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Abstract
Dafny, E., Burg, A., Sheffer, N., Weinberger, G., Gvirtzman, H. 2009/2010.The
dynamic groundwater flow field at the central Yarqon-Taninim basin, Israel: A
3D geological-based numerical model. Isr. J. Earth Sci. 58: 99–111.
The hydraulic gradient at the confined part of the Yarqon-Taninim (YT) basin, Israel,
slightly declines along the main flow-lines from south to north, towards the outlets.
Nevertheless, a local dynamic water divide that is developed during rainy winters at
the foothills of the Judea Mountains, temporally alters groundwater flow direction.
The exact location of this water divide and the mechanism of its appearance and
disappearance are demonstrated using a 3D numerical model of groundwater flow in
conjunction with hydrometeorological model.
Using a calibrated numerical groundwater flow model, we reconstructed the
dynamic flow field at the YT basin between 1987 and 2008, and detected the water
divide apex near the Ajur wells-field, at the central part of the basin. Its location is
determined by the flow field at the mountainous phreatic part of the basin, which itself
is controlled by the geological structure. Major folds, comprising the mountainous
area, force flow paths to converge into the in-between synclines. In this manner, most
of the recharge from the Jerusalem Mountains converges into the narrow southwestern
edge of the En-Karem structural low, known as the “Ajur entrance”. At this area, heads
respond quickly to recharge events, resulting in relatively high seasonal fluctuations,
mounding, and creation of a dynamic water divide in the confined part of the basin.
The water divide prevails usually for 5–7 months during the winter and spring, and
diminishes thereafter.

1. Introduction
The Yarqon-Taninim (YT) groundwater basin, Israel
(Fig. 1), is one of Israel’s most important resources
of fresh water, providing approximately 350 million
cubic meters per year (MCM/y) (Israel’s Hydrological Service (IHS), 2007). It is comprised of a western,
© 2011 Science From Israel/ LPPLtd.

confined part and an eastern mountainous, phreatic
part, where recharge occurs. Heads drop dramatically
from several hundred meters at the phreatic parts to
10–15 m at the confined part. Hydraulic gradient at the
latter is very gentle, generally less than 0.10‰ from
E-mail: eladafny@pob.huji.ac.il
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100

Israel Journal of Earth Sciences Vol. 58, 2009/2010

Fig. 1. Hydrological map of the Yarqon-Taninim basin. Abbreviations: AA—Anabta Anticline; EK—En Karem sub-basin;
HA—Hebron Anticline; MA—Ma’on Anticline; RA—Ramallah Anticline (modified from Dafny, 2009).

south to north. Nevertheless, the flow field between
Be’er Sheva in the south and Petah Tiqwa in the center is considered rather dynamic, as a temporal water
divide appears and disappears through time (Fig. 2)
(Shachnai and Zukerman, 1999; IHS, 2007). Usually,

it forms at the end of the winter season and alters
groundwater flow at the southern part of the basin.
Its apex was depicted by previous researchers near
Ayalon 1 well, based on 6 key wells which are monitored frequently (from south to north): Be’er Sheva
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Fig. 2. N–S head profile in the confined part of the YarqonTaninim basin, based on measured heads at key wells. Well
locations are shown in Fig. 1 (modified after Israel Hydrological Service, 2007). Note that both autumn profiles look
alike and preserve the continuous N–S hydraulic gradient,
while the spring profile (April, 2005) shows the water divide
near Ayalon 1 well.

Observation, Kiryat Gat, Ayalon 1, Petah-Tiqwa Oil,
Menashe T/2, and Menashe T/1 (Fig. 2). Between Ayalon 1 and Kiryat Gat wells, 38 km apart, there are no
monitoring wells except Gezer 1 well, located 3.5 km
south of Ayalon 1 (Fig. 1). Furthermore, there are few
pumping wells close to the approximated water divide,
hence even heads measured in adjacent monitoring
wells may be affected by dynamic drawdown due to
pumping at the surrounding wells. For lack of reliable
head records, the location of the water divide was
speculated.
Our objective was to simulate the dynamic flow
field at the YT basin using a numerical model and to
clarify the nature and occurrence of this internal water-divide. The updated hydrogeological model for the
YT basin (Dafny et al., 2010), demonstrated the importance of the geological structure, which constrains
the groundwater flow field, particularly by delineating
the flow paths from the mountainous recharge areas
toward the lowland confined region. Consequently, it
is hypothesized that the geological structure also affects the location of the dynamic water divide at the
confined part.
2. Hydrogeology
The YT basin stretches from the foothills of Mount
Carmel in the north to the northern Negev and Sinai
anticlines in the south, and from the central mountain
range in the east to the Mediterranean coastline in the
west, over about 10,500 square kilometers (Fig. 1)
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(Goldshtoff and Shachnai, 1980; Shachnai, 1980;
Weinberger et al, 1994).
The aquifer comprises karstic Judea Group carbonate rocks. It is buried to a great depth under the
lowland and the coastal plain in the west, and outcrops
in the eastern, mountainous part (dark green in Fig. 1).
The latter comprises of several en-echelon NE–NNEtrending anticlines (Garfunkel, 1988), named (from
north to south) the Anabta, Ramallah, Hebron, and
Ma’on anticlines (Figs. 1, 3). The thickness of the
Judea Group increases gradually northward, from
about 500 m at the northern Negev to about 800–
1,000 m in the central and northern parts of the basin.
At the confined part of the aquifer, the karstic systems
are well-developed, as indicated by very low hydraulic gradient, very high transmissivities measured in
pumping tests, and the loss of mud circulation during
drilling of almost all wells.
The sustainable water budget of the YT basin is
320–336 MCM/y (Dafny, 2009), most of which is balanced by the recharge, excluding 3–5 MCM/y of saline
water which seeps from the bottom of the aquifer near
its northern edge.
The historical groundwater flow field at the YT
basin was recently described by Dafny et al. (2010). In
the mountainous region, where replenishment to the
YT basin occurs, current and historical flow fields do
not differ. Groundwater heads reach 660 m in Hebron,
500 m in Jerusalem, and 300 m in Samaria (Fig. 3).
At the Judea Mountains, groundwater flow-paths are
constrained by the geological structures, namely the
Ramallah, Hebron, and Ma’on anticlines (Fig. 3): most
groundwater flow-paths converge from the flanks of
the major anticlines to the in-between synclines, flowing southwestward. Only minor quantities flow over
the western flanks of each anticline to the west-northwest, perpendicular to the anticline axes and along a
steep gradient . Under these circumstances, most of the
recharge at the Jerusalem area drains to the confined
part through a narrow “entrance” near Ajur well field
(Meiri and Guttman, 1984) (Figs. 3, 4), while most
Hebron Mountains recharge drains through the TelShoqet “entrance” (Baida et al., 1978; Guttman, 1991)
(Fig. 3). At the Samaria Mountains, the geological
structure is less pronounced and lower, hence groundwater flows directly from high to low head regions
in a wide front. Upon reaching the confined part, the
flow paths in all regions curve clockwise, flowing in
a gentle gradient to the common outlets of the basin
(Fig. 3).
At the confined part, however, the current flow field
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Fig. 3. Calculated groundwater flow field at the Yarqon-Taninim basin corresponds to autumn, 2008. Representative flow paths
(calculated) are marked by blue arrows. Note (1) the termination of some flow paths at pumping well fields, and (2) the different head intervals at the phreatic and confined areas. The areas that are enlarged in Figs. 4 and 6 are indicated.

is totally different from the historical one, due to extensive pumping. Since the 1950s, the basin has been
exploited intensively by hundreds of wells for domestic and agricultural purposes (well locations shown

in Figs. 1, 3). During the last decade, the YT supplied about 405 MCM/y on average, 20–30 MCM/y
through the Taninim Springs (~25% of its original
discharge) and the rest through wells (IHS, 2007).

E. Dafny et al. Dynamic groundwater flow field at Yarqon-Taninim basin, Israel

103

Fig. 4. Computed flow paths from the Jerusalem and Binyamin Mountains westward, using the FeFlow code (Dafny et al.,
2010). The map boundaries are shown in Fig. 3. EK—En Karem wells.

Due to over-exploitation, water levels dropped evenly
throughout the confined part of the aquifer by 15–
10 m, causing the drying up of the Yarqon Springs in
1962. The calculated head map for the autumn of 2008
is drawn in Fig. 3.
3. The Numerical model
To demonstrate dynamic changes of the groundwater
flow field within the YT basin we used a numerical
model running under the FEFLOW code (Version 5.2)
of WASY GmbH (Diersch, 2005). Its development and
calibration for steady-state conditions, including discretization, 3D structure, boundaries conditions, and
water balance are described by Dafny el al. (2010). For
simplification and clarification, the model is briefly
outlined here.
The model consists of a 3-dimensional, geological-based grid. It is comprised of 3 layers, represent-

ing the internal geological sub-division of the Judea
Group. Layer elevations were extracted from precise
structural maps of the relevant horizons (Ben-Gai et
al., 2007). The outer boundary of the model was delineated either along geological structures that act as barriers, or along well-defined water divides; both were
described as “no flow” boundaries (1st type boundary condition). Springs through which the aquifer
was drained at historical times were given a 3rd type
boundary condition. The shoreline near the Taninim
Springs, through which the aquifer is connected to
the Mediterranean Sea, was applied a 1st type boundary condition as well. Inlets include mostly recharge
(“inflow at top”) and a small amount of 4.5 MCM/y of
deep source (“inflow from the bottom”), which represents some entrapped saline water that enters the basin
near its northern edge.
The model was calibrated to match the historical
conditions by setting the hydraulic conductivities. The
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latter were found to be rather homogenous in the confined section (2–4 * 102 m/d) and higher by two orders
of magnitude compared with the conductivities in the
phreatic areas. The spatial distribution of the conductivities in the phreatic zone was found to be linked to
the structural location: lower along the anticline crests
and relatively higher along the syncline axis, where
groundwater flow-lines converge (Dafny et al., 2010).
3.1. Preparations for transient simulations
Three major changes were made to simulate transient
conditions: 1) assigning spatial and temporal (monthly) distribution of recharge; 2) introducing a new
distribution of heads as initial head conditions; and
3) assigning monthly pumping and injection volumes
at the wells nodes.
The first modification was made by incorporating results of a hydrometeorological daily recharge
assessment model (DReAM; Sheffer et al., 2010)
which estimates the spatial and temporal distribution
of recharge. DReAM uses a daily water budget to
calculate recharge for each element (triangle) located
at the outcrops of the Judea Group. The required input
is daily precipitation and evaporation from gauge stations. This information was available to us only for the
period starting 1987/8 and limits the starting date of
the dynamic simulations. Recharge is then calculated
as a function of soil and lithology type and antecedent
soil moisture. The resulting daily time-series, which
describes the effective recharge volume at each cell,
is then gathered into monthly time-series and incorporated in the numerical model.
The second modification relates to the initial head
conditions. A new distribution of heads, as similar as
possible to the 1987 summer heads map, was introduced as the initial conditions head map (ICHM). The
ICHM was produced using the steady-state numerical
model, to which constant pumping rates equal to the
average 1985–1987 pumping rates (for each well according to its own average) were introduced. Since
the overall pumping rate is higher than the recharge,
drawdown occurs throughout the basin. The most
similar simulated head map to the measured 1987
summer heads was selected from the resultant file to
serve as ICHM. The chosen head distribution, though
satisfactory, didn’t exactly match the measured head
throughout the entire aquifer; thus initial head differences occur at several locations.
The third modification was made by incorporating
pumping and injection volumes of the 550 YT active
wells, received digitally from the IHS database. The

amounts were accumulated to monthly time-series
according to the location and perforation depth of the
wells.
3.2. Dynamic calibration process
The simulation period included 17 years, starting
September 1, 1987, and ending August 30, 2003. It
includes 5844 days, i.e., 193 monthly time-steps.
The simulation period was later divided into “tuningup”and calibration periods (explained below). The
latter includes the extremely rainy year of 1991/2,
whose annual precipitation was twice the annual longterm mean; that year, heads in the confined zone rose
as much as 10 m! The probability of such a rainy year
is extremely low, perhaps unique in the 120-year-long
record. However, its effect on the overall water budget
is crucial, since it is one of 17 simulated years. Thus
special care was taken when analyzing its hydrological results.
The calibration process included best-fitting between the calculated temporal and spatial heads and
discharges and the measured ones by changing the
storativity. Discharge optimization was made on an annual base at the Taninim and Yarqon Springs. As mentioned earlier, the Yarqon Springs were dried out, but
the extreme rainy year of 1991/2 caused the springs to
re-emerge between 1992 and 1997. Optimization of
the temporal head distribution was made on a monthly
basis at 47 selected wells (Table 1), spread throughout
the model domain, most of which were measured frequently during the calibration period. Thus both the
annual heads fluctuations and the multi-annual trends
could be calibrated properly.
Best results were achieved by assigning a compressibility of 3 * 10–6 m–1 for the entire model and
storativity of 1–4% in most of the mountainous phreatic parts. The Hebron and Binyamin mountains were
given homogenous and representative 1% storativity
to allow best-fit calibration, since unfortunately, no
head measurements were carried out in those areas
during the studied period.
3.3. Validation
Following the calibration process, the model was
validated for the following period, October 1, 2003, to
August 30, 2008. The validation period includes 1797
days, i.e., 60 monthly time-steps. The validation simulation involved introducing pumping and recharges
schemes without changing any of the calibrated parameters.
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Well ID
Well name
		
3509201
4612702
6710501
7312701
8014201
9013601
11112802
11712000
12514101
12716501
12815701
13115201
13116101
13116401
13315902
13316102
13416701
13416901
13715301
14015301
14214201
14514301
14914501
15113901
16313702
16613703
16714201
16816301
16915201
17515901
17916401
18314401
18913802
20115701
20215001
20615201
20714801
21115701
21414301
21514202
21514301
21614501
21614601
21714301
21815501
22014702
22915901

Table 1
Calibrated wells data. Shadowed wells are shown in Fig. 5

Nitsana 1
Mash’abe Sade 2
Ze’elim 1
Be’er-Sheva Obs
Tel-Shoqet 5
Ziqlag1
Kiryat Gat
Negba 5
Ajur 2
En Karem 17
Bar Giora
Eshtaol 5
En Karem 7
En Karem 4
En Karem 8
En Karem 5
En Karem 10
En Karem 12
Modi’in 3
Modi’in 1
Gezer 1
Ayalon 1
Gimzu 1
Lod 29
Kiryat Uno 6
Petah Tiqwa oil
Givat HaShlosha
Haris1
Abu Hijleh 03
Karnei Shomron
Kadum
Kefar Has B
Hadasim
Kittaneh
Ma’anit 2
Menashe T/2
Menashe T/1
Barka’i 3
Binyamina 1
Taninim T/3
U. Binyamina
Shuni3
Binyamina 5
Taninim T/5
Gal-Ed3
Tireli 6
Yokne’am 5

Coord.
y

535348
543500
567946
573800
580786
590304
611859
617596
625800
627775
628200
631663
631660
631174
633720
633790
634656
634556
637140
640900
642490
645700
649477
651560
663393
666814
667450
668740
669200
675680
679400
683310
689170
701030
702149
706800
707970
710520
714450
715850
715220
716140
716078
717500
718781
720500
729149

Coord.
x

105

Number of observations during
“tuning-up” calibration validation

142653
21
174000
18
155682		
177600
60
192008
12
186940
4
178872		
170277
35
191980
19
215715
24
207000
27
202574
3
211600
28
214160
24
209020
25
211465
28
217823
23
219099
18
203070
13
203300
11
192250
61
193190
81
195088
25
189054
26
187163		
187427
59
192490
30
213500
15
202000
14
209650
7
214800
10
194530
34
188797
35
207500
15
200930
11
202120
160
198630
69
205000
17
193660
32
192550
42
193000
35
195450
33
196060
34
193300
38
205433
19
197900
20
209350
24

32
29
24
223
24
48
114
45
26
139
26
22
27
25
26
147
26
67
40
45
201
277
137
25
101
291
17
55
58
29
25
36
272
60
21
654
304
51
35
158
146
149
144
114
15
138
139

10
7
6
75
6
17
75
10
91
9
26
14
18
6
38
14

6
10
110
124
102
24
89
126
23
13
8
10
10
159
30
18
146
192
3
15
55
90
91
4
56
75
93
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4. Results and discussion
Simulation results, demonstrated by hydrographs
of several key wells at the central part of the basin
(Fig. 5), show quite a satisfactory, although not per-

fect, calibration in both the mountainous-phreatic and
the confined areas. The initial head differences which
existed at several places diminished through the first
3 years of the simulation, which is thus referred as a
“tuning-up” period. Improvement in both linear slope

Fig. 5. Computed and measured head variations in 9 representative wells at Judea Mountains and foothills (well locations are
shown in Figs. 1 and 3). Left: measured values in blue, and computed values in red; dashed vertical lines separate the “tuningup”, calibration, and validation periods. Right: monthly comparison between measured and computed heads; calibration period
in blue and validation period in orange. Linear regression curves are drawn for the calibration period.
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and the fitness coefficient (R2) is seen for the calibration period with respect to the “tuning-up” period when
comparing measured vs. calculated heads (Table 2).
The calibration period begins at a time when heads
reached a low stand, following overexploitation and
several drought years. A steep head rise followed the
extremely rainy 1991/2 winter. However, the calcu-

Fig. 5, continued.
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lated rise did not match the actual rise in all wells, and
a constant gap of 1–2 m between measured and calculated heads is maintained thereafter. Nevertheless,
quite a good fit is seen when comparing measured and
calculated heads, especially the general pattern shown
by both. This is demonstrated by a high R2 and a linear
regression slope close to 1:1 (Fig. 5 right; Table 2).
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Fig. 5, continued.

Table 2
Linear regression parameters. The R2 and the linear slope (a) values for the calibration period are seen
also in Fig. 5
“Tuning-up”

a

R2

Calibration

a

R2

a

Validation

R2

En Karem 4
En Karem 10

1.27
0.78

82%
82%

0.99
0.94

91.2%
67.0%

0.43
None

41.9%

Be’er-Sheva Obs.
Ziqlag 1
Kiryat Gat + Negba 5
Gezer 1
Ayalon 1
Gimzu 1
Lod 29
Petah Tiqwa oil

1.26
0.08
1.17
1.12
1.34
1.04
1.31
1.46

66%
32%
68%
69%
90%
08%
80%
89%

1.03
0.77
0.97
0.95
0.95
0.94
0.92
1.00

95.0%
6.19%
97.8%
97.6%
97.5%
95.7%
95.5%
97.1%

0.90
0.94
0.87
0.90
0.89
0.90
0.70
1.08

86.5%
89.6%
88.5%
91.6%
89.0%
90.5%
50.0%
96.0%
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Thus it seems that the model is quite sensitive to seasonal fluctuations.
A clear temporal pattern was identified by the
simulated results at the central part of the confined
zone. During the late winter and spring, groundwater mounds west of the Ajur “entrance” (Fig. 6).
The mounding causes the development of a water
divide, and it initiates a southward flow direction. At
10 out of 17 simulated years, the spring heads at the
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“Ajur entrance Water Divide” exceed the head in the
Be’er Sheva region (Fig. 6A). The mounding disappears thereafter, in each of the following summers
(Fig. 6D). During relatively dry winters no mounding
developed, and the head in the Be’er Sheva region
stayed higher than that of Ajur.
The development of the “Ajur entrance Water
Divide”, as seen in the simulations, agrees with the
conclusions of several previous studies (Meiri and

Fig. 6. The development of the temporal water divide west of the “Ajur entrance”. (A) Hydrographs of wells south, north, and
in the middle of the “Ajur entrance Water Divide”: Be’er Sheva obs., Ayalon 1, and Ajur 2 wells, respectively. (B), (C), and
(D)—Calculated head maps before, during, and after the development of the “Ajur entrance Water Divide” at 1994/5, respectively. Head contours (in blue) are drawn every 20 cm. White arrows mark the main flow directions. See the corresponding
times in (A). Map boundaries are shown in Fig. 3.
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Guttman, 1984; Shachnai and Zukerman, 1999; IHS,
2007). However, this is the first presentation of its
location on the basis of numerical model and a thorough conceptual understanding. Not surprisingly, the
apex of the water divide is traced to the west of the
Ajur “entrance”, through which most of the Jerusalem
Mountains groundwater converges and enters the
confined zone of the YT basin (Fig. 4). Its appearance
testifies to the importance of two natural factors that
control the groundwater flow field in the central part of
the basin: 1) the proximity to the recharge area, and 2)
intensified water flux due to convergence of flow-paths
to the in-between syncline. The pumping regime may
enhance or weaken those natural effects.
We hypothesize that the development of the “Ajur
entrance Water Divide” is derived from recharge events
that affect almost simultaneously the phreatic and the
confined parts. Recharge at the Jerusalem Mountains
increases the heads at the phreatic part, as much as several tens of meters. Consequently the flux is amplified,
and a much larger amount of water enters the confined
zone through the “Ajur entrance”. Since the flow velocities in the confined zone are relatively lower than
those in the phreatic part (Dafny, 2009), the spatial
dispersion of the groundwater is limited, and thus water mounds at the Ajur area. Indeed, several sporadic
measurements at the Ajur wells recorded higher heads
than western wells during the winter time.
According to this concept, similar water mounding
would also be expected near the “Tel-Shoqet entrance”
(Figs. 1, 3). However a water divide does not develop
there in winter for three main reasons. First, the recharge on the Hebron Mountains is quite limited, thus
a relatively small amount of water enters the confined
zone during winter. Second, the unique sub-division
of the JGA into four subaquifers appears only at the
Hebron Mountains, causing recharge to percolate
downward throughout the entire year and thus create
restrained seasonal peaks. The third reason is the local
pumping which may disturb the mounting of natural
groundwater.
5. Conclusions
This paper exhibits the importance of using groundwater numerical models to clarify natural phenomena,
where hydrological data is sparse. This is demonstrated at the foothills of the Judea Mountains, where
a temporal water divide develops and diminishes periodically. The dynamics of the flow field become clear
and well-demonstrated once a combined 3D numerical

groundwater flow model and a hydrometeorological
model are used. Findings suggest that:
1. The apex of the water divide is located near the
Ajur wells field, about 10 km south of its previously
postulated location near Ayalon wells.
2. The Ajur water divide is developed westward of
the “Ajur entrance”, a narrow zone in the phreatic
part of the basin where large quantities of recharge
groundwater from the Jerusalem Mountains converge.
3. The development of the water divide is related
to quick head rise following significant recharge
events in the Jerusalem Mountains. It prevails usually for 5–7 months during the winter and spring,
and diminishes at the summer and autumn months.
Moreover, this paper exhibits the influence of the
geological structure on the groundwater flow regime
in the YT basin and in similar mountainous aquifers
around the world. Careful construction of the 3D grid
of the aquifer was the primary factor that enabled us
to achieve a fine calibration of the numerical simulations, which is crucial in demonstrating seasonal
fluctuations.
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