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Identifying watershed-scale groundwater ﬂow barriers: the Yoqne’am
Fault in Israel
Elad Dafny & Haim Gvirtzman & Avihu Burg
Abstract Geological faults may serve either as groundwater conduits or barriers, depending on their hydraulic
properties. Determining fault characteristics is therefore
important when deciding inputs for numerical models
developed for watershed-scale groundwater studies. Cutting-edge methods for determining fault characteristics
have been widely applied for oil and gas reservoir
characterization purposes, whereas water-resource studies
simply use a priori values. This study evaluates the
hydraulic properties of the Yoqne’am Fault (YF) in
northern Israel, which impacts groundwater ﬂow within
the Judea Group Aquifer (JGA). The YF has a vertical
throw of several hundred to one thousand meters
accompanied by pronounced lateral throw. Detailed
examination of hydrological and geochemical data from
nearby wells, structural maps and numerical modeling
results, suggests that the YF acts as a semi-impermeable
feature with a hydraulic conductivity of less than 4×
10e−2m/d. The YF hydraulic conductivity is four orders of
magnitude below that of the surrounding Judea Group
rocks, and only a limited volume of water can leak
through the fault. For that reason, it is concluded that the
YF acts as a boundary between two large groundwater
basins.
Keywords Israel . Fault . Hydraulic properties . Judea
Group Aquifer . Numerical modeling
Received: 14 August 2012 / Accepted: 14 March 2013
* Springer-Verlag Berlin Heidelberg 2013
E. Dafny : H. Gvirtzman
Institute of Earth Sciences,
The Hebrew University of Jerusalem, 91904, Jerusalem, Israel
H. Gvirtzman
e-mail: Haim.Gvirtzman@mail.huji.ac.il
E. Dafny ())
National Centre for Engineering in Agriculture,
University of Southern Queensland, Toowoomba, QLD 4350,
Australia
e-mail: Elad.Dafny@usq.edu.au
Tel.: +61-7-46311690
A. Burg
Geological Survey of Israel, 95501, Jerusalem, Israel
e-mail: burg@gsi.gov.il
Hydrogeology Journal

Introduction
Watershed-scale groundwater studies have shown that faults
can form either hydraulic conduits or barriers to ﬂuid ﬂow
(Fetter 2001; Gonzalez-Herrera et al. 2002; Caine et al.
1996; Mayer et al. 2007; Folch and Mas-Pla 2008;
Wibberley et al. 2008; Benedek et al. 2009). Several studies
have shown that the hydrogeological properties of each fault
reﬂect the fault-zone architecture (Forster and Evans 1991;
Caine and Forster 1999; Caine and Tomusiak 2003; Bense
and Person 2006). Fault morphology typically consists of
two rheological zones, each with distinctive poro-mechanical behavior: (1) a low-permeability granular core zone
(‘gouge’) surrounded by (2) a generally higher-permeability
fractured and damaged zone. The relative proportions of the
two zones depend on the host rocks and many structural
parameters, as well as on fault evolution over time
(Wibberley et al. 2008). The hydraulic conductivity of the
fault cores may be reduced by three to ﬁve orders of
magnitude with respect to the surrounding rock (Mayer et al.
2007). Thus, faults which contain predominantly clay gouge
cores are likely to behave as hydraulic barriers to ﬂuid ﬂow
and can compartmentalize ﬂow systems (Marler and Ge
2003; Seaton and Burbey 2005), while others are likely to
increase subsurface formation connectivity and amplify
recharge (Mayer and Sharp 1998; Flint et al. 2002; Denny
et al. 2007).
Actual ﬁeld data for hydraulic properties of faults are
usually scarce because a common practice is to locate
exploitation wells away from faults (to avoid geological
and technical complexity during the drilling). Thus,
analysis of fault hydraulic properties is usually gained
through lab experiments on small-scale faults, empirical
approximation or numerical models (Gonzalez-Herrera et
al. 2002; Mayer et al. 2007; Folch and Mas-Pla 2008;
Manzocchi et al. 2008).
The Yoqne’am Fault (YF) in northern Israel is the
central segment of the Carmel-Tirza Fault (Hofstetter et al.
1996; Fig. 1). Its hydraulic properties are disputed: some
authors suggest it forms a hydraulic barrier to groundwater
ﬂow and thus separates two distinct groundwater basins
(Goldschmidt and Jacobs 1958; Mandel 1961; Dafny et al.
2010a, b), while others draw the hydrogeological boundary between these two basins further to the west and doubt
the fault’s capability to block water ﬂow (Gilad et al.
1971; Shachnai 1980, 1992; Shaliv 1980; Weinberger et
DOI 10.1007/s10040-013-0982-3
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Fig. 1 Location maps: a general; b regional, showing the Judea Group outcrops and the historical ﬂow ﬁeld in the Judea Group Aquifer.
Hydrogeological basins: CW Western Carmel; KB Kishon Basin; SGB Samaria-Gilboa Basin; YTB Yarqon Taninim Basin

al. 1994; Guttman and Zukerman 1995). This study
evaluates the hydraulic properties along the YF by
examining data from wells near the YF and its surroundings, and comparing the ﬁeld observations to results of a
3D numerical model (using the FEFLOW code) for
groundwater ﬂow within the Judea Group Aquifer (JGA).

Hydrogeological settings

Previously, the Judea Group has been divided into four
formations (Sass 1968; Sneh et al. 1998), but recent work by
Segev and Sass (2009), based in part on the geochronology of
the volcanic rocks, has further reﬁned this division.
The Judea Group outcrops on the Carmel Mountain
and over the I’ron Anticline, north and south of Menashe
Heights (marked in green in Fig. 2). It is regarded as the
regional aquifer in the region, and is the main topic of the
following discussion.

Study area
The study area encompasses the YF, and includes two
geographical-morphotectonic regions: the Menashe Heights
to the south-west and the Yizre’el Valley towards the northeast (Fig. 2a). Menashe Heights is a hilly area, with
elevations of up to +300 m above sea level (asl), consisting
of chalky rocks of Eocene age. Yizre’el Valley is a wide ﬂat
valley, with elevations of about +50 m asl, inﬁlled with
young sediments, alluvium and swamps sediments. A
Mediterranean climate dominates the study area, with a
mean annual precipitation of about 600–650 mm/y.

Stratigraphy
The stratigraphy of the studied area is comprised mainly of
Late Cretaceous–Eocene marine sediments further
subdivided into three groups. Within the Yizre’el Valley,
the marine sediments are overlain by a thick section of
Neogene clastics and basalts. The following section provides
a brief description of the main geological units (from bottom
to top) and their hydrogeological characterization:
Judea group
The Judea Group (thickness of 800–900 m) of Late
Cretaceous age, is composed mostly of dolomite and
limestone interbedded with thin layers of clays and marls
(Arkin and Hamaoui 1967). It was intruded by volcanic
rocks, dated with four distinct eruptive cycles during the
Cenomanian (Segev and Sass 2009). Volcanic outcrops
are mainly pyroclastic units with minor lava ﬂows.
Hydrogeology Journal

Mount Scopus Group
The Mount Scopus Group of Senonian to Paleocene age was
laid down as marine sediments, mainly chalks and marls
during the initial folding phase of the Syrian-Arc, and thus its
thickness varies considerably between 135 and 470 m (Segev
and Sass 2009). In the study area, the Mount Scopus Group is
subdivided into two separate mapping units and is intruded
by Campanian Volcanic rocks (Segev and Sass 2009).
The Mount Scopus Group (marked in olive-like color on
Fig. 2) is exposed at the slopes of the Carmel Mountain, along
the margins of the I’ron Anticline, and in a few downfaulted
blocks, adjacent and east to the Carmel Fault. The Mount
Scopus Group is considered an aquitard; it is not exploited by
wells and feeds only small perched springs.

Avedat Group
The Avedat Group comprises deep marine sediments of
Eocene age that are made up of mainly massive soft
siliciﬁed chalks with frequent chert layers. The group was
deposited on folded basement topography, within the
buried syncline situated between the Carmel in the north
and the I’ron Anticline in the south. Its thickness varies
considerably between 70 and 300 m.
The Avedat Group (marked in orange color on Fig. 2)
is exposed almost over the entire area of the Menashe
Heights. It is probably present at greater depths east of the
YF; however, it was not penetrated by wells in this
vicinity. The Avedat Group forms an aquitard with
moderate hydraulic quality. Groundwater levels at the
DOI 10.1007/s10040-013-0982-3
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Fig. 2 Geological maps: a the study area; b–d inset to: Megiddo region (b), Carmel 13 region (c) and Yoqne’am region (d). See Table 1
for well names. Geology outcrops map from Sneh et al. (1998)

Avedat Group Aquitard (AGA) follow the surface topography (Guttman 1983). Groundwater feeds numerous
small seasonal springs with low salinity and is exploited
by a few shallow and low discharge wells. The head at
AGA is much higher than the head of the JGA.
Hydrogeology Journal

Neogene clastics and volcanics
A thick section of Neogene–Holocene clastic and volcanic
units has accumulated at the Yizre’el Valley in response to
its rapid subsidence. The basalt units spread throughout
this region, while most of the clastic units are conﬁned to
DOI 10.1007/s10040-013-0982-3
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Fig. 3 Structural map of Top Judea Group around Yoqne’am Fault (after: Fleischer and Gafsou 2003). MH Menashe Heights; YV Yizre’el
Valley. See Fig. 2 for location

the valleys province. Recent alluvium, with a thickness of
several tens of meters, overlies the Neogene section.
The Neogene section is considered as an aquiclude,
with the exception of basalts and localized conglomerates
which act as local thin aquifers (Shaliv 2005). These
limited aquifers are exploited by shallow wells mostly for
agriculture supply. The head at these aquifers is much
higher than the head of the JGA and their salinity varies
considerably between 100 and 500 mgCl/L (HSI 2011).

Geological structure
The geological structure of the area was imposed during
two tectonic stages: the Senonian–Eocene Syrian-arc
Hydrogeology Journal

folding event, and Neogene uplifting and faulting. During
the former folding event, several en-echelon NE–NNE
trending anticlines were formed (Garfunkel 1988). In the
study area, the Judea Group folded to form a wide
NE–SW trending syncline under the area of Menashe
Heights. Subsequently, a thick section of Mount
Scopus and Avedat groups accumulated within this
syncline.
During the Neogene, the area was uplifted, exposed
and partly eroded (Bar et al. 2006). Concurrently, faulting
along the Dead Sea Transform and along the NW–SE
trending Carmel-Tirza Fault occurred. The last is a major
geological feature, branched from the Dead Sea Transform
(Hofstetter et al. 1996) (Fig. 1b). The YF, running
DOI 10.1007/s10040-013-0982-3
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between Yoqne’am and Megiddo (Fig. 2a), is a segment of
the Carmel-Tirza shear zone and it has been active
since upper Miocene times (Bartov et al. 2002; Wald
et al. 2010). Vertical throw equates to several hundred
to one thousand meters (Fig. 3; Fleischer and Gafsou
2003), accompanied by some (<3 km) left horizontal
slip (Achmon 1986; Rotstein et al. 1993; Wald et al.
2010). Overall, it is considered to have formed under
compression stress, as have other faults in its vicinity
(Shamir 2006; Wald et al. 2010; Fig. 2). The YF is
expressed along different sections as a single slip plane
(Fig. 4c), and elsewhere as multiple slip planes
(Fig. 4a, b), corresponding to Manzocchi et al.

(2008) deﬁnitions as “Fault rock” and “Damage zone”,
respectively. The vertical throw of Judea Group rocks
across the YF is about 1,200 m near the city of
Yoqne’am, diminishing south-eastward to 400 m near
Megiddo village (Fig. 3; Fleischer and Gafsou 2003;
Wald et al. 2010). Under this setting, Menashe Heights
and Yizre’el Valley correspond to two discrete geological domains, comprising an elevated block and a
lowered block, with respect to the YF. The exposed
Judea Group rocks of the elevated block are placed
west and adjacent to the valley ﬁll at the eastern,
lowered block (Fig. 4b). At the southern edge of the
YF, a narrow perpendicular horst was recognized
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Fig. 4 a–c Geological cross-sections across Yoqne’am Fault (see Figs. 2 and 3 for locations). See Table 1 for well names
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within the Menashe Heights, and recharged from the
western Judea and Samaria Mts., including the Iro’n
Anticline, and part of the southern rims of the Carmel
Mts. It is currently exploited by numerous wells. In the
past, when only minor pumping took place, an internal
water divide separated the YT basin into two subbasins: the southern parts of the basin draining toward
the Yarqon Springs, approximately ∼15 km east of TelAviv, while only the northern part of the basin drained
toward the Taninim Springs (Fig. 1b). Taninim
Springs’ discharge at that time was about 100 million
cubic meters per year (MCM/y, equivalent to 1×
10e+8 m3 /y), ﬁve times larger than the current
discharge (HSI 2011). Groundwater salinity in most
of the northern part of the basin was and still is very
low (50–150 mgCl/L).

Fig. 5 Previous and current suggested locations for the boundary
between the Yarqon-Taninim Basin (YTB) and the Samaria-Gilboa
Basin. Dafny’s (2009) north-eastern boundary section runs along the
Yoqne’am Fault (YF)

alongside the lowered block (Figs. 3 and 4c,
“HaYogev Horst”), in which the Judea Group is
uplifted by about 300 m with respect to its northern
and southern position (Fig. 3).

The Judea Group Aquifer (JGA)
The karstiﬁed rocks of the Judea Group form a good
aquifer, the only high-quality one in the area. In this
region, the JGA is split between four groundwater basins
(HSI 2011) (Fig. 1b):
1. The Samaria-Gilboa Basin (SGB in Fig. 1b) is conﬁned
within the south-eastern part of Yizre’el Valley, and
recharged from the central Samaria Mts., the Gilboa Mt.
and from the south-eastern Galilee Mts. Discharge is to
the south-east, toward the Bet-She’an springs, in the Dead
Sea Transform (HSI 2011). The conﬁned part of the
Samaria-Gilboa Basin within the Yizre’el Valley contains
brackish water of 400–1,600 mgCl/L (Shaliv 2005).
2. The Kishon Basin (KB in Fig. 1b) is conﬁned within
the north-western part of Yizre’el Valley, and recharged
from the eastern part of the Carmel Mountains, and the
south-western Galilee Mts.
3. The Carmel Western Basin (CW in Fig. 1b) is
recharged from the western and central Carmel Mts.
and discharged towards the Mediterranean shore.
4. The Yarqon-Taninim Basin (YTB) is one of the
region’s major water sources. The YTB is conﬁned
Hydrogeology Journal

Though the general ﬂow directions in each basin
are known, dividing boundaries between the basins are
imprecisely known. This study focuses on the boundary location between the YTB, west of YF, and the
bounding basins (Samaria-Gilboa and Kishon basins).
Mendel (1961) previously deﬁned the basin’s boundary
on a large-scale map to run along the YF (between
Yoqne’am 2 well and a point which is found 2.5 km
south-west of Megiddo 1 well, see Fig. 2 for location).
West of the boundary, within the YTB area, he drew
ﬂow lines from the south-west rims of the Carmel and
the western margins of Iro’n Anticline toward the
Taninim Springs. Shachnai (1980) and Guttman and
Zukerman (1995) drew the basin boundary as a
concave line which cuts the eastern Menashe Heights
from the YTB (Fig. 5), and which refers in different
segments to the geological structure of the Judea
Group. Later, Caspi-Oron (2007) proposed that the
basin’s boundary should be a straight line, cutting
across the Menashe Heights (Fig. 5), and demonstrated
that the eastern Menashe Heights drains towards the
Samaria-Gilboa Basin, through the southern half of the
YF. However, Dafny (2009) adopted Mendel’s
schemes, and drew the basin’s boundary as a straight
line along the YF. From this discussion, it can be
concluded that the western part of Menashe Heights is
deﬁnitely an integral part of the YTB, while the
drainage of the eastern part of Menashe Heights
remains unresolved.
In the last decade, saline water (15,000–20,000 mgCl/
L) was discovered within the YTB, at the lower parts of
the JGA, where the JGA is found at great depths. In
several wells, a sharp and stable interface (‘halocline’)
separating the saline water body from the overlying
freshwater was detected (Paster et al. 2005; Dafny
2009). Time domain electromagnetic (TDEM) measurements near Yoqne’am (Kafri et al. 2007) traced saline
(low conductivity) units at an elevation of∼ −500 m
asl. Altogether, these observations suggest that the
halocline is semi-horizontal and stable in time, and that
no mixing occurs between the fresh and saline water
bodies. The new Yoqne’am 7 well, however, documents the
DOI 10.1007/s10040-013-0982-3
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existence of the interface at an elevation of∼ −200 m,
complicating the regional understanding regarding the
source of the saline water.
JGA is penetrated by many wells, mostly for domestic
water supply (Fig. 2). Two well ﬁelds, in which the JGA is
penetrated and exploited, are located near the YF:

&

&

Megiddo wells. Two wells were drilled to the JGA
near the southern edge of the YF, and near Megiddo
village: Megiddo 2 is located adjacent to and east of
the YF, and Megiddo 1 is located about 1.5 km to the
east of the village (Fig. 2b). Both wells are situated
within the HaYogev Horst (Figs. 3 and 4c).
Yoqne’am wells. Several deep wells were drilled to the
JGA at the northern edge of the YF, near the town of
Yoqne’am. Yoqne’am 4, 5 and 6 wells are located
along the conﬁning line of the aquifer at the southern
Carmel Mountain, and Yoqne’am 1 (observation) and
2 wells adjacent to the YF, in an isolated small block
located between the uplifted block of the Menashe
Heights and the downthrown block of the Yizre’el
Valley (Fig. 4b). Several other wells which penetrate
the JGA were drilled adjacent to the Carmel Fault,
between Yoqne’am and Haifa (Carmel 13 for example,
Fig. 2a).

Conceptual analysis
Wells data
All available hydrological data were gathered and analyzed. Data included well information (location, ground
surface elevation, perforated sections, lithological logs,
pumping test results, geochemical analysis, technical
information), time-series of heads, chloride concentrations
(termed here salinity), and pumping rates and volumes.
Most of the data were provided in digital format by the
Hydrological Service of Israel (HSI). Hydrographs,
chlorographs, geographic information system (GIS) layers
and geological cross-sections were prepared to analyze
temporal and spatial characteristics. The information is
summarized in Table 1.

Initial head map
An historical groundwater head map for the JGA aquifer
was reconstructed for the study area (Fig. 6), based on
initial measurements, mostly from the early 1950s, and on
high-stand head values following the extremely rainy year
of 1991/1992 (in which ∼200 % of average annually rain
was recorded; Table 1). Notwithstanding its inevitable
interpretive nature, which is due to scarceness of historical

Table 1 Wells data (for locations see Fig. 2)
Name

Yoqne’am 1
Yoqne’am 2
Yoqne’am 4
Yoqne’am 5
Yoqne’am 6
Yoqne’am 7
Megiddo 1d

Tag

Y1
Y2
Y4
Y5
Y6
Y7
M1

Drill
year

1934
1935
1951
1954
1954
2009
1951
1953
Megiddo 2
M2
1954
Gal’ed 1e
G1
1948
Gal’ed 2
G2
1952
Gal’ed 3
G3
1954
Daliyya 1
D1
1950
Daliyya 2
D2
1954
En Ha’Emeq 1 E1
1960
Me Ami 1
MA1 1968
Me Ami 2a
MA2 1976
Barka’i 3
B3
1959
Ar’ara Amal
AA
1960
Carmel 13
C13 1950
Gid’on 3
Gi3
1965
Ta’anach 4
T4
1964

Status Reference elevationa

O
P
P
P
P
R
D
O
P
D
P
P
P
P
P
P
P
P
P
O
O
P

(m asl)

(m)

Heads at end of Max heads in Speciﬁc discharge
drillingb
1992
(m asl)
(m asl)
(m3/h/m drawdown)

74.45
76.48
105.69
91.46
125.33
230
120.76

86
120
144
133
160
476c
208
339
393
352
340
428
370
440
426
191
261
202
156
90
876
713

17
19.28
15.69
16.56
15.93
8.6
54.6
1.9
−2.53
19.40
21
15
15.70
17.15
10.90
10.46
10.65
14.5
15.18
9.0
−3.1
−62 (1976)

156.94
135.51
135.51
110.65
156.07
136.40
233.4
140
171.2
72.51
113.98
50.16
83.39
62.0

Total depth

–
–
–
16.52
–
–
1.98
–
–
–
17.1
–
–
–
–
–
15.7
–
17.5
–
−48.9

NA
10
840
220
170
NA
NA
19
40
NA
130
180
26.6
110
15
40
12
64
18
4
NA
NA

D destroyed; O observation; P pumping; R research; NA not available; – not measured
All except Me-Ami wells are aligned with data from the Hydrological Service of Israel
b
Except Ta’anach 4 well, in which the reported measurement is from 1976
c
Plugged after saline water was detected at its bottom
d
Drilled in two stages: the ﬁrst penetrating Mount-Scopus Group, and the second, penetrating the Judea Group
e
Located adjacent to Gal’ed 2
a
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water-level data, the map conﬁrms the gentle ﬂow
gradient within the JGA west of YF (0.3‰), implying
a rather high transmissivity under the Menashe
Heights. The low gradient can be inferred also by
inspecting the hydrographs of Barka’i and Me-Ami
wells, in the western and central parts of the Menashe
Heights, respectively (Fig. 7b). The map also exhibits
a groundwater water-divide across the Yizre’el Valley,
in-between the Kishon and the Samaria-Gilboa basins
(Fig. 6).

Structural considerations
A 3-D structural proﬁle of the Judea Group along the
YF (Fig. 8) reveals the geometrical relations between
the JGA in the western, uplifted block at Menashe
Heights and the eastern, lowered block at Yizre’el
Valley. Along the northern part of YF (0–6 km in
Fig. 8), the two blocks are completely detached,
whereas along the middle part (6–11.5 km) and at the

southern tip (13–13.7 km) there is some overlapping
between the two. Across the HaYogev Horst (11.5–
13 km) there is a large overlap. Since the deeper part of
the JGA is saturated with saline water (the dotted line
in Fig. 8 represents the extrapolated depth of the
halocline as measured in nearby wells), fresh groundwater ﬂow is possible through only a small fraction of
the overlapping sections. Under these circumstances,
three hydrogeological domains are distinguished:
1. Fresh groundwater domain in which water can ﬂow
between the two JGA blocks. This domain corresponds
to the HaYogev Horst.
2. Saline groundwater domain in which water can ﬂow
between the two JGA blocks. This domain corresponds
with the lower, southern part of the YF (6–14 km).
3. Fresh groundwater domain, in which water can ﬂow to/
from the alluvial aquifer at the Yizre’el Valley and the
upper part of the JGA under the Menashe Heights (0–
11 km).

Fig. 6 Reconstructed head map of the JGA during the historical period (early 1950s). Arrows mark main groundwater ﬂow directions.
Note that contour spacing is not equal and varies according to the availability of data
Hydrogeology Journal
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Head differences suggest that freshwater indeed leaks out
of the YTB through a limited portion of the YF fault, at its
southern part, and can leak into the YTB through the third

domain, along most of the fault. Following is a detailed
description of ﬁeld evidence, demonstrating the hydraulic
properties of the YF at its northern and southern edges.

a
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MH2
M1
C13
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-10
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c

Fig. 7 Comparative hydrographs of a Mishmar Ha’Emek 2 (MH2, penetrates to the alluvial aquifer), Megiddo 1 (M1) and Carmel 13 (C13).
The ﬁrst head of Megiddo 1 was measured when the well penetrated the Mount-Scopus Group (MS), before it deepened to JGA (Refer to Table 1);
b Barka’i 3 (B3) and Me Ami 1 and 2 (MA1, MA2); c Yoqne’am 1 and 4 (Y4, Y1) and nearby Carmel 13 (C13). Date as month/year
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Fig. 8 Sections of the Judea Group along the eastern (red) and western (blue) blocks, parallel to the Yoqne’am Fault. The sections were
imposed on the same horizontal scale, from Yoqne’am (N–W, km 0) to Megiddo (S–E, km 14). HaYogev Horst is featured only at the
eastern block (Based on data from Fleischer and Gafsou 2003)

average of ∼0.2 MCM/y. If a substantial amount of saltier
groundwater was ﬂowing from the Yizre’el Valley as a
response to the dynamic drawdown around these wells,
sharp salination is expected. As this was not observed, it
can be deduced that any ﬂow from the Yizre’el Valley
and/or the shallow aquifers is minimal.

Hydraulic properties at the northern Yoqne’am Fault
(YF) edge
Hydraulic properties at the northern edge of the YF can be
inferred from several independent lines of evidence listed
in the following:

&

&

&

The heads at the three Yoqne’am wells (4, 5 and 6),
located on the uplifted block, are similar and higher by
up to 5 m above the heads at the Carmel 13 well
(Fig. 7c), located 4 km to the north-east within an
isolated JGA block. The calculated gradient between
Yoqne’am and Carmel 13 wells is about 1.2 ‰,
which is signiﬁcantly higher compared with the
almost equipotential water table all over the Menashe
Heights and near the Kishon–Samaria-Gilboa basins
water-divide in the Yizre’el Valley. The head differences can be maintained only if the two are separated
by a hydraulic barrier or, alternatively, if a zone of
low hydraulic conductivity lies in between.
The speciﬁc discharge at the isolated JGA blocks
(Yoqne’am 1 and Carmel 13) is signiﬁcantly lower
compared to the values at the distant Yoqne’am wells
(<10 m3/h/m drawdown and >170 m3/h/m drawdown,
respectively, Table 1). The hydrograph of Yoqne’am 1
well (Fig. 7c), which is affected by pumping at the
nearby Yoqne’am 2 well, demonstrates relatively high
seasonal ﬂuctuations and indicates inferior hydraulic
properties near the YF. This can be interpreted as a
typical response to pumping near a ‘no-ﬂow’ boundary
(Freeze and Cherry 1979). Low hydraulic properties
were also reported at other pumping wells along the
Carmel Fault (HSI 2011, p. 277).
The salinity at Yoqne’am 2 well, located ∼150 m
from the YF, has increased over time from
36 mgCl/L in 1958 to ∼60 mgCl/L in 2006, indicating
an increasing salination trend of about +0.5 mgCl/L/y,
resembling that of other Yoqne’am wells. Pumping from
this well varied between 0.5 and 0.05 MCM/y with an
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Therefore, it may be concluded that an impermeable–
semiimpermeable hydraulic feature exists along the
northern edge of the YF and the southern edge of the
Carmel Fault. Pumping from the local separated blocks
adjacent to the YF quickly exhausts the restricted block
storage as demonstrated by the ampliﬁed head ﬂuctuations. Nevertheless, the pumping does not pull substantial
water volumes from the Yizre’el Valley, as supported by a
lack of annual/seasonal sharp salination trends.

Hydraulic properties at the southern Yoqne’am Fault
(YF) edge
As for the northern part of the YF, hydraulic properties at
the southern edge of the YF can be inferred from several
independent lines of evidence:

&
&

&

The hydraulic heads at Megiddo wells located east of
YT are lower by about 15 m compared with the
average heads at the Menashe Heights wells, during
both the historical and the current periods (Fig. 9a).
The hydrograph of Megiddo 1 well matches the
general time-trend of hydrographs of wells at the
Menashe Heights, with a constant head gap of 14.5–
16 m (example is shown in Fig. 9). This testiﬁes that
the two regions respond to changes in pressure
(recharge) in the same manner, and may suggest a
physical connection between the two.
The salinity of Megiddo wells, as well as its long-range
salination trends, is considerably more pronounced than
DOI 10.1007/s10040-013-0982-3
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other wells at the Menashe Heights. Megiddo 2 exhibits
on-going salination at an average rate of 6.6 mgCl/L/y;
salination temporarily ceased between 1992 and 1998,
but persists thereafter (Fig. 10). Megiddo 1 exhibits ongoing salination between 1954 and 1985, at an average
rate of 22 mgCl/L/y, reaching a maximum of
1,083 mgCl/L. Salinity during the late 1990s (three
measurements) varied between 700 and 850 mgCl/L
(Fig. 10). If substantial volumes of groundwater were
ﬂowing across the YF, their salinities should be much
lower. Vice versa, if there was no ﬂow from the
Menashe Heights eastward, salinity should probably
be higher, as emphasized in the central part of the
Yizre’el Valley in Gide’on 3 well (1,600 mgCl/L)
which pumps from the JGA (Guttman and Rosenthal
2002).

&

It appears that the salination is related to pumping above
sustainable levels. Signiﬁcant salination (from ∼300 to
400 mgCl/L) was observed in the Megiddo 1 well
during a pumping test in the 1950s. Furthermore,
salination occurred contemporaneous to pumping of
2–2.5 MCM/y and declined only after sharp decrease in the pumping rate (note immediate changes
of salinity during 1972 and 1986 in Fig. 10). Thus,
it can be concluded that sustainable pumping at the
Megiddo wells should not exceed the lower value of
0.25 MCM/y. Pumping at a higher rate lead to
excessive salination and dragging of brackish water
from the inner parts of Yizre’el Valley toward its
rims and the Megiddo 2 well.
If the salinity (S) at Megiddo 2 well can be modeled as a
co-product of fresh groundwater ﬂowing from YTB and
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Fig. 10 (a) Pumping and (b) salinity trends at Megiddo wells

brackish groundwater ﬂowing from the Yizre’el Valley
(represented by the Gide’on 3 water), it is possible to
calculate the partial contribution of each using:
SM2 ¼ ð1  xÞ SG3 þ ðxÞ SYTB

Assuming SG3 is 1,600 mgCl/L, SM2 is 200 mgCl/L
and SYTB is 40 mgCl/L, as was in the unexploited
period, the partial contribution from the YTB (x) is
89 %. In the exploited period, when SM2 rose to
400 mgCl/L and SYTB rose to 70 mgCl/L, the partial
contribution from the YTB decreased to 78 %;
however, the absolute ﬂux reached 1.56 MCM/y
(78 %×2 MCM/y).
Following these diverse lines of evidence, it can be
deduced that a low-conductivity zone exists along the
southern edge of the YF, probably correspond to the HaYogev
Horst. Through this freshwater-saturated section (850 m
width and 350 m height; Fig. 8), small water quantities,
assumed to be 0.22 MCM/y (89 %×0.25 MCM/y leak toward
the Yizre’el Valley under natural conditions. This ﬂux
intensiﬁes as pumping in the nearby wells occurs.

Numerical analysis
Numerical simulations
To assess the YF hydraulic properties and their consequent
effects on the groundwater ﬂow regime within the JGA, the
Dafny et al. (2010a, b) numerical model for the YTB was
used, for which the YF serves as the north-eastern boundary
(Fig. 1). It was assumed that by introducing a new outlet to
Hydrogeology Journal

the model, a new internal water divide will be developed,
and thereafter its location and the adjusted water balance
could be captured and analyzed. A short description of the
set-up and calibration of the model are described here.
The Dafny et al. (2010a, b) numerical model for the
YTB, was developed using FEFLOW software (WASY
GmbH; Diersch 2002). Its grid comprises 3 layers with
7,401 cells within each layer that covers an area of
10,330 km2. The YT model was calibrated with data
from 55 wells which are located throughout the model
domain. It was ﬁrst calibrated for steady-state conditions representing the historical ﬂow regime, before
pumping initiated, which allows ﬁtting of the spatial
distribution of the hydraulic conductivity. Later, it was
calibrated for dynamic conditions representing the
current exploitation period (1990–2003) and validated
for the period of 2003–2008 by changing the storage
parameters (speciﬁc yield for phreatic conditions and
speciﬁc storage for conﬁned conditions). The dynamic
runs were carried out using a coupled hydro-meteorological model (Sheffer et al. 2010). Under the entire
Menashe Heights, a hydraulic conductivity of 216 m/d
and a speciﬁc storage of 3×10e−6 m−1 were determined. Since speciﬁc yield could not be determined as
all the wells in the studied area are located at the
conﬁned part of the aquifer, a value of 4×10e−2 m−1
was assumed based on calibration at other parts of the
YTB. Dafny et al. (2010a, b) stated that the YF serves
as a hydraulic barrier, except along a narrow section at
its southern edge (adjacent to the HaYogev Horst).
Accordingly, in their numerical model, a no-ﬂow
boundary was set along most of the YF, while a
narrow (one model element) belt of low conductivity
and 1st type head boundary conditions with constant
DOI 10.1007/s10040-013-0982-3
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Table 2 Simulated Yarqon-Taninim Basin (YTB) outlets discharge under varying hydraulic conductivities set to the Yoqne’am Fault (YF)
Boundary conditions

No ﬂowa
Leaks

Open

Hydraulic conductivity along the YF
(m/d)
(10e−4 m/s)

Outlet discharge
YF (Yizre’el Valley)
(MCM/y)b

Yarqon Springs

Taninim Springs

Shuni Springs

0
0.001
0.01
0.036
0.1
1
10
25

0.2
1.1
4.6
17.5
30.3
105.1
138.3
158.2

226.8
226.5
225.6
219.4
218.1
181.2
162.3
143.2

92.7
92.6
90.8
86.2
78.2
40.6
26.3
25.5

7.2
6.7
5.9
3.8
0.3
0.0 (dry)
0.0 (dry)
0.0 (dry)

0
0.00864
0.0864
0.311
0.864
8.64
86.4
216

Changes in discharge are hypothetical, and should be compensated by increasing the recharge rates to the YTB. See text for details
a
This simulation refers to steady state conditions before the exploitation started
b
MCM million cubic meters

value of +1 m was set along HaYogev Horst, allowing
limited leakage through the fault.
In this study, Dafny’s model was used for determining
steady-state conditions, but with different conditions along
the YF, permitting various leaks toward the Yizre’el
Valley. Simulations were carried out by setting a 1st type
head boundary condition along the entire fault, and
alternating the hydraulic conductivity along a narrow belt
of one model element adjacent and perpendicular to the
fault. Heads along the YF for all simulations gradually
decreased from +5 m near Yoqne’am to +1 m near

Megiddo, corresponding to measured heads in adjacent
wells, Carmel 13 and Megiddo 2, respectively. The
hydraulic conductivity along the fault was altered by six
orders of magnitude, from as low as 8.64×10e−3 m/d
(10e−7 m/s) to 2.16×10e2 m/d. The simulation with the
highest conductivity (216 m/d) mimics ‘open boundary’
conditions, as the assigned conductivity does not limit the
ﬂow. Both the steady-state ﬂow ﬁeld and regional water
balances for each simulation were recorded for
comparison.

Water-balance considerations

Fig. 11 a Calculated leak through the YF and b the required
adjustments (increase) of recharge rates in the YTB model, under
varying hydraulic conductivities set for the YF
Hydrogeology Journal

The water budgets of the various simulations are
summarized in Table 2. Predictably, as the hydraulic
conductivity across the fault increases, increasing
volumes of water pass through it toward the Yizre’el
Valley. With ‘leakage’ simulations, the discharge
through the YF increased from 1.1 to 138.3 MCM/y,
corresponding to an increase in the hydraulic conductivity from 8.6 ×10−3 to 8.6×10e1 m/d (Fig. 11a,
Table 2). The ∼0.2 MCM/y assumed leakage through
the HaYogev Horst corresponds to assigning a hydraulic conductivity of ∼4×10e−2 m/d.
The numerical simulations enable one to estimate the
losses through leakage to the Taninim or the Yarqon subbasins. For example, it was found that when the leak was
∼30 MCM/y, the recharge to the Taninim sub-basin should
have increased by 21.7 MCM/y, while recharge to the
Yarqon sub-basin should have increased by 8.9 MCM/y,
equivalent to +21 and +4 % increases in estimated recharge
rates, respectively (Fig. 11b; Table 2). Hypothetical recharge
rates in the Taninim and Yarqon sub-basin, estimated by
simulations, increase unreasonably by up to 74 and 37 %,
respectively with the open-boundary conditions. It should
also be noted that there are no apparent outlets at the Kishon
and Samaria-Gilboa basins that may serve as outlet to
substantial leaks through the YF. Conversely, leakage of up
to 4.6 MCM/y would have only minor impact (<3.1 %
recharge increase) on the overall YTB water-balance. It was
concluded that, based on these simulations, it is likely that
the overall leak through the YF does not exceed 4.6 MCM/y
(Table 2).
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Fig. 12 Calculated location of the internal water divide crossing the Menashe Heights, under varying hydraulic conductivities set for the
YF. Values are in 10e−4 m/s

Internal groundwater-divide location
The substantial larger outlet along the YF leads to the
formation of an internal groundwater divide across the
Menashe Heights. The numerical simulations have
enabled determination of the location of the newly
formed water divide for a given conductivity (Fig. 12).
Increasing the hydraulic conductivity across the YF
leads to an increase in the area of the aquifer draining
eastward. In order to satisfy the Caspi-Oron (2007)
location for the water divide (Fig. 12), the hydraulic
conductivity along the YF should be in the order of
0.1×10e−4 m/s (0.864 m/d) and the calculated leak
would amount to ∼30 MCM/y. Alternatively, assigning
a conductivity of 4×10e−7 m/s (0.04 m/d) produces
eastward drainage of a very small area at the outskirts
of the I’ron Anticline.
Hydrogeology Journal

Given the conceptual limitations, namely the heads
map and temporal changes, salination trends, geochemical
compositions, structural considerations, and the simulation
results, it becomes possible to determine that the boundary
between the YTB and the Kishon and Samaria-Gilboa
basins is the YF, acting effectively as a hydraulic barrier.

Summary and conclusions
Combining all ﬁeld data and numerical simulations, it
is concluded that the YF acts as a hydraulic barrier to
fresh groundwater ﬂow to/from the JGA, with a
limited leak toward the Yizre’el Valley through its
southern edge. The dimensions of the leak section are
dictated by the geometrical considerations between the
DOI 10.1007/s10040-013-0982-3
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two structural blocks and the halocline. Possible
discharge rates can be deduced from head-pumpingsalinity relations, water-balance considerations and
geochemical compositions. More speciﬁcally, the estimated total leak through the YF is constrained to only
0.22 MCM/y and is limited to HaYogev Horst. Extrapolating
the ﬂux for the entire overlapping JGA block section (i.e.
assuming all the overlapping section is saturated with
freshwater and neglecting the halocline) would predict a
leak of ∼1.5 MCM/y. Head differences between the JGA and
shallower aquifers hinder additional leaks across the YF
toward the shallow aquifers within the Yizre’el Valley,
though a very limited and insigniﬁcant leak may occur in the
opposite direction.
The hydraulic conductivity of the fault, modeled as a
narrow belt, is no more than 4×10e−2 m/d. This conductivity
is lower by four orders of magnitude from the surrounding
Judea Group rocks in Menashe Heights, and by three orders of
magnitude from the Alluvial ﬁll in Yizre’el Valley. Similar
ratios for faulted zones have been reported in the published
literature (Mayer et al. 2007). Following Wibberley et al.
(2008), it is deduced that the hydrogeological characteristics
of the YF be a clay gouge at the core of the fault resulting from
extensive slip activity along the fault. The clay gouge may
have been sourced from the interbedded clay and marl layers
within the carbonaceous section of the Judea Group together
with milled carbonates. It is proposed that the combination of
(1) a carbonaceous section interbedded with clay and marls;
(2) compression stresses and (3) accumulation of extensive
slip, has lead to reduced hydraulic conductivity along the YF.
The same process may lead other faults to act as impermeable
boundaries to groundwater ﬂow as well.
Furthermore, it is proposed that almost the entire area of
the Menashe Heights be regarded as an integral part of the
YTB, as was assumed by several previous authors
(Goldschmidt and Jacobs 1958; Mandel 1961) and lately by
Dafny et al. (2010a, b). Under the unique hydrological
conditions that prevail in the area, concentrated pumping at
the basin edge, combined with the low ﬂow gradient over the
Menashe Heights, had led to almost immediate initiation of a
water divide across the Menashe Heights (Fig. 13). It is
important to note that neither the ﬁeld data nor the
geochemical analysis or the water-balance considerations
can solely and exclusively indicate the YF hydraulic
characteristics; it is only the combination of all data that
enables the hydrogeological conclusions presented above.
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