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Abstract

This study aims to determine Curie point depth (CPD), Heat flow and the boundaries of geological 
structures of Cyprus Island using EMAG2 magnetic data. CPD values were calculated by applying 
spectral analysis technique to magnetic anomaly map divided into 60 blocks (60×60 km2). Then, dif‑
ferent thermal conductivity values (K = 1, 1.5 and 2.5 Wm–1K–1) and heat flow values were calculated 
using CPD values. CPD values ranged from 12.4 km to 28.18 km, and heat flow values were calculated 
between 20 and 50 mW/m2 for K = 1. Shallow CPD values (CPD < 15 km) were calculated in Polis, 
Morphou Bay, in the area between Larnaca and Famagusta and north of Kyrenia. Heat flow values 
are relatively high in these areas which can be researched in detail in terms of potential geothermal. 
In the final phase of the study, the boundaries of buried geological structures were determined by 
Analytic Signal (AS), Total Horizontal Derivative (THDR) and Tilt angle (TA) methods. Moho depth, 
Moho‑Curie difference, 2D cross‑correlation map of Moho and Curie depths and Earthquake dis‑
tribution map are used for interpretation of the tectonic regime. Moho‑Curie difference is roughly 
0 and the 2D cross‑correlation map produces higher (0.60‑0.75) values in the southern part of the 
study area which might be evaluated as a passive crust. It is possible to say that few earthquakes 
are observed where the difference is around 0.
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1. Introduction

Curie point is defined as the temperature at which the magnetization disappears. The Curie point depth (CPD)
is known as the depth at which magnetic minerals in the crust move from a ferromagnetic state to a paramagnetic 
state under the influence of increasing temperature [Nagata, 1961; Mohammed et al., 2019]. CPD data is often used 
in determining the thermal structure of the crust and estimating potential geothermal areas. The method, developed 
by Okubo et al. [1985], was used for CPD prediction in this study.
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There are many studies about CPD estimation. Njeudjang et al. [2020] estimated Curie point depth, heat flow 
and geothermal gradient parameters for the Adamawa volcanic region (northern Cameroon) using EMAG2 data. 
Kumar et al. [2020] used satellite‑based remote sensing, gravity and magnetic data to determine potential Kimberlite 
regions in their study. Li et al. [2017] obtained the first global model of Curie‑point depth (GCDM) from EMAG2 
magnetic data. Arnaiz‑Rodríguez and Orihuela [2013] conducted CPD calculations for Venezuela and the Eastern 
Caribbean using the Enhanced Magnetic Model (EMM2010). For Eastern and South‑eastern Asia Li and Wang [2016] 
investigated magnetic, heat flow and gravity data and their implications on deep crustal and uppermost mantle 
structures. Xu et al. [2017] determined CPD values from the magnetic anomaly data of EMAG2 in North China. 
Pamuk [2019] calculated CPD and heat flow values for the northern part of Eastern Anatolia, Turkey using EMAG2 
magnetic data in his study. Özsöz [2021] estimated depth to the Curie isotherm in the Eastern Mediterranean Region 
with 39 sub‑blocks using the World Digital Magnetic Anomaly Map (WDMAM) to reveal differences in thermal 
characteristics of the northern and southern part of the study area. Özer et al. [2022] investigated tectonic properties 
of Erzurum (Eastern Turkey) using CPD, heat flow and seismological data.

Figure 1.  Simplified tectonic and geological map of Cyprus Island [modified from Symeou, 2018; the faults obtained from 
Symeou, 2018; Cagnan and Tanircan, 2010].
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As it can be seen from previous studies, global magnetic maps such as the EMAG2 are quite advantageous in CPD 
value estimation due to the wide coverage. The EMAG2 stands for Earth Magnetic Anomaly Grid and it comprises 
ship, airborne and satellite magnetic measurements. In this study, the EMAG2 has been used to estimate depth to 
the Curie isotherm in and around Cyprus Island.

Numerous studies were carried out in Cyprus in terms of earth sciences. We can list some of them as follows. 
Cagnan and Tanircan [2010] conducted probabilistic seismic hazard analysis for Cyprus in their study. Asim et al. 
[2020] conducted a seismicity analysis for Cyprus. Ulutas [2020] analyzed the spread, altitude and arrival times of a 
possible tsunami for Cyprus in his study. Zissimos et al. [2019] investigated the spatial distribution of soil inorganic 
carbon (SIC) and soil organic carbon (SOC) across Cyprus. McPhee and Hinsbergen [2019] examined the structural 
and tectonic history of Cyprus. Elmas [2018] determined the structural discontinuities of Cyprus Island by applying 
total horizontal derivative and tilt angle techniques to satellite gravity and vertical first derivative data.

Cyprus Island can be considered a natural laboratory in terms of its geological importance. The convergent 
plate margin in the study area provides essential information about young mountain belts which can be related 
to the oceanic crust. Cyprus Island is located at the intersection of the platform of the African and Eurasian plates 
approaching each other. The margin between African and Anatolian plates can be defined by the Cyprus Arc where 
complex bathymetric structural trends are observed [Ergün et al., 2003]. Makris et al., [1983] and Robertson [1998] 
showed that the northern edge of the plate margin has fairly complex characteristics. The western part of the 
margin, Herodotus abyssal plain, is characterised by deep water which indicates stable crust whereas the eastern 
part of the boundary has a more variable crust. The subduction regime in the Cyprus Arc is in the transition phase 
to collision regime due to the thicker and less dense crust, in the northern boundary of the African plate [Kempler 
and Ben‑Avraham, 1987; Robertson, 1998].

Destructive earthquakes were observed in Cyprus Island, which can be characterised as active and complex 
neotectonic history [Harrison et al., 2004]. The Troodos Massif in Cyprus Island is one of the largest ophiolite complexes 
in the region. There are numerous studies on the Troodos Massif [Harrison et al., 2004]. The formation and development 
of Troodos Ophiolite covers the Cenomanian‑Turonian (92‑90My) time interval [Mukasa and Ludden, 1987; 
Staudigel et al., 1986; Blome and Irwin, 1985; Hakyemez, 2014]. This ophiolite consists of serpentinite, harzburgite, 
dunite, gabbro, diabase and basalts [Kinnaird 2008, Symeou 2018]. Mamonia Complex, located in the southernmost 
part of Cyprus Island, consists of deformed sedimentary and volcanic rocks. The ages of these units vary from Triassic 
to Lower Cretaceous [Swarbrick and Robertson 1980; McPhee et. al. 2019]. The Kyrenia range, consisting of massif 
limestone bands, recrystallized limestones, dolomites and flysch, is between the Permian and Lower Cretaceous ages 
[Montadert et al., 2014; Symeou, 2018]. The Kalavasos Formation is the upper Miocene‑aged sediments and has been 
characterised with gypsum deposits alternating with chalky marls and marly chalks [Symeou, 2018] (Figure 1).

In this paper, it is attempted to focus on estimating Curie Point Depth (CPD) and heat flow values for Cyprus 
Island via spectral analysis of the EMAG2 data set. Furthermore, boundaries of the subsurface geological structures 
and tectonic activity are interpreted by TA (tilt angle), AS (analytic signal), THDR (total horizontal derivative) and 
Moho‑Curie comparison and the spatial distribution of earthquakes (M > 2.5).

2. Data and Methods

2.1 EMAG2 Magnetic Data

In this study, the magnetic data used in CPD, heat flow and boundary analysis is EMAG2 (global earth magnetic 
anomaly grid (2‑arc‑minute)) data, which is a compilation of measurements collected from satellite, sea and air 
[Maus et al., 2009]. The approximate resolution of EMAG2 data is 2 arc minutes. The magnetic anomaly grid is given 
for an altitude of about 4 km above sea level [Maus et al., 2009]. The processing sequence of the EMAG2 includes 5 
steps: (1) grid merging, (2) airborne and ship magnetic data processing, (3) line levelling, (4) using an anisotropic 
correlation model over the oceans and (5) replacing the longest wavelength data (≥ 330 km) with MF 6 model 
[Maus et al., 2008]. EMAG2 provides wide opportunities such as testing tectonic hypotheses, investigating tectonic‑
structural relationships, generating plate reconstruction models and estimating CPD.

The EMAG2 magnetic anomaly map obtained for the study area is given in Figure 2a. Reduced to the north 
magnetic pole (RTP) was applied to the total magnetic anomaly values to eliminate bipolarity, and the obtained 
magnetic anomaly map is shown in Figure 2b.
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b)

a)

Figure 2.  a) EMAG2 total field magnetic anomaly map [compiled from Maus et al., 2009], b) RTP total magnetic anomaly 
map with major tectonic structures in the study area (the black plus show the block centers used in the CPD 
calculation).
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2.2 Earthquake Data

Spatial distribution of earthquakes in the study area is obtained from USGS Earthquake Catalogue [USGS, 
2021]. During the earthquake selection, the study area is slightly expanded to evaluate the region on large scale. 
Additionally, all earthquakes between 1900 and 2020 whose magnitudes are higher than 2.5 are plotted. Focal depths 
of the earthquake events are not constrained.

2.3 Calculation of Curie Point Depth and Heat Flow

The radially averaged power spectrum procedure which provides depth to the top of the magnetic layer was in‑
troduced by Spector and Grant [1970]. Additionally, this method was improved by Treitel et al. [1971], Bhattacharyya 
and Leu [1975], Connard et al. [1983], Okubo et al. [1985], Blakely [1995], Tanaka et al. [1999], Ravat [2004] and 
Ross et al. [2006]. These methods allow the thermal structure of a region to be obtained by using magnetic anomaly 
values. A simplified definition of the radially averaged spectrum can be given as:

  (1)

where 𝐴 is constant, 𝑘 is wavenumber and 𝑧𝑏 and 𝑧𝑡 are depth to the top and the bottom of the magnetic source. 
Applying the natural logarithm to both sides of equation 1 leads to:

  (2)

For high and medium values of wavenumber components, the exponential part in equation 2 can be ignored. 
Consequently, equation 2 is re‑written as:

  (3)

In equation 3 slope equals to 2𝑧𝑡(𝑘). If equation 2 is divided by 2, the linear estimation model can be obtained.

  (4)

where 𝐶 is constant. The slope of equation 4 provides depth to the top of the magnetic layer (𝑧𝑡(𝑘)). Multiplying 
equation 1 by 𝑒−|𝑘|(𝑧0−𝑧0) and dividing by 2 presents:

  (5)

where 𝑧0 is depth to the centroid of the magnetic source and it is calculated as (𝑧𝑏−𝑧𝑡)/2. In order to compute 𝑧𝑏 
(CPD), 𝑧0 must be calculated accurately and reliably. Replacing the exponential term in equation 5 by first terms of 
their Taylor series expansion produces approximated equation for 𝑧0.

  (6)
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(𝑧𝑏−𝑧𝑡) is defined as the thickness of the magnetic crust [Buddington and Lindsley, 1964; Gasparini et al., 1979; 
Hunt et al., 1995; Nishitani and Kono, 1983; Salazar et al., 2017]. Substituting and rearranging thickness of the 
magnetic crust by 𝑧0 yields:

  (7)

In equation 7, D is constant and 𝑧0 is computed from the slope for the low wavenumber components. Centroid depth 
of the magnetic layer is associated with the bottom of the magnetic layer [Okubo et al., 1985; Tanaka et al., 1999]:

  (8)

The magnetic anomaly map for CPD calculation is divided into 60 blocks with a size of 60 km×60 km. Each block 
is overlapped with an adjacent block by 50%. In other words, the distance of the centres of the two blocks to each 
other is 30 km. The centres of the blocks are shown with a black plus (Figure 2b). The power spectrum method of 

Block No blok center‑X blok center‑Y 𝒛𝟬 𝒛𝒕 CPD (km)
Surface_heat Flow (mW/m2)

K = 2.5 K = 1.5 K = 1

b1 390790 3786850 10.37 1.8 18.94 76.6 45.9 30.6

b2 420790 3786850 11.19 2.48 19.9 72.9 43.7 29.1

b3 450790 3786850 9.04 1.8 16.28 89.1 53.4 35.6

b4 480790 3786850 13.26 1.73 24.79 58.5 35.1 23.4

b5 510790 3786850 8.95 1.51 16.39 88.5 53.1 35.4

b6 540790 3786850 13.36 2.18 24.54 59.1 35.5 23.6

b7 570790 3786850 14.39 1.86 26.92 53.9 32.3 21.5

b8 600790 3786850 13.92 2.02 25.82 56.2 33.7 22.5

b9 630790 3786850 9.06 2.13 15.99 90.7 54.4 36.3

b10 660790 3786850 13.26 1.69 24.83 58.4 35.0 23.4

b11 390790 3816850 11.11 1.98 20.24 71.6 43.0 28.7

b12 420790 3816850 7.73 1.72 13.74 105.5 63.3 42.2

b13 450790 3816850 7.73 1.54 13.92 104.2 62.5 41.7

b14 480790 3816850 10.97 1.7 20.24 71.6 43.0 28.7

b15 510790 3816850 10.77 1.9 19.64 73.8 44.3 29.5

b16 540790 3816850 15.33 2.48 28.18 51.5 30.9 20.6

b17 570790 3816850 12.43 2.02 22.84 63.5 38.1 25.4

b18 600790 3816850 8.74 1.98 15.5 93.5 56.1 37.4

b19 630790 3816850 12.62 1.8 23.44 61.9 37.1 24.7

b20 660790 3816850 13.62 1.88 25.36 57.2 34.3 22.9

b21 390790 3846850 14.58 3.36 25.8 56.2 33.7 22.5

b22 420790 3846850 13.97 3.16 24.78 58.5 35.1 23.4

b23 450790 3846850 8.49 1.7 15.28 94.9 56.9 38.0
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Block No blok center‑X blok center‑Y 𝒛𝟬 𝒛𝒕 CPD (km)
Surface_heat Flow (mW/m2)

K = 2.5 K = 1.5 K = 1

b24 480790 3846850 11.51 1.91 21.11 68.7 41.2 27.5

b25 510790 3846850 10.89 1.92 19.86 73.0 43.8 29.2

b26 540790 3846850 11.36 2.41 20.31 71.4 42.8 28.6

b27 570790 3846850 10.37 1.88 18.86 76.9 46.1 30.8

b28 600790 3846850 8.2 1.92 14.48 100.1 60.1 40.1

b29 630790 3846850 10.54 2.29 18.79 77.2 46.3 30.9

b30 660790 3846850 12.98 2.4 23.56 61.5 36.9 24.6

b31 390790 3876850 15.58 2.89 28.27 51.3 30.8 20.5

b32 420790 3876850 9.94 2.22 17.66 82.1 49.3 32.8

b33 450790 3876850 7.46 1.65 13.27 109.3 65.6 43.7

b34 480790 3876850 10.13 1.57 18.69 77.6 46.5 31.0

b35 510790 3876850 8.75 2.04 15.46 93.8 56.3 37.5

b36 540790 3876850 9.02 1.72 16.32 88.8 53.3 35.5

b37 570790 3876850 7.77 1.65 13.89 104.4 62.6 41.8

b38 600790 3876850 8.7 2.02 15.38 94.3 56.6 37.7

b39 630790 3876850 11.1 2.63 19.57 74.1 44.5 29.6

b40 660790 3876850 9.42 1.94 16.9 85.8 51.5 34.3

b41 390790 3906850 12.52 2.11 22.93 63.2 37.9 25.3

b42 420790 3906850 9.17 1.96 16.38 88.5 53.1 35.4

b43 450790 3906850 9.37 1.91 16.83 86.2 51.7 34.5

b44 480790 3906850 8.02 2.22 13.82 104.9 63.0 42.0

b45 510790 3906850 9.28 2.06 16.5 87.9 52.7 35.2

b46 540790 3906850 9.76 2.13 17.39 83.4 50.0 33.4

b47 570790 3906850 10.52 1.77 19.27 75.2 45.1 30.1

b48 600790 3906850 9.3 1.76 16.84 86.1 51.7 34.4

b49 630790 3906850 12.43 1.74 23.12 62.7 37.6 25.1

b50 660790 3906850 10.17 1.77 18.57 78.1 46.8 31.2

b51 390790 3936850 8.84 1.69 15.99 90.7 54.4 36.3

b52 420790 3936850 9.94 1.76 18.12 80.0 48.0 32.0

b53 450790 3936850 9.36 1.86 16.86 86.0 51.6 34.4

b54 480790 3936850 8.13 1.81 14.45 100.3 60.2 40.1

b55 510790 3936850 8.98 1.78 16.18 89.6 53.8 35.8

b56 540790 3936850 7.14 1.88 12.4 116.9 70.2 46.8

b57 570790 3936850 8.78 1.82 15.74 92.1 55.3 36.8

b58 600790 3936850 11.67 1.7 21.64 67.0 40.2 26.8

b59 630790 3936850 13.92 2.11 25.73 56.4 33.8 22.5

b60 660790 3936850 14.04 2.21 25.87 56.0 33.6 22.4

Table 1. Curie Point Depths (CPD) and heat flow for the study area with block center coordinates and 𝑧0, 𝑧𝑡,values.
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a)

b)

Figure 3.  Examples of power spectrum of the block 16 for estimation of the CPD, a) the determining of the centroid depth, 
𝑧0 b) the determining of the top depth, 𝑧𝑡.

Spector and Grant [1970] was applied to each block. Through the power spectra, 𝑧𝑡 and 𝑧0 were determined by the 
least‑squares method. Calculated depths are given in Table 1. As an example, the power spectrum of the magnetic 
anomaly of block b16 is given in Figure 3. After the centre depth (𝑧0) of the deepest magnetic source is obtained, the 
upper boundary depth (𝑧𝑡) of the magnetic source is estimated from the slope of the second‑longest wavelength 
part of the spectrum. (Fig. 3a, 3b). Centre (𝑧0) and top (𝑧𝑡) depths were computed as 15.33 km and 2.48 km for block 
b16. CPD was obtained as 28.18 km using Equation 8.

The calculation of heat flow and thermal gradient based on Fourier Law [1955] is given in equation 2. In this 
equation, it is assumed that the direction of the heat flow is vertical and the heat gradient 𝑑𝑇/𝑑𝑍 is constant.

 , (9)
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where 𝑞 is heat flow,  is thermal gradient, 𝑘 is the coefficient of thermal conductivity. According to Tanaka et al. 

[1999], Curie temperature (θ) can be determined as (Eq 10):

 , (10)

where 𝑧𝑏 is CPD. The heat flow values were obtained by combining Eqs. (9) and (10):

 , (11)

where 𝑞 is heat flow, 𝑘 is the coefficient of thermal conductivity, 𝑧𝑏 is CPD. In heat flow calculation, it is assumed 
that thermal conductivity is 2.5 Wm–1K–1, Curie point temperature of 580 °C [Bektaş et al., 2007; Nwankwo et al. 
2011; Pamuk 2019]. In addition, heat flow computation was made for K value 1 and 1.5 Wm–1K–1 in this study.

2.3.1 Wavenumber Ranges for the Estimated CPD

The computed 𝑧𝑏 and 𝑧𝑡 values should be validated by comparing theoretical approximation and linear estima‑
tion. Most of the authors ignore this comparison and select the wavenumber ranges manually. Núñez Demarco et al. 
[2021] evaluated 72 articles in terms of the wavenumber ranges. Núñez Demarco et al. [2021] suggested mathematical 
validity of computation can be tested by comparing the results of equations (2) and (3) for 𝑧𝑡 and (5) and (6) for 𝑧𝑏. 
Comparison can be conducted by slope difference between linear estimation model and theoretical curve.

 , (12)

where Δ𝑚 represents slope difference, 𝑡(𝑘) is the theoretical curve and 𝑙(𝑘) is the linear estimation. As Δ𝑚 converges 
to 0, it is possible to say that the estimated 𝑧0 and 𝑧𝑡 are valid. In other words, the wavenumber ranges, where the 
difference between linear approximation and the theoretical curve is less than 5%, are valid for 𝑧0 and 𝑧𝑡 estimation. 
Broadly speaking, valid regions of 𝑧𝑡 is larger than that of 𝑧0. As the thickness of the magnetic layer (Δ𝑍) increases, 
valid regions tend to be wider for 𝑧𝑡 and narrower for 𝑧0. Moreover, if 𝑧𝑡 is deeper for the constant Δ𝑍, the confidence 
region becomes broader.

2.4 Edge Detection in Magnetic Data

An attempt was made to determine the boundaries of the source causing the magnetic anomaly using Analytic 
Signal (AS), Total Horizontal Derivative (TDHR) and Tilt angle (TA) methods, which are the function of derivatives in 
the x, y or z directions of the potential field data. First, the approximate boundaries of the structures that cause the 
magnetic anomaly are determined by the Analytic Signal (AS) given in equation 13 [Nabighian, 1972; MacLeod et al., 
1993; Bilim et al., 2017].

 , (13)

where 𝑀 is the magnitude of the magnetic anomaly and 𝜕𝑀/𝜕𝑥 and 𝜕𝑀/𝜕𝑦 are the horizontal derivatives, ∂M/∂z is 
the vertical derivative of the magnetic anomaly.
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The second method used to determine the boundaries of geological structures is THDR developed by Cordell 
and Grauch [1985]. THDR can be determined using equation 14:

 , (14)

The last method used for boundary analysis is the tilt angle developed by Miller and Singh [1994]. TA can be 
easily determined using equation 15.

 , (15)

where TA is tilt angle, 𝜕𝑀/𝜕𝑧 is the vertical derivative of the magnetic anomaly, THDR is the total horizontal 
derivative. Tilt angle varies from –1.570 to 1.570 (–𝜋/2 to +𝜋/2). The TA values are negative outside the source 
while TA values are zero at the boundary location of the source in the vertical position.

2.5 Computation of Moho Depth

Airy‑Heiskanen Isostasy theory is used for the estimation of Moho depth in the study area. Fundamentally, the 
theory assumes that topographic features are compensated by subsurface variations [Kirby, 2019]. According to Airy 
[1855] and Heiskanen [1931], crust‑mantle boundary fluctuates regarding to significant undulations on the surface. 
It is worth noting that it is assumed that uniform densities are observed in both crust and mantle.

The compensation column can be described as the depth at which lithostatic pressures are uniform. The com‑
pensation depth is at the bottom of the lithospheric block, which is floating in the asthenosphere [Mukherjee, 
2017]. For Airy‑Heiskanen Isostasy theory, load lies directly under the topographic features and is not affected by 
neighbouring topographic loads [Liu et al., 2017]. Haxby and Turcotte [1978] suggested that the standard thickness 
of the crust with zero topographic elevation is usually taken as 30 km.

The equation of the Airy‑Heiskanen Isostasy model is different for land and sea. For sea and land, the model 
can be described as:

 , (16)

 , (17)

where 𝑡𝑠𝑒𝑎 and 𝑡𝑙𝑎𝑛𝑑 are crust thickness for land and sea. Density in crust 𝜌𝑐, water (𝜌𝑤) and Moho (𝜌𝑀) are assumed 
as 2.67 g/cc, 1.03 g/cc and 3.30 g/cc respectively. T denotes compensation column from mean sea level and presumed 
as 30 km.

2.6 Cross‑Correlation

Cross‑correlation compares two series and provides the quantitative representation that indicates the degree of 
match [Bourke, 1996]. In this study, normalised 2D cross‑correlation is preferred to compare Moho and Curie depths. 
Therefore, two gridded data are compared instead of series. Since the cross‑correlation equation is normalised, the 
output will range from –1 to 1. The empirical description [Bourke, 1996] of cross‑correlation for two gridded data 
(𝑥(𝑖,𝑗) and 𝑦(𝑖,𝑗)) is presented as:
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 , (18)

where  and  are mean values of two gridded datasets, 𝑑 and 𝑢 are lags. If the output of the normalised 
cross‑correlation is 1 or –1, it is likely to say that the two datasets are positively or negatively correlated. Never‑
theless, 0 or approximately 0 cross‑correlation value represents uncorrelated datasets.

3. Results

RTP magnetic anomaly map of the study area was investigated. The RTP anomalies are centred over magnetic 
sources which provide a more interpretable map in terms of causative bodies. RTP only take the phase of the 
magnetic field into account instead of the amplitude of the field. RTP has required for edge detection and depth 
estimation methods except for analytic signal and local wavenumber [Fairhead et al., 2011].

It was observed that magnetic values ranged from –202 to 413 nT. The lowest magnetic values (negative anom‑
alies) were observed in the east of the Polis and Paphos regions, and the highest magnetic values were obtained in 
the west and east of the Rizokarpaso region in the east of Nicosia and Kyrenia. Values in the west of the Rizokarpaso 
(Dipkarpaz) region range from 140 to 400 nT (Figure 2b). It is possible to say that lower magnetic values in the RTP 
map may correspond to the thinner magnetic crust where lower CPD or high heat flow are values observed. However, 
this assumption is not valid in all areas since the primary factor that effect the strength field is magnetic mineral 
content in the subsurface.

The distribution of other CPD values obtained for Cyprus Island and its surroundings is given in Table 1 and 
Figure 4. CPD values range from 12.4 km to 28.18 km for the study area. Maximum CPD values were obtained at 

Figure 4. Curie Point Depth (CPD) map of Cyprus Island.
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the southeast of Akrotiri Bay, west of the study area, around Rizokarpaso (Dipkarpaz). CPD values in these areas 
are deeper than 25 km. The shallowest CPD values were obtained around Polis, Morphou Bay, in the area between 
Larnaca and Famagusta and north of Kyrenia. CPD values in these areas are shallower than 15 km. CPD values range 
from 18 to 20 km in Limassol, and range from 15 to 18 km in Nicosia (Lefkoşa) and south of it, around Kyrenia, and 
west of Famagusta (Figure 4).

Heat Flow values were calculated based on CPD values, and these calculated values were given in Figure 5 and 
Table 1. Heat flow values (for K = 2.5 Wm–1K–1) were calculated between 51.3 and 116.0 mW/m2 for the study area 
(Figure 5). Minimum heat flow values were obtained to the west of the study area, southeast of Akrotiri Bay, around 
Rizokarpaso (Dipkarpaz), and southeast of the study area. Heat flow values are less than 65 mW/m2 in these areas. 
The highest heat flow values were obtained around Polis, Morphou Bay, in the area between Larnaca and Famagusta 
and north of Kyrenia. Heat flow values are more than 100 mW/m2 in these areas. Moreover, Heat flow values range 
from 65 to 75 mW/m2 around Limassol, and range from 85 to 95 mW/m2 in Nicosia and south of it, around Kyrenia, 
west of Famagusta (Figure 5).

Figure 5.  Heat‑flow map of Cyprus Island for thermal conductivity 2.5 Wm–1K–1; 1.5 Wm–1K–1 and 1 Wm–1K–1 [with heat 
flow values from boreholes, Morgan, 1979].

In this study, AS, THDR and TA methods were used to detect the boundaries (geological contacts, faults, etc.) of 
the structures that cause magnetic anomalies in and around the study area. Maximum and minimum values of AS 
and THDR ranges from 0.0002 to 0.0537 and 0 to 0.0394 respectively. The AS and THDR maps present higher values 
in the NW part of the study area while lower values are observed in the SE part. TA values vary between +1.57 rad 
(90°) and –1.57 rad (–90°). The higher TA values are noted in the NW, NE and S part of the study area whilst SE and 
E parts have lower TA values.

4. Discussion and Conclusion

In this study, CPD and heat flow were obtained for Cyprus Island by spectral analysis of EMAG2 magnetic data. 
In addition, the boundaries of geological structures, which play an important role in interpreting potential field 
data, are defined by different edge detection techniques. First, reduction to the pole was applied to the magnetic 
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data, and then generated magnetic anomaly map was divided into 60 parts for CPD calculation. CPD and heat flow 
values were calculated for each block and mapped. CPD values ranged from 12.4 km to 28.18 km, and heat flow values 
were calculated between 20 and 50 mW/m2 for K = 1. Low CPD values and high heat flow values can potentially be 
associated with geothermal fields. Therefore, areas with high heat flow and low CPD value may be recommended 
for further geothermal research. Structure boundaries obtained by boundary analysis methods (AS, THDR, TA) are 
generally compatible with each other.

The estimated CPD values are justified by comparing theoretical and linear approximation models for different 
magnetic thicknesses. The confidence region corresponds to areas where slope difference < 5%. The range of the 
estimated 𝑧𝑡 is from 1.51 km to 3.36 km. Furthermore, the average thickness of the magnetic layer is 25 km. Since 
the minimum 𝑧𝑡 for the constant Δ𝑍 corresponds to the narrowest confidence region, 1.51 km is chosen to test the 
validity of the estimations (Figure 6). For 𝑧𝑡 = 1.51 km and Δ𝑍 = 25 km, the valid region covers k > 0.72 km–1 is valid 
for 𝑧𝑡 estimation whereas confidence region for 𝑧0 is k < 0.71 km–1. During the estimation process wavenumber range 
for 𝑧𝑡 is from 0.79 km–1 to 2.50 km–1 while the same range for 𝑧0 is between 0.13 km–1 and 0.69 km–1. It is possible 
to say that 𝑧𝑡 and 𝑧0 values are computed within the mathematically appropriate region.

a)

c)

b)

d)

Figure 6.  Comparison of theoretical curve and linear approximation: a) Slope difference (%) map for 𝑧𝑡 estimation, 
b) Correlation between theoretical and linear approximation model for 𝑧𝑡 computation, c) Slope difference (%) 
map for 𝑧0 estimation, d) Correlation between theoretical and linear approximation model for 𝑧0 computation.

Losif Stylianou et al. [2017] focused on a methodology to measure and analyze the thermal properties of 
lithology in their study. They obtained thermal conductivity between 0.5 and 1.5 Wm–1K–1 for Nicosia (Lefkoşa). 
Florides et al. [2014] presented information about the density, thermal conductivity, specific heat, and thermal 
diffusivity of various lithologies in Cyprus Island. They calculated thermal conductivity at different values for 
different samples. They noted that the specific weight of the rocks is the cause of this. For example, they measured 
0.50 Wm–1K–1 for Nicosia marl, and 2.29 Wm–1K–1 for Serpentinite, and 0.82 Wm–1K–1 for Upper pillow Lava. In 
another study, Florides et al. [2010] calculated thermal conductivity values as follows; 1.42 to 1.97 Wm–1K–1, for 
Lakatamia 1.68 Wm–1K–1, Agia Napa 1.58 Wm–1K–1, Meneou 1.4 to 1.72 Wm–1K–1, and Prodromi 1.87 Wm–1K–1. 
Losif Stylianou et al. [2016] presented a thermal conductivity map for Cyprus Island in the studies they conducted 
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in 2016. In their study, estimated thermal conductivity values range from 0.6 to 4.5 Wm–1K–1. In his study, Morgan 
[1979] reported that thermal conductivity is lower than 2 Wm–1K–1 in general terms for Cyprus. Since the K value 
is very variable for Cyprus, the heat flow calculation was calculated for the cases where the thermal conductivity is 
2.5, 1.5 and 1 Wm–1K–1 and shown in Figure 5. Morgan [1979] also performed heat flow calculations for Cyprus with 
the help of 33 boreholes. These heat flow calculations were also given in Figure 5 and compared with the heat flow 
values calculated in this study. Morgan [1979] observed the best fit value as K = 1 Wm–1K–1 amongst the heat flow 
values he calculated and the heat flow values obtained in this study.

For K = 1, the heat flow values ranged from 20 to 50 mW/m2 in this study, and the heat flow values ranged from 
5 to 46 mW/m2 in Morgan’s study [1979]. Morgan [1979] calculated between 28‑32 mW/m2 in Larnaca, and it was 
35 mW/m2 in this study. The heat flow values measured in the wells between Polis and Paphos were between 5 and 
46 mW/m2, and the heat flow in this region ranges from 35‑40 mW/m2 in this study. The heat flow was between 
28‑46 mW/m2 in the well measurements in the old study at the northeast of the Troodos mountains, and in this 
study, the heat flow in this area was about 35 mW/m2. Heat flow measurements in wells at the southwest of Limassol 
were between 5 and 28 mW/m2, and in this study, these values in the same area are around 25 mW/m2. It can be said 
that the results of this study are consistent with older [Morgan, 1979] well studies in general terms for these areas 
mentioned. The heat flow was between 5‑12 mW/m2 in the wells at the east of Kyrenia, and The heat flow in this area 
was obtained as 30 mW/m2 in this study. The results are incompatible with older studies for this region (Figure 5). 
In addition, Kalogirou [2014] prepared a heat flow map for Cyprus Island using artificial neural networks in their 
study. In this study, the map they created was consistent with areas with high heat flow (Polis and its surroundings, 
Morphou Bay and its surroundings, Paphas and its surroundings).

Figure 7.  Analytic signal (AS) map of the magnetic anomaly of Cyprus Island.

In the AS map, maximum amplitudes were obtained at the west of Nicosia (Lefkoşa) and Kyrenia, and north of 
Famagusta (Figure 6). Regarding to the AS map, the structures that cause magnetic anomaly generally draw an arc 
between Rizokarpaso, Kyrenia, and Morphou Bay (Figure 7). THDR map was examined, and it showed similar results 
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to the AS map. In the west and east of Nicosia and Kyrenia, and north of Famagusta, the direction of the structure 
causing the magnetic anomaly was determined as N‑S (Figure 8). As known in the TA distribution, zero contours 
are directly related to the structure boundary. The boundaries of the structure that caused magnetic anomaly were 
obtained as N‑S, such as THDR in the west of Nicosia and Kyrenia, and north of Famagusta. The N‑S structures was 
indicated by dashed circles. The structure that causes the anomaly in this area extends to the land boundary in the 
area between Larnaca and Famagusta. The structure boundaries were obtained by different orientations around 
the Troodos Mountains. The structure boundaries that start at the Episkoi and Akrotiti bays and extend to the 
southeast of the study area are NW‑SE directional. In the NE of the study area, the structures are generally NE‑SW 
directional (Figure 9).

Figure 8.  THDR (total horizontal derivative) map of the magnetic anomaly of Cyprus Island.

Moho depth and CPD are two physical situations that reflect temperature and discontinuity layer. However, both 
physical situations are indicating a boundary. CPD demonstrates the boundary between magnetic and nonmagnetic 
crust whereas Moho depth illustrates crust‑mantle boundary. Moho depth can be considered as a boundary at which 
compositional change occurs. In some cases, especially in stable tectonic zones, magnetic rocks are substituted by 
non‑magnetic rocks at these transition zones [Ravat et al., 2007]. As a result of this, the difference between Moho 
and Curie depths becomes close to 0 [Idárraga‑García and Vargas, 2008; Özsöz, 2021]. Karabulut et al. [2019] was 
computed crustal thickness from receiver function analysis. According to their estimations, the crustal thickness in 
Cyprus Island is between 20 and 30 km. Furthermore, thicker crust is observed in the northern part of Cyprus Island 
which is compatible with Moho depth estimation results in this study.

Calculated Moho depth through the Airy‑Heiskanen theory is compared to Curie depth to enhance interpretation 
of the tectonic activity. In order to analyse the tectonic regime of the area, correlation and difference between Moho 
and Curie depths are used. Additionally, cross‑correlation of Moho and Curie is computed to evaluate the areas 
where Moho and Curie depths match remarkably. It is probable to say that if Moho and Curie considerably match, 
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the region might be interpreted as a passive crust. On the other hand, the mismatch or notable difference between 
Moho and Curie is likely to indicate an active tectonic regime. Illustration of Curie depth, Moho depth, Moho‑Curie 
and cross‑correlation of Curie and Moho depths are given in Figure 10.

There are two reasons for obtaining shallower Moho depth than CPD. The first reason is the Moho‑Curie differ‑
ence is higher than 0 unless upper mantle magnetic phases are observed [Haggerty, 1978; Roberts, 2006; Ferré et al., 
2013]. In that case, it is possible to say that the temperature of the magnetised mantle is lower than Curie tempera‑
ture [Guimarães et al., 2014]. The second reason is that Curie depth estimation using spectral analysis is a fairly 
subjective process. Additionally, the Moho depth calculation approach includes assumptions that affect the result 
significantly. Hence, the unrealistic negative values may appear in the Moho‑Curie difference due to subjectivity 
and the presumptions.

As it can be seen from Figure 10, Moho depth values are remarkably high (around 35‑38 km) in Troodos Moun‑
tains due to the isostatic compensation theory. Curie depth values are relatively deeper (28‑30 km) in the S‑SE part 
of the study area. Regarding to cross‑correlation results, a higher correlation coefficient (0.60‑0.75) in the southern 
part of Cyprus Island is observed. Moho‑Curie difference produced approximately 0 contours in the southern part 
of the study area. It is possible to say that the tectonically passive regime becomes dominant towards the southern 
part of the study area due to high cross‑correlation values and low difference in that region.

It is crucial to note that earthquakes are generally occurring in the brittle part of the crust. Therefore, it is fair to 
say that both rigidity of the crust and Curie depth are dependent on temperature in the subsurface. Consequently, 
including the focal depth and distribution of the seismic activity would enhance the interpretation stage. Regarding 
the quantitative analysis of the earthquakes, mean focal depth and magnitude are 25.86 ± 16.06 km and 3.42 ± 0.64 
respectively.

The earthquake distribution map and Moho‑Curie should be associated since 0 contours of Moho‑Curie represent 
passive tectonic activity. Spatial distribution of earthquake data indicates that the majority of tectonic activity 
occurs in the south‑western part of Cyprus Island where the Moho‑Curie difference is approximately 10 km. Few 
earthquakes are noted in the southern and the western part of the study area where Moho‑Curie is around 0. 

Figure 9.  TA (Tilt Angle) map of the magnetic anomaly of Cyprus Island (red line shows 0 contour in TA map).
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Conversely, if Moho‑Curie is relatively high with respect to the surrounding region such as the south‑western 
part of Cyprus Island, an abundant number of earthquakes are observed. The deeper earthquake activity (> 30 km) 
dominantly occurred in the southwestern part of the study area where Curie and Moho depths are relatively shallow. 
Moreover, this area corresponds to the convergent plate boundary in which deep tectonic activity tends to occur.

This work presents a tectonic interpretation of Cyprus Island by CPD estimation, edge detection methods, 
Moho‑Curie comparison and spatial earthquake distribution. The findings of the study shed light on stable‑unstable 
crustal structure and orientation of the magnetic sources in the study area. The AS, THDR and TA results showed 
that N‑S oriented structure is observed in the west and east of Kyrenia (Girne) and Nicosia (Lefkoşa). However, 

a)

c)

b)

d)

e)

Figure 10.  Interpretation of tectonic activity in the study area: a) Curie depth map, b) Moho depth map, c) cross‑correla‑
tion between Moho and Curie depth maps, d) Map that obtained by subtracting Curie depth values from Moho 
depth values, e) Earthquake (M > 2.5) distribution map.
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the orientation of the magnetic anomaly is not identical around the Troodos Mountains for these edge detection 
methods. Combined analysis of Moho and Curie depths showed that stable crustal characteristics are observed in 
the southern part of the study area. There is a large number of earthquakes are noted in the south‑western part of 
the study area where the Moho‑Curie difference relatively high.
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