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s u m m a r y
Perched springs in nature emerge from aquifers laying on aquitards within the unsaturated zone, some of
which emerge one above the other. A ﬁnite element model was introduced, using the FEFLOW code, for
simulating the groundwater ﬂow regime in each of these aquifers, for quantifying the fraction of rain that
recharges the aquifers, and for estimating the hydrogeological parameters of the aquifers and aquitards.
Many of the perched springs in Israel are found in the Judea Group aquifer, a stratiﬁed carbonate rock
unit, characterised by a well-developed karst system. The Batir and Jamia springs exempliﬁes such a system, where Batir is the upper spring discharging at the contact between Aminadav and Moza Formations,
and Jamia is the lower one, discharging at the contact between Kesalon and Sorek Formations. The 25year-long measured spring’s hydrographs were used to calibrate the spring’s coefﬁcients, the hydraulic
conductivities of the different layers, the karst features and the yearly amount of rain recharging the
spring.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Perched karstic aquifers and springs
Perched aquifers are found in the unsaturated zone, where
groundwater accumulates over relatively impermeable layers
(Fig. 1). These aquifers drain through springs, often called perchedor contact-springs, located at the contact between the permeable
and impermeable formations (for more springs‘ classiﬁcation see
Springer and Stevens, 2009). Where the permeable formation consists of limestone or dolomites, a karst system is often developed,
through which the spring emerges. In this case, after the rainy season, the spring’s discharge recession curve is affected by two components: a quick karstic ﬂow and a slow matrix ﬂow (Amit et al.,
2002; Kovàcs et al., 2005). In case the perched aquifer is placed
above a leaky aquitard, the downward seepage will also exhibit
recession behavior after the rainy season.
Where a complex system of two-horizon perched karstic aquifers and springs is given (Fig. 1), the lower aquifer is recharged
by both, rainwater falling over the lower recharge area and
groundwater that leaks from the upper aquifer. Groundwater that
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leaks from the lower perched aquifer reaches the lower regional
aquifer.
The water-table of a perched aquifer often ﬂuctuates. At the
rainy season, recharge rate into the aquifer is larger than the discharge rate through spring and the bottom leaking aquitard; thus
water-table rises. During the dry season, water-table obviously
droops.
1.2. Estimating groundwater recharge
It is very difﬁcult to estimate the rainwater fraction that recharges aquifers using direct measurements, because of the
large variation in time and space of the precipitation and evaporation (Nimmo et al., 2005). Instead, it is quantiﬁed indirectly
using either chloride concentration (Macfarlane et al., 2000;
Rosenthal, 1987), water balance modeling (Jackson, 2002), calculations of ﬂow rate in the unsaturated zone using Darcy‘s
law, or empirical approaches (Flint et al., 2002). In order to
get high resolution spatial and temporal information, recharge
is often estimated using groundwater modeling (Sanford,
2002). Hydrologists use variety of models to estimate the recharge. The SMAR model uses rainfall, evaporation and groundwater level data (Fazal et al., 2005), and the DReAM model
takes also into consideration the soil characteristics (Sheffer
et al., in press). Geyer et al. (2008) offered an analytical
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solution to analyse springs‘ hydrographs and thereby calculating
the aquifer recharge. Weiss and Gvirtzman (2007) applied the
MODFLOW code to estimate groundwater recharge by calibrating springs’ hydrographs.
1.3. Objectives

Fig. 1. A schematic diagram of two leaky, karstic, perched aquifers, one above the
other, and their springs.

This study aims to quantify the ﬂow characteristics of a complicated system composed of two perched aquifers, one above the
other. Both aquifers are leaky, karstic, and drain through perched
springs. The analysis includes evaluating the hydrological parameters of each rock formations, and estimating the annual recharge to
the perched aquifers. These objectives are fulﬁlled by groundwater
ﬂow modeling, through which 25-year-long records of both-horizon springs’ hydrographs are reconstructed.
The studied springs are located at the Judea Mountains, near the
City of Jerusalem (Fig. 2). Similar studies on other springs, but only

Fig. 2. The studied perched spring locations shown on a general geological map of Israel.
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on those emerge from a single perched aquifer, were analysed in
the past for their geochemistry characters (Burg, 1998), their discharge recession curves (Amit et al., 2002), and their hydrographs
(Weiss and Gvirtzman, 2007).
2. Hydrogeological setting
2.1. Research area
The Judea and Samaria Mountains are located in the central part
of Israel. Theirs peaks reach 1000 m above sea level. The mountains
are descending gradually toward the Mediterranean Sea in the
west and steeply toward the Jordan Valley and the Dead Sea in
the east (Fig. 2). The ridge composed mainly of Cretaceous limestone and dolomite rocks of the Judea Group (Arkin et al., 1976; Arkin et al., 1965; Shachnai, 2000; Sneh et al., 1998).
Many small springs, discharging from small perched karstic
aquifers, are found on the western slopes of that area. The Batir
and Jamia springs are located ﬁve kilometers south-west to Jerusalem (2128/6256 in the New Israel Grid). Those springs were chosen
for the groundwater ﬂow modeling because they are draining a
two-horizon perched aquifers system, their recharge areas can be
easily deﬁned and a long period of measured data (i.e., daily rain
data, spring discharge, annual urban water usage, etc.) was available. Batir spring is the upper one (713 m above sea level) and
Jamia spring is the lower one (604 m above sea level).
2.2. Hydrogeology
Arkin et al. (1976) and Itzhaki et al. (1964) described the geology in the research area. Givat Yearim Fm., composed mainly of
dolomites, is the ancient formation exposed, dated to the Upper Albian. Overlying it is the Soreq Fm. (marls and dolomites–limestone), Kesalon Fm. (dolomites), Bet Meir Fm. (marls or
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dolomites–limestone with some ﬂint lens), Motza Fm. (marls)
and Aminadav Fm. (limestone and dolomites), which is the younger Fm., dated Upper Cenoman (Fig. 3). The limestone and dolomite
formations are relatively permeable as a result of a well-developed
karst system. The formations consists mainly of marls are relatively impermeable and often referred as aquitards (Mercado,
1980; Bida, 1986; Guttman, 1986; Weiss and Gvirtzman, 2007).
As a result, small perched karstic aquifers are found on top of the
Soreq and Motza formations. As can be seen at Fig. 4a, the Batir
spring is located in the contact between the Aminadav and Motza
formations, draining the upper perched aquifer. The Jamia spring,
located in the contact between Soreq and Kesalon formations,
drains the lower perched aquifer.
2.3. Deﬁning the springs’ recharge area
In order to deﬁne the springs‘ recharge area, a detailed geology
map has been prepared (Fig. 4a). Structural maps for each of the
formations and cross-sections (Fig. 4b) have been prepared as well
in order to complete the 3D setting.
The exposed Aminadav formation deﬁnes the recharge area of
Batir spring, as it is surrounded by the underneath impermeable
Motza formation. The village of Batir is located above the spring recharge area. In principal, urban environment (i.e., buildings and
roads) reduces rain inﬁltration to the aquifer on one hand, but on
the other hand, water leakage from pipes of water supply and sewage systems increases aquifer recharge (Lerner, 2002). Yet, because
the village of Batir is not densely populated, and the paved area is
negligible, we assumed that the fraction of the rain recharging the
aquifer in the village and in the nearby rural areas is similar, and
the leakage from the municipal pipelines is added to the natural
recharge.
Deﬁning the Jamia recharge area is more complicated. As seen
from cross-section AA’ (Fig. 4b), the overall dip direction is

Fig. 3. A stratigraphic columnar section shows aquifers and aquitards throughout the Judea Group, demonstrating natural horizons of perched aquifers.
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north-west, while at the south-east, along the range, the dip steeps
up to 4.5° and near the spring the dip is very moderate. The anticline crest marks the south-east border of the spring recharge area
as it acts as the regional groundwater divide. The eastern boundary
was deﬁned by the gorge that separates the Jamia‘s recharge area
from its adjacent recharge area that feeds the Haret spring. The
western boundary was also deﬁned by a gorge, which separates
the Jamia’s recharge area from its adjacent one that feeds the Hussan springs. The north-western boundary is deﬁned by the contact
between the Kesalon and Soreq Formations and according to the
topographic elevation.

2.4. Measured data
Since the end of the 19th century, daily rain has been measured
by various stations, located a few kilometers around the studied
springs. A complete data base of daily rain between the years of
1975 and 2000, has been prepared using a simple linear interpolation. The data was rearranged to ﬁt the hydrology year in Israel,
lasting from October 1st to September 30th (Fig. 5a).
Our ﬂow model is concentrated in the saturated zones. It calculates neither the runoff nor inﬁltration through the unsaturated
zone. It considers the net amount of penetrating rainwater without

Fig. 4. Detailed geologic map (a) and cross-sections (b) of the studied area, showing the recharge areas of both perched springs, Batir and Jamia.
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Fig. 4 (continued)

the evapotranspiration and the runoff fractions. As the unsaturated
zone is not simulated, the penetrating rainwater reaches the
perched aquifer almost immediately, i.e., about 7 days earlier than
expected. Therefore, we used the DReAM model, which considers
the time-lag created by the ﬂow through the unsaturated zone,
to create a new daily recharge time series data.
The urban leak, either from fresh water pipes (supply by Mekorot Company) or from the sewage system, is another component of
input water that reaches the perched aquifer. For the matter of
simpliﬁcation, it is assumed that the total leak equals to 15% of
the water supplied to the village of Batir. As no direct measurements exist about the leakage from the water pipes at the Batir village, we assumed the leakage is similar to the leakage of new
neighborhoods such as the nearby city of Jerusalem. The annual urban leaks to the perched aquifer are sketched in Fig. 5b.
The springs‘ discharges are measured by the Israel Hydrology
Survey (IHS), usually every 2 weeks. This data base was converted
to hydrographs for both springs (Fig. 6a and b). Those hydrographs
reﬂect the pattern of recession curves as expected (Amit et al.,
2002), but they may not present accurately the maximum and
minimum discharges that happened each year, and also may cause
an underestimating of the springs‘ discharges, due to the lack of
daily measurements.

3. Numerical modeling
3.1. Model setting
Three-dimensional ﬁnite element numerical ground water ﬂow
models were introduced for each of the two perched aquifers using
the FEFLOW code (Diersch, 2002). Although FEFLOW could handle
both saturated and unsaturated groundwater ﬂow, in this research
we designed the model to simulate the transient ﬂows in the saturated zones only. Flow modeling in the unsaturated zone was
out the scope of this study; thus, we excluded the ﬂow modeling
through the intermediate layer separating between the two
perched aquifers. Therefore, two independent models were introduced for the two aquifers. Yet, it was assumed that the downward
leakage from the upper aquitard is the input to the lower aquifer.
The ﬁrst model, the Batir one, consists of three layers: the upper
Aminadav Formation (unconﬁned), the middle Motza and Bet Meir
Formations (ﬁxed aquitards) and the lower layer which simulates
the ﬂow to the lower perched aquifer (unconﬁned). The second
model, the Jamia one, consists of three layers as well: the upper
Kesalon Formation (unconﬁned), the middle Soreq Formation
(ﬁxed aquitard) and the lower Givat Yearim Formation (unconﬁned) which simulates the ﬂow to the bottom regional aquifer.
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In order to reach the maximum accuracy, six-noded triangular
elements were chosen. As shown in Fig. 7, the mesh was built to
match the geology in the recharge area of each spring. A mesh of
1881 elements constructs the upper model, while the lower mesh
contains 2889 elements. The number of elements refers to the total
elements composed the 3D domain. The elevation of each node
was set by matching the structural maps of each formation to
the node position in the 3D array.
The total modeled time period was set to 25 years (1975–2000),
with a maximum time step length of 1 day, as we have a daily re-

cord of rain. The time steps were adjusted automatically using the
forward Adams–Bashforth/backward trapezoid technique (Diersch,
2002).
Well-developed karst systems are common in the limestone
and dolomites formations at the research area (Bar-Matthews
and Ayalon, 1988; Frumkin and Fischhendler, 2005; Frumkin and
Gvirtzman, 2006). Therefore, two networks of discrete elements,
simulating the karst conduits, were applied for both, the upper
(Aminadav Fm.) and the lower (Kesalon Fm.) perched aquifers
and their springs (Fig. 7).

Fig. 5. Histograms of annual rainwater (a) and leak from domestic water pipes (b) that recharge the perched aquifers. Note the different vertical scales.
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A 3rd type, Cauchy type, boundary condition was set to simulate the springs discharge when only ﬂow out of the model allowed. A transfer rate, which is the leakage coefﬁcient of the
spring, was calibrated to regulate the amount of water discharging.
A 1st type, Dirichlet type, constant hydraulic head, boundary condition was set in the lowest slice of each model. In the upper model, we set the values in each of the constant heads to the value of
the node overlapping it. The ﬂux received from the upper model
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boundary, at the beginning of each time step, simulates the penetration from the upper perched aquifer to the lower perched aquifer. The ﬂuxes for the lower perched aquifer were set for the
corresponding elements from the upper perched aquifer. While
in the lower model we set the same value to all the constant heads
in order to simulate the ﬂow from the lower perched aquifer to the
regional aquifer below it.

Fig. 6. Observed and computed hydrographs of the Batir (a) and Jamia (b) springs between the years 1975–1999.
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3.2. Calibration methodology
The main parameter for calibration was the amount of
annually recharge from the rainwater. We assumed uniform
and homogenous distribution of the rainwater recharge for
the upper and lower springs (separately), as the spring‘s recharge areas are very small, not exciding 2.3 km2. Initially,
fourteen hydraulic variables were chosen for the calibration
process: (1) the storativity, S, of each formation; (2) the horizontal hydraulic conductivity, Kh, of the perched aquifers; (3)

the vertical hydraulic conductivity, Kv, of the aquitards; (4)
the hydraulic conductivity of the karst conduits, Kk, of each
aquifer; and (5) the transfer leakage coefﬁcient for each spring.
For the sake of simpliﬁcation, we assume that within a given
formation, the vertical hydraulic conductivity is ten times
smaller than its horizontal conductivity (based on Matmon,
1995). With the anisotropy assumption, the number of parameters for calibration reduced to 10, as calculating was needed
only for the vertical or horizontal conductivity for each layer.
The values of the aquitards storativities were later ﬁxed, as

Fig. 7. A ﬁnite element mesh of both perched aquifers’ ﬂow domains. Mesh discretization considers the geological formation boundaries and spring locations. The assumed
karst systems of both aquifers are marked.
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Fig. 8. Sensitivity analyses of the upper perched aquifer storativity (a) and hydraulic conductivity (b). Both the TDD and AMPD functions are presented.

sensitivity tests (Section 3.3) shown those parameters to be
non-sensitive for the simulation. All in all, four variables were
calibrated for each spring, a reasonable number of parameters
for each model.

The measured hydrographs of both springs were used for the
calibration process (Fig. 6). The calibrations were not conducted
simultaneous; rather the upper spring was calibrated ﬁrst and then
the lower one.

Table 1
Calibrated hydraulic parameters of geological formations.
Formation

Kh (m/s)

Aminadav
Motza
Kesalon
Soreq

7  105 ± 2  105

Kv (m/s)

Kk (m/s)

S

1.1  101 ± 0.4  101

0.009 ± 0.1
0.024
0.008 ± 0.1
0.01

3  1011 ± 0.3  1011
7  105 ± 1  105

1–0.1
7.5  1010 ± 0.1  1010
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Two target functions were used in the calibration process: (1)
Mean Peak Difference (MPD), which compares the height of the
computed and measured hydrographs and (2) Total Discharge Difference (TDD), which compares the discharge volumes of the computed and measured ones.
The MPD is expressed by the following equation:

MPD ¼

n
1X
ðmaxfC i g  maxfM i gÞ
i
n i¼1 i

where n is the number of hydrology years, maxfMi g is the maxii
mum measured discharge ﬂux for the ith hydrology year and
maxfC i g is the maximum calculated discharge for the i hydrology
i
year. A positive value indicates that the average calculated hydrograph peaks is higher than expected and negative value indicates
the opposite.
The TDD is expressed by the following equation:

Fig. 9. Calibrated results for steady-state simulation of horizontal head distribution at both perched aquifers (a), and vertical distribution of heads (b) and pressures (c)
throughout the saturated and unsaturated parts of the geological cross-section.
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Fig. 9 (continued)

Fig. 9 (continued)

TDD ¼

n X
365
X
ðC i  M i Þ
j¼1

i¼1

where the inner sigma sums the annual difference between the
computed, (Ci), and measured, (Mi), discharges for each day, and
the external sigma sums the total discharge difference for all the
nth hydrology years. The index j represents the year out of the total
n years, while the index i speciﬁc the day in that j year. Positive value indicates that the total volume of water discharging from the
spring is higher than expected, and vise versa.

The calibration was based on the ‘‘trial and error” method, as we
needed to modify each parameter manually after every run. Our
goal was to bring the above two functions closer to zero value.
Practically, hundreds runs were applied for each of the two models.
3.3. Sensitivity analysis
Sensitivity analyses of the calibrated variables were conducted
using the above two functions; yet, the TDD function was modiﬁed
as follow:
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Table 2
Water mass balance calculations.
Year

1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
Average

Rain (mm)

427.5
556.2
520.7
462.3
831.8
574.2
498.4
851.8
409.9
528.5
373.8
694.2
714.0
476.9
548.5
434.6
1136.7
677.4
416.1
598.8
549.3
572.7
482.4
244.8
413.5
559.8

Urban leak (m3)

–
–
–
–
–
–
1785
2400
2841
3471
4852
5206
6067
5366
7331
10,463
8683
11,663
12,871
11,921
10,260
10,526
9947
12,470
17,266
8178

Recharge to the upper aquifer
3

3

(%)

m

(%)

m

17
17
21
15
38
26
23
35
18
14
14
26
40
24
28
16
33
31
18
22
22
25
13
10
14
22.4

76,708
99,908
115,416
73,194
333,627
157,578
120,994
314,676
77,877
78,096
55,236
190,509
301,451
120,808
162,104
73,395
395,930
221,649
79,055
139,047
127,553
151,121
66,193
25,839
61,103
144,758

8
11
17
11
27
18
15
30
2
6
9
16
26
12
17
8
18
14
5
15
12
20
7
5
8
13.5

78,622
140,651
203,496
116,906
516,301
237,605
171,866
587,461
18,846
72,898
77,340
255,343
426,768
131,561
214,361
79,928
470,369
218,018
47,829
206,487
151,534
263,316
77,629
28,139
74,048
194,773


Pn P365


 j¼1 i¼1 ðC i  M i Þ
TDD ¼  Pn P365
  100

Mi 
j¼1

Recharge to the lower aquifer

i¼1

The modiﬁcation makes it easier to quantify the change in each
parameter, as the calculated versus measured volumes are presented in percents (zero percents means perfect match).
Local sensitivity analyses were performed for each of the calibrated variables. The procedure is demonstrated in Fig. 8 for the
upper springs‘ storativity (a) and the hydraulic conductivity (b)
parameters. The local minima of both the AMPD and TDD functions
mark the optimal values for the questioned parameter, while the
maximal and minimal values determined subjectively. For example, the hydraulic conductivity of the upper spring (Fig. 8b) was
ﬁxed for 7  105 m/s with boundaries of ±2  105 m/s. The aquitards‘ storativities (Motza and Soreq Formations) were ﬁxed as
they found to be non-sensitive for the model, while the other variables were given an optimal and boundaries values (Table 1).
4. Results
The same calibrated parameters were used in the steady-state
and the dynamic simulations. Table 1 summarizes the calibrated
parameters, each with its sensitivity limits.
4.1. Steady-state simulation
Steady-state solution is achieved by assuming a constant daily
recharge throughout the year, which sums up to the average yearly
recharge. Fig. 9 shows the simulated water-tables of the two
perched aquifers. As expected, two separate ﬂow regime exist; in
the upper one, ﬂow direction is northward with a moderate
hydraulic gradient, while in the lower one, ﬂow direction is
north-westward with a higher hydraulic gradient (Fig. 9a).
Heads (Fig. 9b) and pressures (Fig. 9c) under steady-state ﬂow
conditions were plotted across section C (Fig. 4a). The hydraulic
heads and pressures were evaluated based on the water-levels of
the simulated aquifer–aquitard contacts of the lower and upper

Leakage from upper
to lower aquifer (m3)

Leakage from lower
to regional aquifer (m3)

103,492
101,339
101,087
99,964
105,225
111,346
111,213
114,611
117,515
112,233
107,357
108,005
114,135
117,818
117,303
115,419
119,531
126,502
124,830
121,819
119,965
119,024
117,543
112,138
107,906
113,093

105,453
120,075
132,673
111,732
195,813
130,085
125,519
202,077
89,124
105,701
105,156
144,891
176,405
119,010
137,298
108,422
187,041
137,925
105,154
139,013
125,980
145,315
107,607
96,017
106,852
130,414

aquifers. They demonstrate a major horizontal ﬂow (karst and matrix ﬂow) towards the springs within the saturated zone, but a vertical ﬂow through the aquitards and the unsaturated zone. The two
perched aquifers are different, as the upper one forms a small saturated lens having a maximum pressure of 2.78 atm, while the
lower one forms a wider and thinner lens having a maximum pressure of 5.73 atm (Fig. 9b).
4.2. Dynamic simulation
The dynamic simulation was obtained using the actual daily
rains for the period 1975–2000, considering their recharge fractions, the annual leak from the upper to the lower perched aquifers
and from the lower to the regional aquifers, and obviously the
emergence from both springs. Results are summarized in Table 2
and are shown as best-ﬁtted spring hydrographs in Fig. 6.
The transient leak through the Motza Formation is controlled by
the height of the water-table at the upper aquifer, thus by the annual precipitations, but with a few months time-lag (Fig. 10a).
However, the leak through the Soreq Formation does not respond
as quickly as the changes in the annual precipitations due to the
buffering effects of both perched aquifers and aquitards
(Fig. 10b). These patterns are explored using image wells, located
between the karst systems (Fig. 7). Elevation changes of both
water-tables (Fig. 11) indicate the same trends. The water-table
of the upper perched aquifer ﬂuctuates rapidly, while that of the
lower one changes moderately.

5. Discussion
The dynamic calibration produced two precipitation-recharge
functions, for the two recharge areas. Relatively higher recharge
values were found for the upper recharge area, as Indeed, the
Aminadav Formation is more permeable than the Motza-Bet Meir
Formations (Table 1). The plots of the rain-recharge curves
(Fig. 12) exemplify these patterns. Eqs. (1) and (2) predict the
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Fig. 10. Computed downward leakage rates through the upper (a) and lower (b) aquitards.

recharge for given annual precipitations for the upper and lower
aquifer’s recharge zones, respectively:

R ¼ 143:4 þ 0:5  P  3:1  105  P2 ;
4

R ¼ 159:5 þ 0:53  P  1:5  10

2

P ;

R2 ¼ 0:903
2

R ¼ 0:798

ð1Þ
ð2Þ

where R is the annual recharge (mm/year), P is the annual precipitations (mm/year).

A better match can be obtained by excluding the hydrology year
of 1991, which was an irregularly extremely wet year, with annual
precipitation exceeding 850 mm.
Our best-ﬁtted precipitation-recharge equations fall between
the precipitation-recharge equations offered by Guttman and
Zuckerman (1995) and Weiss and Gvirtzman (2007). The equations
offered by Guttman and Zuckerman (1995) are over estimations
because they integrated the recharge for the whole regional aquifer, composed of other permeable formations. On the other hand,
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Fig. 11. Computed water-table ﬂuctuations at an imaginary borehole penetrated the upper and lower perched aquifers. Borehole location is seen in Fig. 7.

Fig. 12. Computed precipitation-recharge relationships of the two aquifers’ recharge areas, compared to two previous estimations.

the equation offered by Weiss and Gvirtzman (2007) is under-estimation because it represents only the nearby Haniye spring
(Fig. 2). Unlike the Batir spring, the Haniye recharge area composed
also by Kefar Shaul Formation, which is less permeable.

6. Summary
Groundwater ﬂow modeling of multiple-horizon perched karstic aquifers and springs was demonstrated in this study and was
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found to be a useful tool for estimating groundwater recharge and
aquifers‘ hydrogeological parameters. It also allows estimations of
leak rates between perched aquifers.
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