually flows back
to the basalt aquifer (Fig. 6). The leakage to the Hordos
aquitard is about 1 million m3/y at most.
Groundwater flow regime
Within the basalt rocks there is a thorough hydraulic
continuity in both direction: east–west and north–
south. This continuity is cut off only in the north by the
pre-basalt topographic ridge that serves as a hydraulic
barrier between the northern and southern sub-basins
(Figs. 6,7).
The basaltic regional aquifer is phreatic, fed solely
by rainwater falling during the winter on the land
surface and infiltrating downward. Drawing the
groundwater level map of the aquifer (Fig. 7b) is challenging due to the very limited data obtained from a

Fig. 6. Hydrogeological cross section along the Golan (A–A′ in Fig. 2).
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Fig. 7. Groundwater flow regime at the Golan Heights. (a) Basins and sub-basins. (b) Groundwater levels, flow directions, and
outlets (springs, wells, and perennial streams). Location of the eastern water divide is uncertain; the gray strip marks its
possible location.
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few deep wells, most of which are scattered along the
easternmost part of the Golan (except the Me Eden 1
well). Moreover, parallel data from Syrian territory are
not available; to the best of our knowledge, the only
paper that documents the groundwater levels was
published by Wolfart (1966). Despite the unevenly
distributed data, a reliable water table map has been
drawn (Fig. 7b).
According to this map, the aquifer extends over the
north and central Golan and ceases in the vicinity of
Nahal Daliyyot in the south, where the saturated zone
thins out. South of Nahal Daliyyot, only perched horizons, which feed local springs and wells (e.g., Ramat
Magshimim 1 well), occur in the basalt units.
The aquifer is divided into two basins: a western
one, which drains towards the Jordan Valley—the
Kinneret–Hula basin; and an eastern one, which extends for the most part within Syria and drains towards
the Yarmouk River. The water divide between the two
groundwater basins was drawn based on an old Syrian
groundwater map (Wolfart, 1966) that was combined
with the groundwater level map on the Israeli side
(Fig. 8). It lies eastern to the volcanic cones in the
north of the Golan, runs south between Turenje, Khane
Erennbe, Um Batana, and Bir Ajam (in Syria), and
curves west toward Nahal Daliyyot. Because of the
paucity of hydrogeological data (especially water levels) from the entire area, particularly in the Yarmouk
basin, the location of the water divide was determined
within an accuracy of several kilometers (Fig. 7b).
Nevertheless, it should be noted that the water divide
does not lie on any geological structure whatsoever
and therefore its location could change laterally in
response to over-exploitation in one or both basins.
The western basin is divided into two sub-basins
that are almost entirely separated from each other by
the pre-basalt ridge (Fig. 7):
The northern sub-basin extends from Wadi Sa’ar in
the north to the center of the pre-basaltic ridge in the
south. The eastern part of the sub-basin is narrow and
limited by the sedimentary outcrops in the Berekhat
Ram area, and widens westwards up to about 10 km
between En Azaz spring in the north and En Yardinon
spring in the south (Fig. 7b). Groundwater flows westward, from the Berekhat Ram–Mas’ada area at a head
of about 870 m to the northern Side Springs and the
Hermon River at altitudes ranging between 100 and
200 m (Fig. 7b). Such a sharp hydraulic gradient
(about 90‰) can exist only if the hydraulic conductivity of the basalts is relatively low compared to the rest
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of the Golan. Another explanation (Shiftan, 1982) is
that the area is divided into a few blocks by traverse
faults, which create cascades in the watertable.
The central sub-basin extends from En Yardinon in
the north to the Sheikh Ali fault and Nahal Daliyyot in
the south and is bounded by the groundwater divide in
the east. At the southwestern part of the Sheikh Ali
fault, which bounds the Yehudiyya plateau to the east,
the lower part of the basalt rock column is opposite a
Miocene aquicludic layer. Therefore, this part is considered an impermeable boundary (Fig. 7b).
Water flows from the northeast Golan, at a head of
over 800 m, to the outlets in the western Golan (Fig. 7b).
The main outlet is the central Side Springs yielding
about 43 million m3, at a head varying between 100–
200 m. Additional outlets are spread beneath the
Yehudiyya plateau; some of the groundwater drains
through the Biq’at Bet Zayda and discharges into Lake
Kinneret at a head of about –210 m. This discharge
was estimated to be about 10 million m3/y, in agreement with Michelson (1979), using Darcy’s law and
assuming a homogeneous rectangular flow section,
5.5 km long and 20 m deep, average transmissivity of
1000 m2/d, and a gradient of 5‰.
Other outlets from the Yehudiyya plateau are the
Jordan River and the perennial streams crossing the
Yehudiyya plateau, the Zawitan, Meshushim, and
Yehudiyya streams (Fig. 7). Those outlets were suggested as an essential consequence of the computational model (discussed below) and later verified by
field measurements. The flow in the Yehudiyya
Stream was measured using a Marsh–McBirney Inc.
FLO-MATE Model 2000 portable flowmeter on July
2002 in two sites: at the entrance to the Biq’at Bet
Zayda, and at about 7 km upstream. It was found to be
80 and 45 L/s, respectively. Since there are no springs
or other tributaries between the two measurement
sites, the flux increase could be credited solely to
groundwater seepage within the deep canyons, where
the water table reaches the surface. This seepage
increases the base flow into the three streams by
11 million m3/y.
Michelson (1979) assumed that perched aquifers,
rather than the regional aquifer, are the sources of these
streams’ base flow, since the regional water table was
assumed to be deeper, based on the head of the southernmost Side Springs. However, the new Me Eden 1 well,
whose head (at about 25 m below the surface) reflects the
regional aquifer water table, enables clarifying this issue
and proving the above assumption.
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Fig. 8. A combined groundwater level map of
the basaltic aquifer in the Damascus basin
(after Wolfart, 1966) and the Israeli Golan.
Water levels measured in wells are marked
(in the Golan, from the Hydrological Service;
at Jaba and Khane Erennbe, from Kidron and
Naor, 1973).

In the area that lies east of the water divide, and
belongs to the Yarmouk basin, the groundwater flows
southward, feeding the upper Wadi Raqqad springs in
Syria.
Water balance considerations
The basaltic aquifer is fed solely by rainwater. The
replenishment area to the Kinneret–Hula basin is about
770 km2, and the average total precipitation is estimated
by integration to be about 540 million m3/y. The
evapo-transpiration rate and its spatial distribution are
unknown (estimations range between 10–30%: Burdon,
1954; Mero and Kahanovitz, 1969; Michelson and
Michaeli, 1971; Michelson, 1979); thus, water balance
was estimated according to outlets rather than inlets.
The water balance was estimated for steady-state
conditions, i.e., before pumping has started. The main

outputs of the system (Table 1) lie in the western
slopes of the Golan, facing the Hula Valley and Lake
Kinneret. Apart from the Side Springs, the groundwater output includes losses due to transpiration through
vegetation around those springs, leaks to adjacent aquifers, and flows through the outer boundaries. The output
also includes seepage to the Yehudiyya perennial
streams and to the Jordan River. The total groundwater
output from the Kinneret–Hula basin stands at about
85 million m3/y, which is equivalent to about 16% of the
precipitation. Under steady-state conditions, this quantity obviously represents the total recharge. The total
surface runoff from the same area stands at about
77 million m3/y (14% of the precipitation). Therefore,
the water potential (groundwater + runoff) of the
whole basin stands at about 30% of the rainfall
(162 million m3/y). In other words, evapo-transpira-
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Table 1
Kinneret–Hula basin outputs, under natural steady-state conditionsa
Output

Calculatedb

Measured / Estimated
Northern sub-basin

Central sub-basin

Total

7.4
0.6
2

40
3
10
10
11
1

47.4
3.6
2
10
10
11
1

75

85

c

Side Springs
Transpiration (Side Springs vegetation)
Hermon River
Jordan River
Biq’at Bet Zayda
Base flow in perennial streamsc
Leakage to Hordos aquitard
Total

10

} 50.88
2.92
9.39
11.33
10.35
1.30
86.17

a

Values are given in million cubic meters per year.
Calculated in the computational model.
c
Based on Hydrological Service data.
b

tion is estimated to be about 70%. The proportion of
groundwater recharge vs. runoff varies in different
areas of the Golan. For example, in the northern subbasin the proportional parts are about 30% and 1%,
respectively.
Attempts were made to determine the dependence
of the groundwater recharge coefficients on different
parameters: rain intensity, soil thickness, lithology,
and degree of development of the fluvial system
(Dafny, 2002). The last was found to be dominant.
Accordingly, four drainage basins, namely: Northern
Golan, Hula–Jordan, Kinneret, and Yarmouk, were
defined, having recharge coefficients of 30%, 24%,
10%, and 12% of the rainwater volume, respectively.
COMPUTATIONAL MODEL
All the operations for the model generation and visualization were carried out using GMS interface (Ground
Water Modeling, Ver. 3.1, Brigham Young University).
The flow simulations were carried out using
MODFLOW ’96 (McDonald and Harbaugh, 1988). The
MODFLOW is a three-dimensional finite-differences
model, which is designated for solving the continuous
flow equations in porous media in the saturated zone.
Model boundaries, internal elements and grid
A “specified head” boundary condition is applied
along outputs having a known head such as the
Hermon River, whose head is the topographic height
of the creek (segment 1 in Fig. 9.), the Side Springs
(segment 2 in Fig. 9), whose head is the average spring

height, and the Biq’at Bet Zayda (segment 4), whose
head is constrained by the Lake Kinneret level (i.e.,
210 m below sea level). Four of the Side Springs (En
Dufelle, En Mamoun, En Sanbar, and En Almein),
which are located higher than the other Side Springs,
were designated as point outlets, each with its own
average annual discharge. A “no flow” boundary condition is applied along flow lines, such as the eastern
watershed (segment 7), or impermeable boundaries,
such as Wadi Sa’ar (segment 9) and the southern part
of the Sheikh Ali Fault (segment 5). A “constant flux”
boundary condition is applied to output with unknown
flux, such as the Jordan River gorge (segment 3). Part
of the southern border along latitude 259 (segment 6),
was designated as a “specified head” with heads that
enable keeping the basalt section saturated. By doing
that, groundwater flows through this boundary, demonstrating the leak from the basalt aquifer to the
Hordos aquitard.
The boundary around the pre-basaltic ridge (segment 8), which rises above the water table and serves
as a hydraulic barrier, was located along the approximate intersect between the water table and the basalt
base elevation. Still, the topography of the base of the
outermost cells was very steep and caused numerical
problems that led to cells drying out. To overcome this
problem, a “constant flux” boundary condition, with a
relatively small flux compared to the total water quantities (about 0.06 million m3/y), was assigned and enabled keeping the water level high enough.
The one-layered grid that covers the area was comprised of square cells, all equal in their dimensions,
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500 by 500 m. The top and bottom surfaces of the cells
were the topographic height and the basalt base height,
respectively.
Model results and calibration
The model calibration was performed under steadystate conditions. Numerical simulations were conducted by varying the aquifer hydraulic conductivity
and recharge coefficient until agreement was achieved
between calculated and measured hydraulic heads and
discharge amounts through the boundaries.
Best-fit results, in the form of a groundwater head
map and a flow vector map, are shown in Fig. 10. The
hydraulic heads upon which calculated results were
compared are the static heads measured in deep wells
just after the drilling ends. The error in each well was
small, and the mean absolute error was about 3 m.
Discharge amounts to which the result were compared
are those summarized in Table 1. The fine match between the calculated and measured discharges (Table 1)
and between the calculated and measured heads
(Table 2, except Allone HaBashan 6 well) supports the
foundation and assumptions made in the conceptual
model. These results demonstrate that the replenishment area of the Side Springs is about 370 km2.
The calibration process stresses the significance of
two issues that were not obvious at the beginning of
the process, as follows:

Zayda. Through the numerical simulations, an excess
of water has accumulated in this area (i.e., water table
higher than the land surface) that could not be reduced
by changing the hydraulic properties or by entering
hydraulic barriers corresponding to the numerous
faults in this area. Therefore, additional outlets
through the perennial streams in the Yehudiyya plateau and the Jordan River were suggested and verified
through field measurements, as discussed above.
2. Spatial distribution of hydraulic conductivity.
The calibration process emphasized that a best fit between the measured levels and the computed levels
could not be achieved without subdividing the modeled area into a few specified conductivity zones.
Based on geological considerations, a division into 5
zones was suggested, each characterized by a different

1. Yehudiyya plateau outputs reassessment. The
only water outlet of the Yehudiyya plateau was assumed to be the subsurface flow beneath Biq’at Bet
Table 2
Comparison between measured and calculated heads in
deep wells
Borehole
Mas’ada 1
Emek HaBacha 1
Allone HaBashan 6
Allone HaBashan 5
Allone HaBashan 3
Allone HaBashan 4
Pzura 1
Me Eden 1

Measured
head (m)

Calculated
head (m)

877.00
807.00
641.10*
640.00*
639.10*
638.30*
638.90*
354.00

876.71
807.03
657.62
639.74
637.55
638.18
636.66
354.42

* First measured heads obtained after the operation of Allone
HaBashan 2 well. Therefore, heads were corrected to the
steady-state conditions existing prior to pumping (assuming
homogeneous drop in static water level throughout the
pumping field).

Fig. 9. The computational model features. The boundary is
divided into 9 segments (1–9; solid lines are closed segments
and dashed lines are open segments). The hydraulic conductivity is divided into 5 zones (A–E; Table 3). Dots indicate
the upper springs’ locations. The volcanic cone belts are
shown for perspective.
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Table 3
The horizontal hydraulic conductivities of the basalt aquifer
in the Golan1
Zones
Northern sub-basin
Golan western slopes
Main area
Young volcanic cone belt
Conjunction area of volcanic belts
1

Symbol
(Fig. 9)

KH
(m/day)

A
B
C
D
E

0.230
0.515
0.860
1.236
14.50

As set in the computational model.

hydraulic conductivity (Fig. 9; Table 3). These values
fit hydraulic conductivities of fractured basalt known
throughout the world (Domenico and Schwartz, 1998).
It seems that the hydraulic conductivity of the basalt
rocks changes with the age of the rocks and as a result
of tectonic stresses. Preferable flow paths are developed slowly in the basalt rock during geologic time
and consistently increase the hydraulic conductivity.
Accordingly, the young basalt units in the northern
Golan are characterized by lower conductivity (Table 3).
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Jalludin and Razack (1994) have also described such
age dependence in Djibouti. Tectono-volcanic activity
is accompanied by stresses and fracturing, increasing
the basalt hydraulic conductivity. Accordingly, the
young volcanic cone belt in the east of the Golan (Fig. 9)
is characterized by a higher conductivity (Table 3).
Moreover, where the two volcanic belts cross each
other (where the Allone HaBashan production field is
situated, Fig. 2), the conductivity is higher by one
order of magnitude. This high conductivity is explained by the intersection of two fracture systems,
each having a distinct direction.
CONCLUSIONS
In this study, all available data were gathered and
integrated, for the first time providing comprehensive
conceptual and numerical models of groundwater flow
within the Golan basalt aquifer. Following is a list of
new findings that were obtained:
1. The basalt rocks that serve as a regional aquifer
stretch over the northern and central parts of the
Golan, as far south as the Nahal Daliyyot area. Hy-

Fig. 10. Groundwater head (a) and flow directions (b) maps in the Kinneret–Hula basin under steady-state conditions. The deep
wells are marked by black dots; open circles mark the major springs.
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2.

3.

4.

5.

6.

7.

8.
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draulic continuity exists throughout the entire aquifer,
with the exception of the hydraulic barriers created by
the topographic pre-basalt ridge in the northern Golan
and the southwestern part of the Sheikh Ali fault.
The basaltic aquifer can be considered as an independent aquifer, and thus its groundwater flow regime can be modeled and quantified separately
from other aquifers. Water balance considerations
show that leaks and inputs from the adjacent aquifers are negligible.
The location of the main water divide of the basaltic
aquifer lies east of the volcanic cones in the north of
the Golan, runs south, between Turenje, Khane
Erennbe, Um Batana, and Bir Ajam (in Syria), and
curves west toward Nahal Daliyyot. The Kinneret–
Hula basin, which lies west of the water divide,
stretches upon 770 square kilometers and yields
about 85 million m3/y.
The Kinneret–Hula basin itself is divided into two
sub-basins, separated by the pre-basalt ridge. The
overall flow direction in both sub-basins is westward, to the Jordan Valley.
The replenishment area of the Side Springs is about
370 square kilometers, stretching over the northern
part of the Golan (Fig. 10b).
The watertable under the Yehudiyya plateau is
shallow, relative to other areas in the Golan (e.g.,
25 m deep at the Me Eden 1 well). The perennial
streams crossing the Yehudiyya plateau, namely
the Zawitan, Meshushim, and Yehudiyya (Fig. 7),
are fed by seepage, where the water table reaches
the surface within the deep canyons.
It is suggested that two geological processes,
namely weathering and tectono-volcanic activity,
affect the hydraulic conductivity of basalt rocks.
This hypothesis needs to be checked and verified in
future studies.
A complete mapping of the base of the Bashan
Volcanic Group in the Golan was carried out for the
first time during this study, by which the pre-basaltic relief can be studied.
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