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s u m m a r y
Deep karst voids can be identiﬁed by a new method of geophysical interpretation of commonly used
borehole logs in deeply conﬁned carbonate aquifers. We show that deep, buried karst voids can be characterized by combining this geophysical interpretation together with geological and hydrological data,
and with known speleological constraints. We demonstrate how this characterization can reveal past
hydrological regimes and allow mapping of karst distribution on a basin-wide scale.
A combined analysis of geophysical, geological, hydrological, and speleological data in the conﬁned
Yarkon–Taninim aquifer, Israel, led us to reconstruct past groundwater levels at different relief and sea
levels, with the karst voids as a marker for long-term ﬂow close to the water table. Paleo-canyons along
the Mediterranean Sea shoreline strongly affected the region’s paleo-hydrology, by serving as major outlets of the aquifer during most of the Cenozoic. We conclude that intensive karstiﬁcation was promoted
by ﬂow periods of longer duration and/or higher ﬂux and ﬂow velocities close to the aquifer’s past and
present outlets. In addition, we suggest that karst voids found under shallow conﬁnement were developed by renewed aggressivity due to hypogene water rising in cross-formational ﬂow becoming mixed
with fresh lateral water ﬂow from the east.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction
Subsurface karst features have often been used to reconstruct
the paleo-hydrology and landscape development of uplifting (or
geomorphically down-cutting) regions, in which caves are readily
accessible above the water table (Farrant et al., 1995; Ford et al.,
1993; Frumkin, 1996; Granger et al., 2001; Haeuselmann et al.,
2007; Hill et al., 2008; Polyak et al., 2008; Stock et al., 2004). In
subsiding regions, however, most karst features are well below
the water table, and often deeply buried by sediments, so that they
are mostly inaccessible. Understanding the constraints on karst
voids development (speleogenesis) in such zones is important for
water supply management as well as for paleo-hydrologic reconstruction. The scarcity of available data on karstic features below
the water table offers little support and leads to debate on speleogenesis processes (Dreybrodt and Gabrovsek, 2003; Ford, 1971;
Glennie, 1954; Klimchouk, 2009; Palmer and Palmer, 1989). Canyon dynamics such as those that followed the Messinian Crisis,
⇑ Corresponding author. Address: P.O.Box 8549, Tel Aviv 61084, Israel. Tel.: +972
54 5588069; fax: +972 57 7961269.
E-mail address: michal@enterra-gec.com (M. Laskow).
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have intensively affected karstiﬁcation in the western Mediterranean (e.g. Mocochain et al., 2009). Here we attempt a paleohydrological reconstruction in the eastern Mediterranean, which
reveals the association between paleo-canyons and karstiﬁcation
in deeply buried karst along the coast of Israel.
Detection of deep karst features in a conﬁned basin is not an
easy task since most karst investigations correspond to a single
cavern or system, often under modern vadose conditions (Palmer,
2007). Karst voids can be detected mainly in the unsaturated zone
of an aquifer or under shallow phreatic or conﬁned zones by speleological exploration, boreholes, and surface geophysics. Speleological exploration is limited to caverns with an opening to the
surface, while the depth of penetration in surface geophysics (such
as seismic refraction, electrical resistivity, electromagnetic (EM),
ground penetrating radar (GPR) and microgravity) is limited to
some few tens of meters. Deeper investigations of karst voids, usually within the saturated zone of an aquifer, rely on borehole geophysics. Borehole image logs and caliper logs (continuous record of
borehole diameter versus depth) are insufﬁcient (Paillet, 1998,
2001), but high-resolution logging equipment such as heat-pulse
and electromagnetic ﬂowmeters (Hess, 1986; Molz et al., 1994)
can record hydraulic properties, including karst and fractures.
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In this study, we use a new geophysical interpretation combining four borehole logs from wells scattered throughout the conﬁned Yarkon–Taninim aquifer, Israel (Laskow, 2008). This
interpretation is based on the straightforward logging tool that
indicates borehole irregularities (caliper log), complemented by
additional borehole logs. The caliper log can indicate weaker intervals along a borehole (local increase of borehole diameter in hard
rocks indicates fracturing with possible enlargement by dissolution), but those intervals can also indicate collapses and washouts
caused by drilling. In order to verify that the weaker intervals indicate solely karst voids, we incorporated three additional, commonly used borehole logging methods: Resistivity, gamma-ray
and acoustic. These data logs have been commonly collected during past decades at both water wells and oil wells throughout
the world, and thus a vast database exists that can now be investigated further to characterize karst regions.
Once the log data were analyzed and karst voids were detected
throughout the aquifer basin (see Section 3.1), the karstic character
of the aquifer was identiﬁed and veriﬁed. In order to overcome the
difﬁculties in characterizing an aquifer from geographically scattered boreholes we combined the existing geological and hydrological data with established speleological processes. First, we
estimated the historic hydrological regimes of the aquifer and in
doing so considered temporally changing factors, such as: lithology
(including permeability, thickness and spatial distribution of each
lithological unit); tectonic and structural constraints (affecting
the hydrological head and outlet, unsaturated and saturated areas,
sedimentation thereafter, and stratal dip).
Examining the scenarios for karst development under different
hydrological regimes is a crucial step in categorizing the karst
voids found using geophysical methods (Ford and Williams,
2007). A majority of common caves display different ‘‘levels’’ in
their major conduits that have been created in response to changes
in the elevation of springs and associated water tables (Ford, 1999).
A close association of large and relatively common karst voids with
the water table is observed also in hypogenic, hydrothermal, and
isolated caves (Dublyansky, 2000; DuChene and Hill, 2000; Frumkin and Fischhendler, 2005; Hose et al., 2000; Klimchouk, 2009).
Within the lateral ﬂow zones of karst aquifers, voids are particularly abundant close to discharge areas, with a wider distribution
along carbonate coastlines (e.g. Mylroie and Mylroie, 2007). These
observations imply base-level controls on speleogenesis, that can
be used as a proxy for paleo-hydrological reconstruction.
In our research, we found abundant karst voids at different
depths (hundreds of meters below the present groundwater table)
and a strong correlation between the spatial distribution of voids
and paleo-canyons along Israel’s coast line. Following the common
occurrence of speleogenetic activity, close to the water table, and
evidence from Mediterranean canyons (e.g. Mocochain et al.,
2009) we assume strong base-level control on the vertical distribution of karst voids during the gradual rise of sea level and associated river aggragation. This allows us to attempt a reconstruction
of the hydrological regime at different sea levels, using the karst
voids as markers for stable long-term ﬂow close to the water table
(see Section 4.2).
This study shows that deep karst voids can be identiﬁed by a
new method of geophysical interpretation of common borehole
logs. Furthermore, the data can help in understanding paleohydrological regimes associated with sea level elevations and river
entrenchment.

2. Study area background
Our research area is the conﬁned part of the Yarkon–Taninim
aquifer, Israel (Fig. 1). This aquifer is one of the three main fresh
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water sources in Israel which supply 40% of drinking water in
the country (Gvirtzman, 2002). Many karst systems have been discovered throughout the modern unsaturated zone of the aquifer,
some by drillings but most by cave exploration close to the surface
(e.g. Frumkin and Fischhendler, 2005; Frumkin et al., 2009). Most
of the saturated part of the aquifer is conﬁned by younger formations, that range from several meters in thickness at the foot of
the Judea and Samaria mountains up to 1000 m thick at the
Mediterranean shoreline (Fig. 1B).
The aquifer geographical boundaries extend from south of the
Carmel mountains in the north to Sinai in the south, and from
the Judea and Samaria mountains groundwater divide in the east
to the Mediterranean Sea in the west. The western edge of the
aquifer is close to the present shoreline, where a karstic shallow
water facies (Judea Group) changes laterally to a deep-water chalk
facies (Talmei Yafe Fm.) that forms a bordering aquitard under the
present Mediterranean Sea. The recharge zone of the aquifer is on
the western slopes of the Judea and Samaria mountains, while its
natural discharge points are Rosh-Ha’ayin and Taninim springs
(Fig. 1). Groundwater ﬂows from the recharge zone mainly westward, and then northward towards the springs. North of the
Rosh-Ha’ayin Springs the groundwater ﬂows divide into a southern
ﬂow, and a northern ﬂow towards the Taninim Spring. Extensive
pumping from the aquifer during recent decades lowered the aquifer groundwater level below the Rosh-Ha’ayin Springs, so today the
aquifer’s major outlets are water-wells and Taninim Spring.
The Yarkon–Taninim aquifer consists of Cretaceous, mostly carbonate, rocks of the Judea Group. The formations in the Judea
Group are divided by their hydraulic properties into three units:
upper sub-aquifer (thickness of 300 m), aquitard (thickness of
100 m) and lower sub-aquifer (thickness of 400 m). The Mt.
Scopus Group of Senonian–Paleocene age and the Avedat Group
of Eocene age, which consist mostly of chalk, overlie the Judea
Group. Mt. Scopus Group and Avedat Group along with younger
formations conﬁne the Yarkon–Taninim aquifer at the foot of the
Judea and Samaria mountains, all the way west to the shoreline
(Fig. 1).
In this study, we focus on karst voids indicating past hydrological regimes that the aquifer has experienced. Major events during
the Oligocene–Pliocene age changed the aquifer’s outlets and associated groundwater ﬂow. During the Oligocene, regional uplift of
the mountains began and there was massive erosion while the
Tethys Sea regressed (Bar et al., 2008; Frumkin, 1993). According
to Neev (1960) and Gvirtzman (1970), deep canyons were formed
along the coastline of Israel during the Oligocene, reaching a maximum depth of 2000 m. These canyons exposed part or most of the
aquifer’s formations.
During the Late Miocene (6 Ma) the movement of the African
plate towards the Euro-Asian plate closed the Straits of Gibraltar
and temporarily isolated the Mediterranean Sea from the Atlantic
Ocean (Krijgsman et al., 1999). For a period of 0.6 m.y. (Messinian
Salinity Crisis) the Mediterranean Sea dropped to hyper-saline low
levels with precipitation of evaporite minerals. According to Flecker and Ellam (2006) this precipitation was a result of a limited
Atlantic transgression under a dominant evaporation regime,
contra the previous desiccation and connected basin hypotheses
(Hsü et al., 1973; Cita, 1982; Fabricius and Hieke, 1977). There is
a vast range of evidence for the sea level changes occurring in several regression–transgression cycles (Butler et al., 1999; Decima
and Wezel, 1973; Hao, 1991; Hsü, 1972; Krijgsman et al., 1999;
Clauzon et al., 1996; Flecker and Ellam, 1999), although the causes
for the sea level changes are still debated. The bases of the canyons
along Israel’s coastline are ﬁlled with lower Saqiya Group deposits
of Oligocene–Miocene age. These deposits reach maximum thicknesses of 1000 m, so reducing the outcrops of the aquifer formations in the canyons walls during the late Miocene (Fig. 2).
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Fig. 1. (A) Yarkon–Taninim Aquifer location map with the current natural groundwater table (after Dafny, 2009) and (B) geological cross-section (B–B0 ) near Rosh Ha’ayin
springs and Petach Tiqva paleo-canyon (after Gvirtzman, 1970), see cross section location at (A). At the conﬁned zone of the aquifer, the Judea Group is thinning westward,
accompanied by faulting.

A major transgression occurred in the Early Pilocene age
(Caracuel et al., 2004; Agusti et al., 2006) during which marl and
clay were deposited, covering most of the paleo-canyons (Yafo
Formation – upper Saqiya Group). In the Late Pliocene another
minor uplift of the mountains (of 100–150 m), is associated with
tilting to the west (Bar et al., 2008) and further sedimentation on
the coastal plain. Today all paleo-canyons are completely covered
by the Late Cenozoic sediments.

3. Methods
3.1. Geophysical method and interpretation
The integrated geophysical method, as shown in Table 1, is
based on four types of borehole logs: resistivity, gamma-ray, caliper and acoustic. The resistivity and gamma-ray logs help separate
the karstic lithologies from the non-karstic ones, while the caliper
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Fig. 3. Example of geophysical log recordings at a well (‘Achisemach 2’; Table 2),
used for identifying suspected karst voids (Table 1). The intervals, deﬁned as
Permeable Fractured Zones (PFZ), were selected with the following criteria: (1)
resistivity (RT) is higher than 50 X/m, (2) low gamma-ray (GR), and (3) the acoustic
log interval transit time (DT, or DT in the ﬁgure) jumps to high values and the
caliper has high to maximum values. Intervals of drilling without return (DWR) of
drilling circulation ﬂuid and PFZ are marked on the left.

W

Geological legend
Kurkar Gr.
Saqiya Gr.
Avedat Gr.
Mt. Scopus Gr.
Judea Gr.
Fig. 2. Schematic block diagram showing development stages of the Aﬁk Canyon in
the coastal plain (modiﬁed after Gvirtzman, 2002). (A) Regression promoting the
erosion of Judea, Mt. Scopus and Avedat Groups to form the canyon (see location at
Fig. 9 and 10); (B) transgression and canyon ﬁlling; (C) complete canyon burial.

Table 1
Geophysical logs criteria for Permeable Fractured Zones (PFZ).
Resistivity log

Gamma-ray log

Caliper log

Acoustic log

High (P50 X/m)

Low

High to maximum

Cycle skipping

and acoustic logs identify borehole diameter irregularities originating from geological processes.
In order for karst to develop, the host rock must be soluble with
few interbedded insolubles (Ford and Williams, 2007). In this case,
carbonate rocks, limestone or dolomite, dominate the Judea Group
sequence. An extensive lithofacies analysis was carried by the

Geophysical Institute of Israel, using dozens of wells with full formational and lithological data from cutting and cores together with
the full set of well logs (Ben-Gai et al., 2007; Goldberg and Gendler,
2007). This analysis yielded 10 lithological types, which can be conﬁdently identiﬁed from the well log data. Limestone and dolomite
can be identiﬁed by excluding shales and marls with resistivity
and gamma-ray thresholds because shales and marls are characterized by low resistivity and high gamma-ray values (Table 1).
A sudden increase in the caliper log mechanical recordings suggests a weaker or enlarged diameter of the borehole. However, the
caliper log does not differentiate such intervals caused by drilling
from those due to geological processes (fracturing and dissolution),
therefore, supporting evidence for such interruptions is needed.
This may be obtained from the acoustic log readings and corresponds to the ‘‘cycle skipping’’ concept. To brieﬂy describe the basis of this concept: during measurement, in some cases the signal
arriving at the second receiver is too low to trigger the detection
of the ﬁrst arrival; due to strong attenuation of the signal detection
then occurs at the second or third cycle. We therefore have missed
or skipped cycles that show up as a sudden and abrupt increase in
the interval transit time (DT). Such sudden jumps in DT are linked
to either the presence of gas (and sometimes oil) or a fractured
zone (Serra, 1984). Since there is no evidence of oil/gas in the Yarkon–Taninim aquifer, we can assume that the most probable cause
is presence of fractures.
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The four logs were interpreted using ‘Kingdom’ software (2d/3d
PAK-EarthPAK Version 8.1, by Seismic Micro-Technology, Inc.). An
example of the geophysical interpretation of ‘Permeable Fractured
Zones’ (PFZ) is shown in Fig. 3.
The evidence from these logs indicates that there are fractured
zones in the massive carbonates, most probably of karstic nature.
This assumption is plausible since in fractured saturated aquifers,
such as Yarkon–Taninim, groundwater ﬂow is concentrated along
these zones and assuming mild aggressivity, with time the fractures will grow larger by dissolution (Worthington, 2003). The
Yarkon–Taninim aquifer has been active for millions of years and
is known for its karstic nature in the shallow subsurface. Many
karst cavities have been found both in the unconﬁned zone of
the aquifer (e.g. Frumkin and Fischhendler, 2005; Fischhendler
and Frumkin, 2008) and under conﬁned conditions close to the
conﬁnement line (e.g. Frumkin and Gvirtzman, 2006; Gvirtzman,
2002). In the conﬁned zone, though under thin conﬁnement,
images from cameras lowered into wells show the presence of
many karst voids, some concentrated along fractures (Fig. 4).
In our research area, we had existing data for all four logging
methods at 47 oil and water wells. The interpretation was made
for those boreholes for the detection of karstic intervals (Ben-Gai
et al., 2007). Downhole video imaging was not available. In support
of the karstic nature of the PFZ intervals, those intervals were compared to drillers records of intervals of drilling without return
(DWR, also called ‘Loss of circulation’). DWR intervals are recorded
during the drilling when the drilling mud does not come back up,
which indicates that the mud discharged into a void. A DWR interval upper limit is placed where the ﬁrst void was encountered and
they continue deeper until a thicker undisturbed layer is reached.
Thin intervals of solid rock (either porous carbonate or shaley carbonate) were discovered between these intervals by careful well
log analysis. All of the PFZ intervals detected in this research had
corresponding DWR intervals, but the PFZ method proves to be
more accurate in identifying karstiﬁed zones than the DWR intervals. The reason for this is that DWR can occur in non-PFZ zones
when drilling circulation is lost into adjacent PFZ zones (e.g.

Fig. 3, at elevations of 200–250 m a.s.l. and 450–550 m a.s.l.) or
by the drilling process.
3.2. Analyzing hydrogeological constraints on karstiﬁcation
The spatial distribution of karst voids found by these geophysical methods was compared with the regional data for the aquifer’s
past and present: geology, hydrology, geography and speleology.
Different processes for possible karst development in the conﬁned
Yarkon–Taninim aquifer were considered and are represented by
different variables. The spatial distribution of the karst voids was
categorized by geographic regions (central, south and coastal plain,
Fig. 1); sub-aquifer (upper, aquitard, lower); and lithological units
(formations). The following variables were then correlated with
the spatial distribution of the karst voids, assuming that the
stronger correlations may indicate hydrogeological constraints on
karstiﬁcation:
(1) Variables connected to the present ﬂow: average and maximum geological dip upstream from the borehole, distance
from the borehole to the upstream groundwater divide, area
of recharge zone (as well as comparing each sub-aquifer
karst intervals to the sub-aquifer area exposed), and current
rainfall (assuming the rainfall gradients remained more or
less constant during the Late Cenozoic).
(2) Distance from the borehole to regional geologic features:
major geological structures, paleo-canyons and known faults
and fractures.
(3) Distance from the borehole to the conﬁnement line.
4. Results
4.1. PFZ intervals correlations
Our geophysical interpretation of the 47 oil and water wells
show a total of 112 PFZ intervals in 32 of the wells, ranging from
one to nine distinct detections per well. The average aggregated

Fig. 4. Borehole video images of karstic voids at the upper Yarkon–Taninim aquifer formations, near Gezer Power Station (approx. 20 km south of Rosh Ha’ayin spring).
Borehole diameter is 400 (10 cm). These boreholes are not included in the 47 logged boreholes analyzed in this study.

Well name

Achisemach 2
Agur 01A
Ajur 10
Ashalim 2a
Beer Sheva 1a
Beeri 03
Beeri West 01
Beit Eliezer Monitor
Bessor 01
Brur 8
Eshtaol 7
Eshtaol 9
Gaash 02
Gan Yavne 04
Gerar 01
Gimzo 1
Hazerim 01
Hoga 01
Julie 01
Kefar Darom 01
Kerem Shalom 01
Kfar Uria 11
Qiryat Gat 01
Kissuﬁm 01
Mashabei Sade 3
Mashabe Sade 1a
Meged 03
Modiin 4
Nehusha 1a
Newe Yarak 2
Nitsana 3
Peteh Tiqva 02
Revivim 2
Revivim 3
Rosh Ha’ayin 12
Saad 02
Sadot 01
Sharon north 203
Sharon south 103
Sheqef 01
Shuva 01
Tut 3
Tut 4
Yesha 01
Zeelim 1a
Ziglag 01
Zoharim 1

Well ID

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

191929
142141
201860
170980
175433
151219
148187
195702
147541
163164
201300
201680
183836
173808
167182
195085
168135
163541
144821
136696
133432
193377
178872
139717
171849
177926
194025
203588
187473
194260
141845
188692
171897
176019
193228
155220
124614
195470
194460
193067
158617
200168
202266
138700
155561
185940
194862

X

Coordinate
(Israel TM)

649770
550678
622312
539580
574015
594016
596557
701753
585674
608483
630600
633001
681436
633591
589413
649477
565311
602197
575460
592386
571852
635779
611859
585550
544212
546926
672856
638651
615464
669733
535700
667488
552770
548699
667618
598351
567483
688700
676046
602550
596406
721834
721994
576300
567794
590555
613484

Y

Table 2
Borehole data-base for the Permeable Fractured Zones (PFZ).

69
181
365
331
226
82
60
36
72
54
277
332
31
63
146
87
235
101
133
22
72
134
129
87
304
327
25
251
206
33
218
37
261
318
29
111
79
53
39
363
120
46
76
72
145
340
315

Surface elevation
(m a.s.l)

859
5147
996
945
527
1315
2300
1200
4567
1933
1227
840
5508
2677
3550
830
4019
2459
4082
3530
1300
704
1171
2952
567
629
4742
1156
965
352
681
2560
914
745
823
2208
3963
540
425
1007
2450
912
787
1199
600
2088
1000

Total depth
drilled (m)

91
80
24
0
245
357
556
653
628
290
398
0
803
1186
595
15
285
326
1008
1291
1080
84
563
887
245
315
243
288
612
104
468
220
689
423
48
426
980
317
220
765
459
570
555
877
342
162
705

Top Judea Gr. depth
(m from surface)

768
475
650
335
282
60
201
547
46
380
800
531
633
205
773
719
565
760
78
539
220
587
608
624
322
314
941
516
353
248
213
892
225
322
775
570
575
29
205
242
736
343
50
322
258
475
295

Judea Gr. thickness drilled, with
logs (m)

193
61
7
10
17
0
0
124
0
67
31
35
6
0
22
2
0
4
0
13
0
0
97
12
0
49
221
37
4
35
0
75
14
25
292
4
0
29
64
18
33
0
0
0
0
16
2

Aggregated thickness of PFZ in
Judea Gr. (m)

4
3
2
2
3
0
0
5
0
6
8
5
1
0
5
1
0
2
0
3
0
0
6
2
0
1
9
3
1
3
0
6
3
3
8
1
0
2
4
3
3
0
0
0
0
3
1

No. of PFZ
intervals

25.1
12.8
1.1
3.0
6.0
0.0
0.0
22.7
0.0
17.6
3.9
6.6
0.9
0.0
2.8
0.3
0.0
0.5
0.0
2.4
0.0
0.0
16.0
1.9
0.0
15.6
23.5
7.2
1.1
14.1
0.0
8.4
6.2
7.8
37.7
0.7
0.0
100.0
31.2
7.4
4.5
0.0
0.0
0.0
0.0
3.4
0.7

% PFZ of Judea Gr.
drilled
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Fig. 5. Aggregated thickness of PFZ intervals categorized by their location in each of the three sub-aquifers (upper, aquitard and lower) and their geographic location (central,
south and coastal plain regions).

line, Fig. 7A); and (2) The distance from a paleo-canyon (Fig. 7B).
Considering the westward dip of the aquifer rocks, the overburden
thickness (i.e. the depth of the top of the Judea Group from the surface) increases westward, this also corresponds to an increased distance from the conﬁnement line (Fig. 8). Thus, we ﬁnd more karstic
features near the conﬁnement line and near the paleo-canyons
than further away from these features. PFZ distribution does not
correlate with other variables.
Fig. 8 shows that although karst is more abundant under thin
burial, we ﬁnd PFZ intervals under thick burial (up to 1200 m) all
along the aquifer’s SE to NW cross section. This observation can
be associated with paleo-water tables (higher in the east and lower
in the west) and stratal dip. It is hard to identify speciﬁc groundwater levels associated with speciﬁc PFZ formations because the present PFZ levels may integrate several superimposed effects, such as
temporally-changing groundwater levels, and westward tilting. In
addition, the decrease in karstiﬁed rocks with depth (Fig. 7A) can
be associated with lithostatic pressure upon burial, yielding an
exponential decrease of porosity with depth in limestones
(Milanovič, 1981 cited in Ford and Williams, 2007); however, considering the exponential decrease in the coefﬁcient of karstiﬁcation
with depth (Milanovič, 1981 cited in Ford and Williams, 2007), the
presence of voids under thick burial (Fig. 7A and 8) suggests that

thickness of PFZ intervals is 51 m, ranging from 2 m to 292 m in
individual wells (Table 2; Laskow, 2008). The total PFZ detected
occupied 7.9% of the drilled interval within the Judea Group.
A comparison of the karst voids discovered in different geographic regions in the three sub-units of the aquifer yields two major results (Fig. 5). The ﬁrst is that in the lower sub-aquifer, PFZ
intervals are relatively uncommon, but are found mostly at the
coastal plain. The second is that most of the PFZ intervals are found
at the upper sub-aquifer and most of those are located in the central region. This is in agreement with previous ﬁndings that show
the different hydraulic conductivities in different geographic parts
of the aquifer. The aquifer groundwater level records during the
past 20 years (measured in three wells, representing three parts
of the aquifer: north, center, and south) show that the groundwater
level ﬂuctuations, either seasonal or yearly, are quicker in the
northern and central parts of the aquifer than in the south
(Fig. 6). This can be clearly observed in the records of the winter
of 1991-2, when the aquifer recharge was over twice the average
annual recharge (the highest record in 100 years). These rapid ﬂuctuations relate to high hydraulic conductivity, which can be explained by the abundance of karst voids (Gvirtzman, 2002).
The variables that correlate best with PFZ interval thickness are:
(1) The overburden thickness (or distance from the conﬁnement
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Fig. 6. Groundwater levels at three reference wells at Yarkon–Taninim aquifer (after Gvirtzman, 2002). The wells (Beer Sheva obs., Petach Tiqva oil and Menashe T-1)
represent south, center (near Rosh Ha’ayin Spring) and north (near Taninim Springs) sectors of the aquifer, respectively (Fig. 1). m a.s.l. is meters above sea level.
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Fig. 7. Variables that correlate with the aggregated thickness of PFZ intervals. Each dot corresponds to one well. Negative correlations were found between the aggregated
thickness of PFZ intervals at Judea Group and (A) the depth of top Judea Group (including all 47 wells) and (B) the distance to the nearest paleo-canyon (including only the 19
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Fig. 8. A schematic south-east to north-west cross section of the aquifer with projected PFZ depth in the conﬁned Judea Group (including all 47 studied wells).

dissolution could occur under thin, if any, burial in past hydrogeological conditions.
4.2. Paleo-hydrological reconstruction
Two ﬁndings lead us to focus on the paleo-canyons located
along Israel’s shoreline: (1) the correlation of karst voids distribution with paleo-canyons and (2) the lower sub-aquifer voids found
largely along the coastal plain. To understand the hydrogeological
setting when the paleo-canyons were active, we reconstructed the
aquifer’s groundwater level at different stages of sea level rise,
from the time when the paleo-canyons exposed the entire Judea
Group aquifer until they were completely ﬁlled with sediments
(Fig. 2). During that period, we assume that the aquifer recharge
area at the Judea and Samaria mountains remained constant. The
original uplift and tilting which exposed the current recharge area
occurred at least 30 million years ago, i.e., earlier than the modeled
period. We further assume that the location of the conﬁnement
line at the eastern model boundary has remained constant since
the Oligocene, because the tectonic tilting axis is located approximately along the conﬁnement line. The consequent Mediterranean
sea level ﬂuctuations and associated sedimentation have thickened
the original conﬁnement, without transforming its eastern boundary. The current conﬁned zone, capped today by impermeable late
Cenozoic sediments was under phreatic to semi-conﬁned conditions when groundwater discharged along aquifer outcrops. The

paleo-canyons exposed most of the aquifer layers, thus allowing
discharge along their walls followed by subaerial ﬂow to the Mediterranean Sea. The groundwater ﬂow during the Quaternary is
conﬁned due to the late Cenozoic impervious cover serving as a
hydrologic barrier to the west.
We used a model to reconstruct the aquifer groundwater level
for ﬁve different sea levels: 1250 m a.s.l., 1000 m a.s.l.,
750 m a.s.l., 500 m a.s.l. and 250 m a.s.l. (Fig. 9). These levels
represent past scenarios of relative sea-land conﬁgurations, rather
than true sea levels. The model groundwater levels were calculated
using the outlets of the aquifer (exposed Judea Group in the canyons walls – western boundary) with typical water table steady
state inclines of 0.015–0.005. The model spatial boundary to the
east was the conﬁnement line and did not include the past or present unconﬁned zone, due to the different groundwater gradients
prevailing in the two zones (high in the unconﬁned and low in
the conﬁned; Fig. 1). The western boundary is the aquifer outlets
at each sea level. This is based on structural maps and sub-crop
maps of the truncation surface, which had cut into the
Mesozoic–Early Cenozoic rocks (Fleischer and Gafsou, 2000), as
well as the Late Cenozoic sediments ﬁlling the canyons (Gvirtzman,
1970; Steinberg et al., 2008). At each of the ﬁve stages, we compared the karst void locations with the reconstructed aquifer
groundwater level and marked them as either above or below that
level. We assume a hydrologically stable period when we observe
more karst under a particular groundwater level at the interval
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Fig. 9. Paleo-hydrological reconstructions of Yarkon–Taninim Aquifer for ﬁve different sea level elevations (A. 1250 m a.s.l., B. 1000 m a.s.l., C. 750 m a.s.l., D. 500 m
a.s.l. and E. 250 m a.s.l.). Reconstructed groundwater levels (WL) are marked both by contours and by gradient color (darker = deeper). The wells are marked (with their ID,
see Table 2) as either with PFZ below the WL (black) or without PFZ below the WL (white). Paleo-canyons are marked along the shore. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

between two reconstructed levels. Such stable periods allow longterm dissolution close to the water table.
When sea level was at 1250 m a.s.l., the only outlets for the
aquifer were at Petach Tiqva and Ashdod canyons (Fig. 9A). When
sea level rose to 1000 m a.s.l., additional outlets were possible at
Bat Yam and Aﬁk canyons (Fig. 9B). When sea level rose to 750 m

a.s.l., Ashkelon canyon served as an additional outlet (Fig. 9C).
When sea level was at 500 m a.s.l., most of the coastline could
serve as the outlet, including Barnea canyon (Fig. 9D). At sea level
of 250 m a.s.l., Aﬁk canyon and the south bank of Ashkelon canyon were abandoned by groundwater outlets, due to late-Cenozoic
sediment ﬁll (Fig. 9E).
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5. Discussion
We assume that the abundant PFZ in the hard carbonate rocks,
being subject to continuous groundwater ﬂow at least during the
late Cenozoic, are karstic. The good spatial correlation of such karst
voids with paleo-canyons suggests a ‘per ascensum’ karst level genesis (sensu Mocochain et al., 2009) during rising sea levels and the
associated aggradation of the canyons. Therefore, most karst voids
probably formed close to their coeval water table associated with
the bottom of the nearest canyon.
The greatest abundance of PFZ is observed near the Petach Tiqva
canyon (Fig. 9). High gradient groundwater ﬂows (dense groundwater level lines in Fig. 9) were associated with a sea level elevation of 1250 m a.s.l., and also at higher sea levels near Petach
Tiqva canyon and Bat Yam canyon. This intensive karstiﬁcation
was promoted by longer outﬂow periods and/or higher ﬂux and
ﬂow velocities compared to other parts of the aquifer. This regime
applies also to the present outlet of the aquifer at the Rosh Ha’ayin
springs near Petach Tiqva canyon (Fig. 1). This is in agreement with
the standard principle of karst development – that there is enhanced aquifer permeability where discharge is large (Palmer,
1991).
The greatest abundance of karst voids is associated with sea
levels of 500 m a.s.l. and 250 m a.s.l. At these levels, the number of karst voids and their aggregated thickness are twice those
at 750 m a.s.l. level and 500 m a.s.l. level, respectively. At sea
levels of 750 m a.s.l., 500 m a.s.l. and 250 m a.s.l., the average
aggregated thickness of PFZ below groundwater level was 17.6 m
(in 7 wells), 31.5 m (in 11 wells) and 57.9 m (in 14 wells) respectively. From this we can infer that most of the karst found near
the paleo-canyons (covering a large part of the aquifer) was
formed at a time when sea level was at 500 to 250 m a.s.l.
or higher.
Our paleo-hydrologic reconstruction is of the karstiﬁed Cretaceous bedrock. Therefore, the relative elevation difference between
paleo- and present sea levels for the ﬁve reconstructed scenarios is
comprised of two effects: Mediterranean sea level changes and local tectonic subsidence, associated with the westward tilting of the
region during the past 30 million years. Differentiation between
subsidence and sea level changes is not possible in this study, so
we refer to relative sea level changes, which include both effects.
In addition, we discuss the hydrological conditions that can explain
the karst evidence, but we cannot precisely date each transgression
stage (between the Oligocene and the Pliocene). However, at sea
levels higher than 750 m a.s.l. Miocene deposits of the Saqiya
Group were probably already deposited within the canyons
(Gvirtzman, 1970), thus these higher sea levels are more likely
associated with the Early Pliocene transgression rather than with
earlier transgressions.
In addition, we found a negative correlation between the karst
void abundance and the thickness of the conﬁning layers (and
associated distance from the conﬁnement line westward). Under
thick conﬁnement (present regime), water ﬂow is stagnant with
some upward cross-formational ﬂow (sensu Klimchouk, 2009).
Such a ﬂow, where active, could enhance aggressivity close to
the water table in several ways (Frumkin and Gvirtzman, 2006).
Upward cross-formational ﬂow was noticed close to the conﬁnement line, around regionally small structures where the Judea
Group formations were uplifted to the surface or above the water
table (Frumkin and Gvirtzman, 2006; Klimchouk, 2009). West of
the conﬁnement line, the conﬁning beds become thicker, associated with increased Quaternary sedimentation rates and tilting of
Senonian–Eocene sediments. During the Quaternary, the conﬁned
ﬂow became relatively stagnant, and there is less renewed
aggressivity.

Fig. 10. Karst abundance map of Yarkon–Taninim (YT) conﬁned aquifer, based on
the variables affecting karst development according to the present study. Paleocanyons are marked along the shore. The aggregated thickness of PFZ intervals in
the Judea Group observed in each studied well is indicated by circle size and color,
with well ID (see Table 2). The unconﬁned part of the aquifer is shaded dark gray.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

The ﬁnal output of the research is a map of the proposed karst
abundance (Fig. 10). This map is based on the two variables that
mostly affect karst development in the study area; proximity to
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the conﬁnement line and to the paleo-canyons, and according to
the karst hydrological reasoning elaborated so far. This study could
not explain the presence of karst at some wells located in the
southern part of the aquifer. These areas are marked as ‘unknown’
together with the areas where no karst was found.
6. Summary and conclusions
In this paper we introduce a new method of geophysical interpretation to detect deep karst voids based on common borehole
logs. This method can be applied to conﬁned carbonate aquifers
using existing borehole data.
In our study area, we found a denser distribution of karst voids
near the conﬁnement line (under shallow conﬁnement). This can
be explained by two effects: (1) intense ﬂow close to the aquifer’s
outlets around Rosh Ha’ayin spring and Petach Tiqva canyon. The
Rosh Ha’ayin outlet drained water from all sides during most periods, including the present, while the Petach Tiqva canyon served as
a dominant outlet during the Oligocene–Miocene and (2) along the
conﬁnement line, renewed aggressivity is achieved by hypogene
water rising in cross-formational ﬂow and mixing with fresh lateral ﬂow from the east. Under thick conﬁnement, west of the conﬁnement line, the ﬂow is more stagnant.
We also found an abundance of karst voids near paleo-canyons
which drained the aquifer to the Mediterranean Sea. Today, these
voids are located under a thick overburden (up to 1200 m), suggesting that dissolution occurred under thin, if any, burial during
past hydrogeological conditions. The karst voids near the paleocanyons were analyzed for various paleo-hydrological regimes
experienced in the aquifer. Those reconstructions indicate that
the outlets of the aquifer were through springs along the paleocanyons rather than the present outlets of Taninim and Rosh
Ha’ayin springs. Therefore, we conclude that karst was favorably
developed where groundwater ﬂow was intense, a condition which
existed close to outlets. The paleo-canyons served as important
outlets of the aquifer when sea level was lower than today. Relative
sea levels of 500 and 250 m a.s.l. are associated with higher
karst abundance, indicating longer durations of ﬂow at these levels. The actual sea levels were somewhat higher because the present elevation of the karst voids is also affected by subsidence.
In conclusion, we offer here a method for locating karst voids by
using geophysical analysis of four different borehole logs. We show
that together with geological and hydrological data and known
speleological constraints, paleo-hydrological regimes can be reconstructed. This method yields a better understanding of paleo- and
present hydrological conditions and can help in mapping karst distribution at a basin-wide scale.
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