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Abstract

Analysis of available data indicates that different values of the Curie temperature for magnetite and titanomagnetites along with
transition between ferric (Fe I1I) and ferrous (Fe II) iron could lead to significant errors in the Curie point depth determination using
magnetic data. Based on analysis of geothermal and magnetic methods used for the Curie point depth determination in different
regions it is shown that for conditions in the Eastern Mediterranean examination of the magnetic field should be used for
determination of the bottom edges of magnetized bodies/layers only. The authors demonstrated that the depth of the bottom edges
of magnetized bodies couldn’t be greater than the depth of the Curie point for magnetite. On example of Israel and adjoining
regions of the Eastern Mediterranean it is shown that in regions with a low heat flow and low vertical geothermal gradient, the
depth of the Curie point is usually greater than that of the Moho discontinuity. An improved geothermal method of temperature
calculation and other geothermal parameters analysis was used to determine the Curie point depth in the regions of the Eastern
Mediterranean and adjoining areas. A new map of the Moho discontinuity for the region covering Israel, Jordan, Palestinian
autonomy, Syria, Lebanon, and the eastern part of the Mediterranean Sea was composed. The Moho discontinuity map was utilized
for the development of a first map of the Curie point depth for Israel.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction and short review of the problem

It is widely accepted that the main ferromagnetic
mineral in the lithosphere is magnetite (Fe30,), with the
Curie point of about 848—851 K [1,2]. Two main iron
oxides: ferrous oxide (FeO, or wiistite) and hematite (-
Fe,03) are paramagnetics, and maghemite (y-Fe,03) is
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the only iron oxide with ferromagnetic properties,
having a Curie point of about 948 K. In natural
occurrences, maghemite is predominantly formed by
the low-temperature oxidation of magnetite; however, it
is thermodynamically metastable and it converts to
hematite when heated above ~523 K [3]. On the other
hand, iron oxides are usually presented in compounds
with some other minerals containing Ti, Mg, Ca, Ni, etc.
For example, the main magnetic minerals of igneous
rocks are titanomagnetites [1]. The Curie point of
titanomagnetites is strongly depending on the amount
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and type of titanium and iron oxides in the compound
rock or mineral [1,2,4,5], and their Curie point could
vary from 373 to 823 K. Such low Curie point (373 K) is
used in some cases to explain the shallow depths of the
bottom edges of magnetic bodies (BEMB) occurring in
ancient platforms [2].

Methods used for determination of the Curie point
depth (CD) could be divided into two groups: (I)
geothermal methods and (IT) magnetic methods. Geo-
thermal methods are based on utilization of such
geothermal data as heat flow and/or vertical geothermal
gradient, heat production and heat conduction. The
difficulties in employing geothermal methods are
always relating to the inability of taking direct
measurements of geothermal parameters at great depths.
At the same time, these methods have some advantages
for determination of the CD, which are related to exact
value of the Curie point and which should be specified
as one of the initial conditions. The geothermal methods
for the CD determination applied in some regions of
geosynclines [6,7] and stable platforms [7,8] indicate
that the CD could locate below the Moho discontinuity
(MD). This fact is in agreement with the data of [9]
showing that temperatures at MD of the Baltic shield
and some other regions of Europe are significantly lower
than that of magnetite’s Curie point. Since practically all
geothermal methods of temperature calculation depend
on the position of the top and bottom surfaces of vital
crust layers, it is clear that for regions with the CD depth
greater than MD, knowledge of the MD position is
crucial. The MD location in such regions is important
not only for determination of exact thickness of the
Earth’s crust, but also because the heat production by
the decay of radioactive elements is very small or absent
below the MD [8,9]. Various authors examined different
geothermal methods for the calculation of temperature at
great depths [for instance, [8,10]]. Several results of CD

determination using geothermal methods for some
regions are presented in Table 1.

It should be stated that for the CD determination, it is
not so much important which geothermal method is
employed, but rather how to use that method. Incorrect
use of any geothermal method will obviously lead to
decrease in accuracy of CD determination, or even
obtaining wrong results. Geothermal parameters
obtained in regions of hot spring activity could not be
used for such calculations. For example, use of
geothermal methods for determination of the CD in
some areas of Jordan [11,12] shows that the CD
calculated value is even less than that of the BEMB
defined using magnetic data analysis. In some other
cases, investigators are utilizing typical average values
of geothermal parameters for the continental shelf and
oceanic crust to estimate the depth of the CD [13]
instead of using real geothermal data observed in the
region. It should be underlined that such estimations
may cause significant errors.

Another geothermal method for temperature estima-
tion is based on measurements of heat flow near the
earth’s surface, and these measured values assumed as
unchanged with depth [10]. This method also cannot
give accurate estimations of temperature, because it is a
known fact that the geothermal gradient decreases with
depth increase [[8], see also Appendix A]. On the other
hand, determination of CD in such thermally active
region as Armenia (with near-surface geothermal
gradients of about 30 to 100 K/km) gave CD values
between 6 and 12 km [14]. At the same time, a wide
range of heat flow values was measured in this region
(from 38 to 157 mW/m?) [14,15]. The unstable
geothermal regime of Armenia, with its obvious visible
signs of the Quaternary volcanic activity, makes it
extremely difficult to use geothermal methods for
determining the CD in that region.

Table 1

Results of Curie point depth determination for some regions using geothermal data

Region Heat flow Geothermal gradient Curie point depth Reference
(mW/m?) (K/km) (km)

Basin and Range province, W. USA* 35-105 25-45 22 [85]

Eastern USA* 35-63 15-25 37 [85]

Middle-Kura depression, Azerbaijan (western part) 45-104 30-43 18-32 [6]

Middle-Kura depression, Azerbaijan (eastern part) 33-50 20-30 32-42 [6,8]

Lower-Kura depression, Azerbaijan 17-42 10-25 32-42 [6,8]

South-Caspian depression, Azerbaijan 17-42 10-20 44-50 *

Jordan 16-123 11-94 10-35 [11]

Armenia 38-157 30-100 6—-12 [14]

*The values of the heat flow and geothermal gradients for these regions are taken from [86].

#Data computed by the authors of the paper.
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The idea of using magnetic methods for determina-
tion of the Curie isotherm’s depth is based on the theory
proposed by Bhattacharyya [16] and elaborated further
in [17] and [18]. In this method, the spectrum analysis of
magnetic data is applied [17,18]. The employment of
magnetic methods for CD localization utilizes the idea
that since magnetic minerals are losing their magnetic
properties below the CD, the depth of BEMB in an area
should represent its CD. The term “magnetic crust” is
interpreted as the position of the Curie point isotherm
[4]. This idea gives the opportunity to use more com-
monly and relatively easily measured magnetic data for
the CD estimations [4,18—20]. Results of the CD deter-
mination for some regions obtained using magnetic
methods are presented in Table 2. Application of these
methods is also based on the idea that defined depths of
the Curie point could be used for the prognosis of
temperature.

However, use of magnetic methods arises some
problems, because it is unclear which value should be
accepted as the Curie point. Should it be the Curie point
of magnetite, or that of titanomagnetite? If it is the Curie
point of titanomagnetite, which value between 373 and
823 K is the best match for a region under study without
any knowledge about the concentration of Ti-oxides at
different depths? On the other hand, magnetic methods
are the only methods for determination of the BEMB
depth and it is unknown how to convert those
parameters to real temperature values within the crust

Table 2
The Curie point depth determined for some regions using magnetic
methods

Region Curie isotherm calculated Reference

using methods of magnetic

data interpretation

(km)
NW Ontario, Canada 9-16 [87]
Yellowstone National 4-22 [18]

Park, USA
Yellowstone National 7-17 [88]
Park, USA

Arizona, USA 2-30 [4]
Quseir, Egypt 10 [89]
Kyushu, Japan 6.5-15 [90]
Nevada, USA 5-30 [91]
Cascade Range, USA 9-15 [92]
S and S-E Asia 9-46 [20]
Volcanic area 4-22 [20]
Island arc 13-25 [20]
Back-arc rift 14-26 [20]
Marginal sea 12-30 [20]
Continent 9-45 [20]
Trench 30-45 [20]

and upper mantle. It is obvious that in different regions,
the mineral concentration could also be different. This
means that the CD determined for different regions will
relate to different Curie points and those values could
not be compared. Moreover, in some regions, the Ti-
oxide concentration may be very low, as that in the Kura
depression of Azerbaijan [6,8]. Such low values of Ti-
oxide concentrations cannot also represent their regional
values, and they could be only local. On the other hand,
the BEMB values in regions of ancient platforms
usually do not exceed 10—15 km [2,7], even though
the Curie temperature depth of magnetite in such regions
(calculated using geothermal data) is located at the
depths of 40—50 km and more [7,8]. In many cases, the
shallow depths of BEMB could be explained by ferric
iron (Fe III) instability under high PT conditions with its
transformation to ferrous iron (Fe II) [1,6,7,21]. Such a
transition is usually taking place at temperature of about
843 K, but this temperature could be significantly
reduced with increase of pressure [6,7,22]. The
statement that pressure increases with depth is obvious.
Under real conditions within the Earth’s crust the
transfer of ferric iron into ferrous takes place at the
temperatures between 473 and 673 K [6,7]. It was also
shown [6,7] that the position of BEMB best corre-
sponds to depths of this temperature interval. All the
data are in agreement with the known facts that not
only magnetite and hematite [1,2], but also ferric iron-
containing rocks and minerals are of secondary origin
[23]. These facts illustrate that in many cases the
position of the BEMB may be caused by ferric iron
instability under high PT conditions, and not by the
Curie point.

Analysis of available data indicates [7] that the Curie
isotherm should be used only for the determination of
the maximum possible depths of BEMB. In such cases,
for the calculation of the BEMB position, the Curie
temperature of magnetite (848—851 K) should be used.
A selection of the Curie temperature of magnetite is
based on the following facts:

(1) magnetite and its compounds are characterized by
the highest magnetic properties and magnetite is
the most often encountered magnetic mineral in
the Earth’s crust,

(2) the Curie point of magnetite is the highest among
the Curie points of commonly abundant magnetic
minerals (it was noted above that maghemite is
unstable above 523 K).

This means that the Curie isotherm, defined as the
depth of the Curie point of magnetite for concrete area,
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should have an equal depth or be deeper than any depth
of the BEMB. For example, analysis of the CD and
depth of BEMB for the Kura depression in Azerbaijan
shows that only in 3 cases out of 17 those depths are
equal, but in 14 other cases the CD is significantly
greater than that of the BEMB [6,7]. This fact proves
that the depth of Curie point for magnetite is the
maximal possible depth for minerals to hold their
magnetic properties.

From this point of view, it is unacceptable to use the
depth of the BEMB instead of CD. Earlier [6,7] it was
also proposed to use the depths of 473 and 673 K
isotherms, along with the CD for analysis of the
conditions for preservation of magnetic properties
within the lithosphere. These isotherms could be used
as limits of the temperature interval for the ferric—
ferrous iron transition.

For determination of the BEMB location in Israel
and adjoining areas of the Eastern Mediterranean, both
quantitative methods of magnetic anomalies interpre-
tation and 3-D combined modeling of magnetic and
gravity fields [24] were successfully applied. For CD
determination, geothermal methods described in [8],
as well as another procedures [25,26], were realized.
Simplified description of geothermal methods used for
the analysis of geothermal regime and the CD
determination in the regions under study is presented
in Appendix A. It represents a standard layered model
with some specifics of analysis and calculation of
different geothermal parameters by use of boundary
conditions between layers. An additional specific of
using layered model in Israel consists of that the Curie
point in this region is located deeper than the MD.
This fact demands addition to the layered model at
least one more layer below the MD, as well as some
assumptions about the geothermal gradient change
below the MD. This problem is directly associated
with the known data that below the MD concentration
of radioactive elements is substantially reduced and it
should significantly reduce a role of radioactive decay
on the value of geothermal gradient. On the other
hand, in Israel significant volcanic and geodynamic
activity was not observed. Considering these facts
together with extremely low geothermal characteristics
of the Earth’s crust in Israel and surrounding areas
and continuing cooling this crust from at least
Cretaceous, we can assume that geothermal gradient
right below the MD should not change significantly.
From the abovementioned follows that for thermal
calculations within a layer located right below the
MD, value of geothermal gradient could be accepted
as a constant.

2. Main geothermal features of Israel and adjacent
areas

For the analysis of the geothermal regime of Israel
and surrounding regions, geothermal data and results of
previous geothermal analyses [7,10,27—37] were uti-
lized. Regions of the Eastern Mediterranean (east of
Crete) are represented by very low values of heat flow
varying from 11 to 44 mW/m?, with its average value of
30.8 mW/m? [10,37]. Those values are significantly
lower than that of both the continental and the oceanic
crust. The heat flow in the Dead Sea Basin, excluding
the hot springs, varies in range of 35-40 mW/m” [28].
The heat flow for Israel varies from 7-20 to 80-93 mW/
m?, and in a few cases even higher, with an average
regional value of less than 40 mW/m?. The average heat
flow for the Levantine part of the Arabian—Nubian
shield is about 33-36 mW/m”. Although Israel’s
territory is characterized by a low geothermal regime,
hot springs in some areas (Sea of Galilee and Dead Sea
[36]) produce a high (up to 100 mW/m? and higher) heat
flow, but their influence is very local.

One of the most important problems of geothermics
is the evaluation of heat sources and their distribution. It
is widely accepted [for instance, [25,38]] that the main
source of heat in the Earth’s strata is the radioactivity of
long-living radioactive elements such as U-235, U-238,
Th-232, and K-40.

It is also known that in a homogeneous layer with
heat production caused by radioactivity, the geothermal
gradient is decreasing with depth increase (see Appen-
dix A). Some results of analysis of geothermal gradients
decreasing with a depth in different regions are
presented in Table 3. This table shows calculated values
of vertical geothermal gradient for regions with low heat
flow (Israel), normal heat flow (Williston Basin of
Canada, Middle-Kura depression of Azerbaijan, Central
Ventura Basin of the USA), high heat flow (Krasnodar
and Stavropol regions of Russia, Utah state of the USA),
and some regions with very high heat flow (Salton Sea
of the USA). These data support the fact of geothermal
gradient decrease with a depth in regions with different
geothermal regime. More detailed results of geothermal
gradient change are presented in Table 3 for some areas
of the Caucasus, because it is one of regions highly
covered by geothermal investigations (it includes
hundreds of temperature measurements at depths greater
than 4, 5 and even 6 km, and thousands of temperature
measurements at depths greater than 2 and 3 km).
Moreover, geothermal data in this region were partic-
ularly analyzed for change of geothermal gradient with
depth and in horizontal direction. The fact of significant
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Table 3
Change of vertical geothermal gradient with depth for some regions
Region Depth interval Average geothermal Percentage of geothermal Reference
(m) gradient gradient near-surface
(K/km) (%)
Krasnodar region, Russia 0-2000 30-40 70 [8,15]
2000-4000 30-35 65 [8,15]
4000-6000 25-32 57 [8,15]
Stavropol region, Russia 0-2000 35-50 71 [8,15]
2000-4000 35-45 67 [8,15]
4000-6000 30-35 54 [8,15]
Middle-Kura depression, 0-2000 25-43 76 [8,15]
Azerbaijan 2000-4000 20-35 61 [8,15]
4000-6000 20-30 42 [8,15]
Northern Israel 2300 18-20 46-54 [35]
Dead Sea region, Israel 2350-2750 16-22 20-61 [35]
Utah, USA 440-619 48 83 [93]
Salton Sea, USA 762-884 178.9 73 [94]
Central Ventura Basin, USA 1900-3600 23-27 70-86 [95]
Williston Basin, Canada 2000-3000 10-20 30-80 [96]
Michigan Basin, USA Phanerozoic 17.5 41 [97]

decrease of geothermal gradient with depth, especially
in near surface layers (first hundreds of meters and up to
1-2 km) shows that employing of geothermal gradients
measured at shallow depths and accepted as unchanged
with the depth for calculation of temperature at great
depths can cause significant errors. This means that
geothermal parameters measured near the Earth’s
surface should be used very carefully for temperature
calculation. Taking into account all abovementioned, we
applied for calculation of temperature mostly geother-
mal gradients calculated using temperature measure-
ments at highest possible depth in each area. Simplified
methods of geothermal data analysis and temperature
calculations used for calculations of CD are presented in
Appendix A.

3. Computing the Moho discontinuity depth in the
Eastern Mediterranean

CD determination in the regions with low geothermal
characteristics (heat flow and vertical geothermal
gradient) is strongly dependent on the position of the
Moho discontinuity (MD). During the last few decades,
many values of MD were determined for Israel and the
Eastern Mediterranean [11,12,37,39-45], but a very few
attempts were realized to compose a map of the MD.
Results of these determinations are presented in Table 4.
These data indicate that values of the MD calculated by
various investigators are in a satisfactory agreement.

The correlation method applied by the authors in [43]
consisted of comparison of Moho depth obtained by
deep seismic sounding (MDys,) with the Bouguer

gravity observed along the same seismic sections.
Computed corresponding relationships between MDyg;g,
and Bouguer gravity intensity was used as a basis for
computing of a map of MD for all territory of Israel.
However, performed analysis of Bouguer gravity
data together with the MD depth shows that the
previously applied methods of its determination
[43,44] need some corrections. The correlation between
the Bouguer gravity (Agpouguer) (Main part of these data
used are presented in Fig. 1) and values of MD for the
Eastern Mediterranean points at presence of at least two
independent data sets (Fig. 2). A graph in Fig. 2 was
composed using analysis of Agp,yguer from the Eastern
Mediterranean Sea (including Cyprus and Erathosthenes
seamount blocks). This figure testifies a sharp change in

Table 4
Comparison of results of Moho surface depth determination for some
areas of the region under study (values are given in km)

Northern ~ Central Southern ~ Eastern Reference
Israel Israel Israel Mediterranean Sea
- 26-30 18-42 18-24 [397*
30-35
- 30-35 28-36 - [407**
- - 36-40 23-27 [417**
19-25 25-30 - 22 [42]**
- 25-30 30-42 22-25 [52]**
19-31 23-42 25-36 19-28 [43]*
23-25 24-28 32-40 20-24 [447*
24-32 25-32 22-28 *

*Data from the map of Moho discontinuity.
**Data from the profiles and single Moho depth determinations.
#Data computed by the authors of the paper.
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Fig. 1. Gravity map (Agpouguer) Of the studied region (after [42]).

the relationship between the MD (in km) and Aggouguer
(in mGal s (107> m/s?)) for these regions with the
Aggouguer Values below and above 80 mGal. Almost all
values of Agpouguer™>80 mGal belong to the Era-
tosthenes seamount and Cyprus block. Based on these
relationships, the region under study was divided into a
few sub-regions for more accurate determination of the
MD position. These sub-regions are as follows: Israel,
Eastern Mediterranean Sea without the Eratosthenes and
Cyprus blocks, the Eratosthenes seamount, Cyprus
block, Jordan, Syria and Lebanon. For analysis of this
correlation between the Agpouguer and the MD depth
beside [43,44], the data of [11,12,45-60] were also
utilized. These data were analysed using methods

described in [43,44]. Performed examination of the
correlation between the MD and the Agpqyguer indicates
that in all cases a linear approximation could be
assumed. Obtained equations of these approximations
are presented in Table 5.

Based on the obtained equations (Table 5), for each
mentioned sub-region a map of the MD has been created.
After that, a common map of the MD representing all
sub-regions under study was compiled. The final map of
the MD for the studied region is presented in Fig. 3. This
map covers Israel, Jordan, Palestinian autonomy, Syria,
Lebanon, and the eastern part of the Mediterranean Sea.
It is a first Moho discontinuity map joining all these
areas to one unified map.
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Fig. 2. Correlation between the gravity field in Bouguer reduction and
Moho depth in the Eastern Mediterranean Sea (including Cyprus and
Erathosthenes seamount blocks).

The obtained MD values were utilized for determi-
nation of the CD in Israel and some adjoining regions of
the Eastern Mediterranean. In all cases of the CD
determination, the Curie point of magnetite (851 K) was
accepted as a general Curie point. The results of the CD
calculations for Israel are presented in Fig. 5.
Corresponding map of CD for other parts of the studied
region has not been constructed because of lack of
geothermal data in these areas. The CD estimations for
the region of Easternmost Mediterranean Sea gave
depths in the range of 38—50 km.

4. Computing of BEMB depths in Israel and
Eastern Mediterranean

Computing of BEMB depths was performed using
two ways: (1) 3-D combined magnetic-gravity modeling
using GSFC (Geological Space Field Calculation [24])
program (significant part of the computed results is
presented in [37]), and (2) advanced analysis of
magnetic anomalies using their singular and character-
istic points [24] (results of these investigations were
partially reflected in [7]). In the first case a direct
problem solution is realized and in the second—inverse
problem solution. According to our experience, a first
way is more exact and reliable since we apply combined
analysis of two potential fields (magnetic and gravity) in
many cases supported by seismic data utilization (in
areas where seismic sections were constructed). At the
same time practical realization of the first way demands
time expenditures in a few tens of time exceeding the

second way application. Some calculated BEMB depths
for the Eastern Mediterranean Sea and Israel are
presented in the map of the total magnetic field of the
same region (Fig. 4).

5. Discussion and some geological and geophysical
applications

The Bouguer gravity map of the Eastern Mediterra-
nean (Fig. 1) shows that the main features of Bouguer
gravity in the region are: (1) its values are maximal in
Cyprus (+80-200 mGal) and the Eratosthenes seamount
(+80-120 mGal), even though seismic data point at
presence of continental crust in these areas [37,41] with
significant increase of MD in regions of Eratosthenes (up
to 31-32 km [37] and 26—29 km [41]) and Cyprus (up to
26-29 km [37] and 35 km [41]); (2) its values are
positive in continental areas of western Syria, Lebanon,
northern and central Israel (maximal values of Bouguer
gravity in continental areas are about +70 mGal near
Haifa, Israel), and some areas of southern Israel; (3) its
values are negative in south easternmost part of the
Eastern Mediterranean Sea (right offshore Egypt and
Isracl) and in the same areas they are positive right
onshore. All these features could be clearly seen in Figs.
1 and 2, and it explains the fact of the Bouguer gravity
increasing with increase of MD. These data show that
those regions have very unusual composition, which
could relate to specific tectonic evolution. It was
previously shown [37,42] that density of crustal rocks
in Israel is unusually high. Abnormal behavior of the
Bouguer gravity in Cyprus and Eratosthenes seamount is
obviously related to violation of isostatic equilibrium
there. This hypothesis is supported by the fact of
continuous uplifting in Cyprus area since Cenozoic. It
also should be noted that values of the Bouguer gravity
are also positive in continental part of eastern Syria (see
for example Fig. 4 in [42], and Fig. 3 in [45]). Seismic
cross sections used for compiling Fig. 1 and their
locations are shown in [37,39-42,44,45,47,48].

Table 5

Equations for calculation of Moho discontinuity depth in different
parts of the region using gravity field in the Bouguer reduction (depth
of Moho discontinuity is in km and Agpguguer in mGal)

Region Applied equation

Israel Hyp=32.2-0.171 - Agpouguer
South-Eastern Mediterranean  Hy;p=26.08 —0.0658 - A(g'Bougucr
Cyprus block Hyp=22.0+0.175 - (AgBouguer — 80)
Eratosthenes block Hyp=22.04+0.124 - (Agpouguer— 80)
Jordan Hyp=31.35-0.0833 " Agpouguer
Syria and Lebanon Hyp=32.15-0.1026 - Agpouguer
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Fig. 3. Map of the Moho discontinuity depth for the Eastern Mediterranean Sea and adjoining continental areas (isolines are given in km).

A newly constructed map of the MD for the Eastern
Mediterranean (Fig. 3) is in a good agreement with the
previously published MD maps and MD estimations (see
Table 4) and [11,12,45,58—60]. Analysis of the MD map
(Fig. 3) indicates that thickness of the Earth’s crust in
Cyprus (26-36 km) is much greater than that of the
oceanic crust. At the same time at the Cyprus region
registered low heat flow values—significantly lower than
that conventional values for oceanic crust. Analysis of the
Bouguer gravity in Cyprus region shows that Earth’s crust
here cannot represent fragments of the ancient continental
crust, because the continental crust of its regular thickness
cannot produce such intensive gravity anomalies. Exam-
ination of the possible density of continental rocks

necessary for the creation of such significant anomaly as
that of western Cyprus shows that the density of those
rocks should be higher than that of the regular continental
crust. For the Cyprus region (as it may be seen in Figs. 1
and 2) we have an increase of the Agpouguer intensity with
an increase of MD. This fact may signify that the Cyprus
region is not a typical crustal structure. Indeed, density of
the Earth’s crust is notably lower than that of the upper
mantle. This means that an increase in the thickness of the
typical crust (MD increasing) should lead to decrease in the
Bouguer gravity. However, for Cyprus, the Agpouguer
values are increasing with MD increase. This fact testifies
for anomalously high density distribution in this region.
This could happen if the crust of western Cyprus is
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Fig. 4. Map of the total magnetic field of the studied region (modified after [37]). White values in black circles show calculated values of BEMB.

composed of a doubled ocean crust formed in ancient times
by an obduction of the oceanic crust onto itself with its
subsequent immersion and partial destruction. The mech-
anism of such an obduction with the following immersion
of the composite block is described in [61]. This
hypothesis is in accordance with the results of [62]
showing that two distinct peridotite units were found
within the Troodos massif in Cyprus.

Results of MD determination in the Eastern Medi-
terranean, and especially in the region under study,
demonstrate that the MD in all cases is greater than 20
km. This fact may be explained that oceanic crust in
these areas is rather transitional between oceanic and
continental than oceanic.

Interestingly, the northern Israel is also characterized
by unusually high density of crustal rocks [37,42]. This
could relate to the presence of ancient oceanic crust
fragments within the continental crust. Folkman and
Bein [46] suggested that a deeply buried oceanic crust
underlies the area north of the Hebron suture zone in
central Israel. Seismic investigations indicate that along
the southern part of Dead Sea fault zone and the Gulf of
Eilat the lower crust is separated from the upper mantle
by a 5-km-thick transition zone in which the velocity
increases rapidly and smoothly from 6.7 km/s in the
lower crust to 8 km/s in the upper mantle [40]. Some
discontinuity was also found here, at the depth of 55 km
within the upper mantle, below which the velocity
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increases from 8.0 to 8.6 km/s [40]. These results point
to the existence of two plates just under the crust, one of
which may be a remnant of the Precambrian oceanic
crust. This could also explain unusual values of Bouguer
gravity in areas of South-Eastern Mediterranean where
right off shore negative Bouguer gravity values were
registered and its positive values onshore next to these
areas (Fig. 1). This fact also wires the possibility that in
the past oceanic lithosphere underthrust continental
crust of southern Israel and adjoining areas of Egypt.

Buried peridotite plates were also found at different
levels within the Earth’s crust and upper mantle of some
other regions [61]. Analysis of equations presented in
Table 5 indicates that the most contrast change of the
MD with change of the Bouguer gravity is related to
Israel and Cyprus. This points to more complex crustal
composition in Israel and Cyprus by comparison with
other regions presented in Table 5.

Fascinatingly, obvious distribution of ophiolites in
the Eastern Mediterranean is restricted to areas limited
from the south by Crete—Cyprus—Baer-Bassit line [63].
At the same time, in the southern part of Eastern
Mediterranean no obvious signs of presence of an ocean
crust were observed. Since ophiolites, as it is widely
believed, are remnants of the ocean crust [64], does it
mean that ocean crust does not exist in the southern part
of the Eastern Mediterranean? We propose that response
must be a negative one. However, this fact could raise
some questions about the age of the oceanic crust in the
Eastern Mediterranean. Such crust could be significantly
older than that of the Mesozoic age. There are also some
indirect data which point to the presence of ocean crust
fragments in the southern Eastern Mediterranean.
Proterozoic ophiolites are well known along both sides
of the Red Sea. In southern Israel, olivine rocks and
serpentinites were found in Timna Igneous Complex,
central Negev [65—67], Makhtesh Ramon area [68], and
in dykes of Nahal Ardon [69]. In the Makhtesh Ramon
area basalts containing 10—20% of olivine phenocrysts
were described [66]. This could relate to the presence of
a peridotite layer in the upper mantle of the region.

The main features of the CD as well as tectonic
evolution of Israel, Eastern Mediterranean and adjoining
regions are strongly related to very low geothermal
regime in these regions (see above).

Results of paleogeothermal analysis [31] indicate
that the warming of the upper crustal layers in the
Judea Desert plateau (Israel) took place in the
Mesozoic period and the geothermal gradient reached
the maximum of 40 K/km in the Cretaceous. Then it
decreased to 20 K/km from the Late Cretaceous to the
Miocene. The cooling process is continuing to the

present time [35]. Results of other investigations [34]
also notify the cooling of the region since the Late
Devonian—Early Carboniferous period. Temperature
data observed in Atlit-1 borehole (northern Israel)
shows the cooling from the geothermal gradient of 50
K/km in Mesozoic to ~18-20 K/km at present time
[70]. Similar data from Ga’ash-2 and Devora-2A
boreholes (northern Israel) also display a reduction of
the geothermal gradient from the Mesozoic period
[70]. In southern Israel, cooling took place from the
Early Jurassic [71], and the present geothermal
gradients are in the range of 19-20 K/km for the
Early Jurassic rocks. The maximum of temperature
was also defined for the Pozanti—Karsanti ophiolite,
Turkey, at about 90—94 Ma ago (also Cretaceous) [72].
Another proof of low geothermal characteristics of the
region is the discovery of diamonds in Makhtesh
Ramon (southern Israel) [73] and Syria [74,75], since it
is a well-known fact that diamonds were found exclu-
sively in regions with a heat flow less than 40 mW/m?>
[76]. Such values of heat flow are among the lowest
cratonic heat flows [77]. An extremely large number of
serpentinite and ophiolite occurrences in the northeast-
ern Mediterranean, Cyprus, Syria and Turkey [63]
could be also assumed as a marker of low geothermal
regime in the region. Some authors indicate the
presence of serpentinites in the Precambrian of the
Sinai Peninsula [49,63,78]. It was shown earlier that
the serpentinization process could play a significant
role in the tectonic processes of regions with a low
temperature regime [61]. Such a low geothermal re-
gime is the main reason of a very deep position of CD
(38—46 km in some regions of Israel and 38—50 km in
the Eastern Mediterranean) (Fig. 5). Interestingly, the
great values of the CD (42—-50 km) were obtained for
some deep depressions of geosynclinal regions of
Azerbaijan [6,7] (see also Table 1) and in ancient
platforms (40—50 km and more) [7]. Our estimations
of the CD gave depths of about 40—-45 km in the
ancient East-European platform, about 35-40 km in
Western-Siberian region, and about 45—-50 km for the
Ural Mountains. At the same time, CD estimations for
such ancient region as Brazil gave 30-37 km using
geothermal data and 31 km for BEMB using magnetic
methods [79]. A cold Earth’s crustal region is also
known in Germany [80,81], where some rocks of the
Paleozoic magnetization have neither been in thermo-
dynamic equilibrium nor under conditions of serpenti-
nization (between 473 and 673 K) since the Paleozoic.
There is evidence that in some other regions, rocks
were never heated past the Curie point [82]. Samples
of such rocks were found, for instance, in the Rand
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Fig. 5. Map of the Curie point depth for Israel (isolines are given in
km).

Mountain schist and southern California [82]. Mag-
netic metamorphic minerals of these assemblages were
equilibrated within the glaucophane—lawsonite (blues-
chist) field, and they had been buried for a long period
at the great depths within the Earth, but they were
never heated above the Curie temperatures of their
ferromagnetic minerals [82]. In both abovementioned
areas, rocks were buried to at least 20 km depth and
held at temperatures below or about 573 K.

Fig. 5 illustrates that the CD in Israel is increasing to
the north, where its value is about 42-46 km. CD
relatively reduced to 38—40 km in central Israel and
northern Negev, and it is again increasing to the south (up
to 40—42 km and possibly more). Such a division of
Israel is mostly controlled by its geothermal regime. The
developed map correlates well with the results of
previous geophysical and geological investigations.
For example, minimal depths (38—40 km) of the CD
correspond to the geological-geophysical structure
known as a Hebron magnetic anomaly. A few authors
[42,46,55,83] underline the importance of the Hebron

magnetic anomaly area for understanding the structure of
the Earth’s crust in Israel. Eppelbaum et al. [84] based on
CD and MD analysis and quantitative examination of
magnetic anomaly suggested that the main source of this
anomaly is a mantle diapir.

Ben-Avraham and Ginzburg [42] have shown that the
territory of Israel could be divided into three huge
terrains: Galilee—Lebanon, Judea—Samaria, and Negev.
The position of these terrains has definite correlation
with the determined location of the CD. The composed
CD map is also in a good agreement with the results of
paleogeothermal investigations in the region (see above)
showing that present day cooling started in central Israel
in the Cretaceous, and in southern Israel—between the
Devonian and the Jurassic. This could be a reason of
more cold crustal regions in southern Israel comparing
to that of central Israel. There is no direct correlation
between the position of the CD and the magnetic
minimums and maximums, but position of lower depths
of the CD indicates that in southern Israel there exists
some increase in geothermal characteristics (heat flow
and vertical geothermal gradient). Such an increase
could relate to some increase in permeability of the
lower crust and upper mantle, which could cause
convectional heat and fluid transfer. Both fluid and
heat transfers are significant for position of the CD
and the BEMB. The heat transferred from the mantle
will obviously increase the temperature and decrease
CD. The fluid transfer will increase the oxidation
regime and depth of ferric iron oxide stability, which
leads to an increase of the BEMB depth. Comparison
of both the CD and BEMB for regions of Israel
illustrates that the CD in all cases is greater than the
BEMB, and values of BEMB depths vary in interval
of 20-35 km.

6. Conclusion

Analysis of geothermal and magnetic methods for
determination of the Curie point depth in regions of the
Eastern Mediterranean Sea and adjacent areas indicates
that magnetic methods could be used only for the depth
of the bottom edges of magnetized bodies determina-
tion, and those methods should not be used for the Curie
point depth calculation.

A new map of the Moho discontinuity was composed
for the region covering Israel, Jordan, Palestinian
autonomy, Syria, Lebanon, and the eastern part of the
Mediterranean Sea. This is the first Moho discontinuity
map covering all these regions together.

Based on combined analyses of geothermal, tectonic,
seismic, gravity, magnetic and other geological and
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geophysical data, the first map of the Curie point depth
in Israel was compiled.

Comparison of depths for both the Moho disconti-
nuity and the Curie point in the region under study
indicates that the Curie point depth is greater than that of
the Moho discontinuity.
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Appendix A. Applied method of geothermal
analysis and temperature determination

Heat transfer in the Earth can be described using the
heat conductivity equation [26]:

Cp(dT((;,t)) (xau;) /dz d(idet) / N
+d(ﬂde§V >/dy+H(x 2,0).
(A1)

Here 71z, ), T(x, t) and T(y, ¢) are the temperatures, H(x,
y, z, t) is the heat production as a function of dimensions
z, x, y and time ¢, c is the heat capacity, p is the density,
and 4 is the heat conduction of the rock composing the
layer, depth z is increasing from the earth’s surface
downwards.

For applying Eq. (Al), we need to introduce some
assumptions for the parameters of the equation [26,25].
Most of the Earth’s crust layers (bodies) were formed
millions of years ago and it can be assumed that for
small periods of geological time, the distribution of
temperature into those layers did not vary with time, and
that their thermal regime was stable.

These assumptions and the fact that for the most
stable regions, horizontal geothermal gradients (d77/dx,
d7/dy) are much lower than the vertical geothermal
gradient [8], let’s present Eq. (Al) as:

do
E+H() 0. (A2)

Here Q is the heat flow

dT(z)
dZ b

0=

and 7(z)/dz is the vertical geothermal gradient G.

Eq. (A2) can be thought of as an equation of heat
conduction in an isotropic layer. Therefore we can
write

d () “di(z)) /dz + H(z) = 0. (A4)

For any arbitrary layer i, this heat conduction equation
will be:

d<)"'((§;'(2))> /dz + H; = 0. (AS)
or
d(%) = —H:/). (A6)

Eq. (A6) may be written as:
d(dT;(2)/dz) = ~(H,/ 2)dz. (A7)

Evaluation of a definite integral for Eq. (A7) with
lower limit z; and upper limit z,_; gives:

(d7i(2)/dz); = (dTy(2)/dz);~(Hi/ %) (zi72i1)- - (A8)

Here (d7(z)/dz); and (dT(z)/dz),—; are the values of the
geothermal gradients in the layer i near surfaces z; and
z;—1, respectively.

Since the values of the heat production H; and
interval thickness (z;—z;—;) are always positive, it is
clear from Eq. (A8) that the geothermal gradient d7(z)/
dz decreases with depth increasing. Moreover, using the
definition of the heat flow in Eq. (A3), Eq. (A8) may be
transformed to the following type:

0i = Qi-1—Hi(zi—zi1). (A9)

Here Q; and O, are the heat flows at the depths z; and z;_4,
respectively.

It is obvious from Eq. (A9) that the value of heat flow
is also decreasing with depth. Eq. (A9) could also be
obtained through the evaluation of a definite integral for
Eq. (A2) with the lower limit z; and upper limit z;_;.
Both Egs. (A8) and (9) show that regardless of which
geothermal method used for calculating temperatures, it
should be taken into account that values of both the
geothermal gradient and the heat flow are reducing with
depth within the Earth’s crust.
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Evaluation of a definite integral for Eq. (A8) with the
lower limit z; and upper limit z;_; gives:

T; = Ti(zi1) + (ATi(z:) /d2), (zi—zi-1)

2
(H/X)(zi—zi1) _ (A10)
2
Here Ti(z;) and Ti(z;—y) are the values of the
temperatures in the layer i nearby the surfaces z; and
z;-1, respectively.

Eq. (A10) could be used for calculating temperature
values within any layer and it already accounts for the
geothermal gradient decrease within the layer.

In most cases, instead of using values H; and 4;, the
value of their ratio H;/2; could be used, because both
Egs. (A8) and (A10) contain this ratio [8]. This ratio
may be simply defined for different regions just using
the field measurements of temperatures at different
depths [8] using equation

i Gia=Gi (A11)
i Zi—Zi-1

Eq. (A10) could be used for calculation of temper-
ature values within any layer and it already accounts for
the geothermal gradient decrease within the layer.

Since Eqgs. (A8) and (A10) were received for
distribution of geothermal gradients and temperatures
in an arbitrary layer of the earth strata, it is necessary to
evaluate the distribution of those geothermal parameters
with depth in all strata. For this purpose the initial
conditions and boundary conditions for geothermal
parameters on the surfaces separated one layer from
another can be used [26]. Since values of temperature
and heat flow are continuous values, they could be used
for setting of initial and boundary conditions for an
arbitrary at a certain time (¢=0). The initial condition
can be represented by function describing the initial
temperature distribution in the layer or the package of
layers.

It is obvious that the temperature on the surface
separated one layer from another is the same for both
contacting layers:

Tiz1) = Tia (z). (A12)
The amount of heat flow leaving one layer exactly

corresponds to the amount entering the layer occurring
above the first one:

0i(zi1) = Oi-1(zi-1) (A13)

or

2ATi(zi-1)  2i-1dTi(zi1)

& = - (A14)
Egs. (12)—(14) present the boundary conditions between
any two consecutive layers and they can be used for
determination of geothermal gradient and initial tem-
perature for a lower layer knowing geothermal para-
meters for layer above it.

This method is described in detail in [8]. Based on
detail analysis of heat production H; and conductivity
coefficient A; for rocks typical for middle and lower
crust layers it was also shown [8] that the ratio H,/ 4,
is constant for a wide range of PT conditions. For
Curie point depth (CD) calculation in Eq. (A10) the
value of temperature on the left side was accepted as
the value of the Curie point for magnetite. The value
of the depth z on the right side of the Eq. (A10) was
accepted as unknown variable and its value was
calculated according to values of all other parameters
of the equation.
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