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Abstract. The Biga Peninsula has hot springs with geothermal temperatures varying between 40°C and 175°C.
In this study, we investigate the regional temperature distribution and change in radiogenic heat production
in the Biga Peninsula. We use EMAG2 magnetic data to estimate the Curie point depth (CPD). Our findings
show that the CPD in the region varies between 9 km and 17 km. We also calculated the geothermal gradient
and heat flow values based on the CPD data. which range between 92.9 and 141.6 mWm™. Additionally, we
also obtained values for z, z_and z, from the power spectrum and calculated 1D geothermal gradient change
for examined blocks. The resulting equations are: 2,7 Zyocr 2, Zyspoes and 2, = Zogoer These equations enabled
us to propose a new formula to calculate the CPD. We also obtained the Conrad discontinuity depth (z = z...)
in the Biga Peninsula. Furthermore, we prepared 2D heat flow and temperature profiles along three sections to
investigate the relationship between heat changes and earthquake focal distributions. The results indicate that
seismicity is high in the southwest of the Biga Peninsula, which has a high CPD, high heat flow value, and

shallow Conrad discontinuity.
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INTRODUCTION

The Biga Peninsula (NW Tirkiye), hosting the
ancient city of Troy (Korfmann 2007), is situated be-
tween the North Anatolian Fault Zone (NAFZ) and
the Region of Aegean Extension making it a tectoni-
cally active region (Sengor 1979; Sengor et al. 2005).
The peninsula consists of various sedimentary, meta-
morphic, and igneous rocks of different ages (cf., Ak-
bayram et al. 2016). Igneous rocks cover the largest
area in the Biga Peninsula and are associated with
geothermal systems and mineral deposits (Altunkay-
nak, Geng 2008; Cicek, Oyman 2016).

In this study, we aimed to investigate the regional
temperature distribution and changes in radiogenic
heat production in the Biga Peninsula using the Global
Earth Magnetic Anomaly Grid data (EMAG2) (Maus
et al. 2008). Ekinci and Yigitbas (2012) presented the
underground structures of the igneous rocks in the
peninsula based on the analysis of magnetic anoma-
lies. Hisarl1 (1996) calculated the Curie depth calcu-
lation of the NW Aegean using aeromagnetic data.
An inverse algorithm was developed for prism, dyke,
and slope step models, and the heat gradient and heat
flow values of the NW Aegean obtained using the
Curie point depths (Marobhe 1989). According to
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this shallow Curie point depths (between 6.5-8 km),
high thermal gradients (75-85°C/km) and a thin crust
(~ 25 km, Ates et al. 2012) were reported in the
southern part of the Biga Peninsula (Marobhe 1989;
Hisarl1 1996). In addition, deeper Curie point depths
(> 10 km) were reported towards the southeast (in
Balikesir city) and west (Susurluk and Ilica) of the
peninsula, suggesting that the heat flow may be lower
(< 60°C/km) in these regions (Hisarli 1996). Studies
based on spectral methods have become prominent in
Curie depth calculation studies conducted in Tiirkiye.
Most of these studies include calculations for specific
regions in Tiirkiye (Table 1).

The presence of NE-SW directional right-lateral
strike-slip and normal faults in the Biga Peninsula
was obtained by Gorgiin and Albora (2017) through
directional filter analysis applied to gravity anoma-
lies. Their results are consistent with the aftershock
orientation and the strikes of the Yenice-Gonen and
Biga-Can fault zones (Emre et al. 2013; Herece,
Akay 2003; Saroglu et al. 1992), which are the most
active fault zones in the peninsula. One branch of the
NAFZ that extends into the Gulf of Saros is aligned
in the same direction (Fig. 1). Data processing tech-
niques applied to the derived gravity anomalies have
been used to interpret the shallow structural features
of the Biga and Gallipoli peninsulas (Ekinci, Yigitbas
2015). Derivative-based anomaly maps have revealed
evidence of an ancient caldera structure in the western

part of the Biga Peninsula (Ekinci, Yigitbas 2015). In
addition, sudden lateral changes in anomaly ampli-
tudes have indicated the presence of significant struc-
tural discontinuities (Ekinci, Yigitbas 2015).

The compilation of studies presents significant
advancements in understanding the Curie point
depth (CPD), heat flow, geothermal characteristics
and tectonic evolution of various regions through
the application of magnetic anomaly analysis with
EMAG?2 data. Pamuk (2019) investigated CPDs and
heat flow in Eastern Anatolia, employing edge detec-
tion methods to reveal correlations between subsur-
face geological features and geophysical parameters.
Njeudjang et al. (2020) also estimated the CPD and
geothermal gradients in the Adamawa volcanic re-
gion, highlighting the potential for geothermal energy
exploitation in the area. In 2021, Yin et al. applied
wavelet transforms to estimate the CPD, demonstrat-
ing the effectiveness of different methodologies in
assessing geological structures, particularly in areas
with varying heat flow rates. Mohamed and Deep
(2021) utilized EGM2008 and EMAG2 data to de-
velop a crustal thickness model for Africa, revealing
a DBML depth ranging from 23.0 to 37.2 km and an
average crustal thickness of 35.1 km. Heat flow var-
ies widely across the continent, particularly reaching
high values in the northern, eastern, and western re-
gions, while geothermal gradients range from 14.5 to
23.6 °C/km. Harash and Chen (2022) explored the

Table 1 Curie point depth calculation studies conducted in Tiirkiye

Region Geologic formation CPD (km) Reference
Volcanic Complex 7.9-22.6 Ates et al. (2005)
Galatian Volcanic Complex 6.7-17 Bilim (2011)
Central Erciyes Volcano 13.7 Maden (2010)
Anatolia Yozgat Batholite 10.4-19.5 Bilim (2017)
Cappadocia Volcanic Complex ;_Z i;l(li?rrfitraelz. L(io (12702;)9)
Eastern Anatolian Volcanic Field 12.9-22.6 Bektas et al. (2007)
Inner East Anatolia 16.5-18.7 Bektas (2013)
East Anatolia | Eastern part of the Anatolian plate and the Arabian Foreland 12-22 Elitok and Dolmaz (2008)
Northern part of East Anatolia 15.7-18.6 Pamuk (2019)
Eastern Anatolian Collisional Zone 12-14 Dolmaz et al. (2008)
6.5-11 Hisarli (1996)
West Anatolian Extensional Province 10-20 Salk et al. (2005)
8.2-19.9 Dolmaz et al. (2005a)
West Anatolia | African-Eurasian convergence zone SW Anatolia 9-20 Dolmaz et al. (2005b)
south-eastern Aegean Sea and western part of Tiirkiye 9.8-19.5 Erbek and Dolmaz (2019)
Menderes Massif and in the Aegean Region 6-12 Bilim et al. (2016)
Bigadi¢ Basin and surroundings (NW Tiirkiye) 7-18 Bilim et al. (2021)
Thrace Region 9.7-20.3 Hisarli et al. (2012)
Pontides 14.3-27.9 Maden (2009)
Black Sea E;tlsttern Black Sea basin and the eastern Pontides orogenic 25 Maden et al. (2013)
Mediterranean | Iskenderun Bay 8-13 Bilim et al. (2017b)
Whole 6-10 in Eagean Region
Tiirkiye 20-29 Eas%em Reggion Aydmn et al. (2005)
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Fig. 1 a) The tectonic units of the Anatolian Peninsula, consisting of many continental pieces that came together in Late
Tertiary to form a single landmass. Red rectangular shows the study area (Okay and Tiiysiiz 1999), b) Simplified geologi-
cal map of the Biga Peninsula and active faults affecting the peninsula (Akbas et al. 2011)

relationship between CPD and heat flow at the Era-
tosthenes Seamount, providing insights into thermal
dynamics and the geothermal resource potential in
the Eastern Mediterranean. Pamuk and Ozs6z (2022)
conducted a study on Cyprus Island, determining CPD
and heat flow using EMAG?2 data, identifying regions
of high geothermal potential characterized by shallow
CPD values. Njeudjang et al. (2023) provided a com-
prehensive database for the Adamawa region in Cam-
eroon, focusing on heat flow, radiogenic heat pro-
duction, and geothermal gradient, addressing energy
challenges in sub-Saharan Africa. Jiao et al. (2025)
analyzed the Eastern Himalayan Syntaxis, identifying
a strong magnetic body indicative of deep material

uplift and supporting the “tectonic aneurysm” evolu-
tion model. These studies collectively contribute to a
nuanced understanding of geothermal systems, crus-
tal structures, and the potential for sustainable energy
resources across diverse geological landscapes using
EMAG?2 data.

The main purpose of this study is to determine the
variation in CPD by examining the magnetic anoma-
lies of the Biga Peninsula and to model the temper-
ature variation with depth. Throughout the study,
approaches were developed to differentiate certain
depths within the crust and identify key discontinuity
levels. In particular, the fact that the Conrad discon-
tinuity level obtained from the gravity data can also
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be determined by temperature changes is significant
in supporting other related studies. On the other hand,
associating the focal depths of tectonic processes and
earthquakes with heat models and defining these lev-
els with specific heat values for the study area is pre-
sented as a new approach.

GEOLOGY AND TECTONICS

The Biga Peninsula is located in the north-western
extremity of Tiirkiye and is bordered to the north by the
Marmara Sea, to the south by the Edremit Gulf and to
the southwest by the Aegean Sea (Fig. 1). Tectonical-
ly, the peninsula represents the westernmost extension
of the Sakarya Zone of the Pontides (Eurasian plate) at
the north of the Izmir—Ankara—Erzincan Suture Zone
(IAESZ), which separates Gondwana (African and
Arabian plates) from Laurasia (Eurasian plate) (Janko-
vic 1986; Okay et al. 1990, 1991; Okay, Tiiysiiz 1999;
Sengor, Yilmaz 1981; Yigit 2012). The collision of
the Sakarya and the Anatolia-Tauride continent frag-
ments that led to the closure of the Neo-Tethys Ocean
resulted in a complex geological and tectonic structure
of the region (Sengiin et al. 2011; Yigitbas et al. 2009;
Akbayram et al. 2016). Metamorphic, ophiolitic, igne-
ous, and sedimentary rocks have widespread outcrops
in the region (Donmez et al. 2005; Duru et al. 2012,
2004). The Pre-Cenozoic metamorphic and ophiolitic
rocks constitute the regional basement of the penin-
sula. Based on these units, the peninsula can tectoni-
cally be subdivided into four zones from northwest
to southeast, which are the Gelibolu Zone, the Ezine
Zone (Permian metasedimentary and Permo-Triassic
ophiolitic rocks), the Ayvacik-Karabiga Zone (ophi-
olitic mélange bearing eclogite and Upper Cretaceous
limestones blocks), and the Sakarya Zone (Permian
metamorphics of Kazdag Massif and Permo-Triassic
metasedimentary rocks) (Okay et al. 1991). On the
other hand, Yigit (2012) proposes subdividing it into
two zones from west to east: Rhodope-Strandja Zone
and Sakarya Zone.

The Cenozoic igneous and sedimentary rocks
cover a larger area than the metamorphic rocks and
ophiolites in the Biga Peninsula (Giilyiiz et al. 2020;
Saatci, Aslan 2018). Bozkaya et al. (2020) sug-
gest four sub-time periods for these units: (1) Late
Cretaceous-Early Eocene: basaltic lavas, turbiditic
sandstones, and limestones (Delaloye, Bingdl 2000),
(2) Middle Eocene-Oligocene: andesitic lavas and
tuffs, granite, granodiorite and limestones (Krushen-
sky 1976; Ayan 1979; Ercan, Tiirkecan 1984; Birkle,
Satir 1995; Altunkaynak, Yilmaz 1999; Donmez et
al. 2005; Altunkaynak ef al. 2012a; Yigit 2012), (3)
Miocene: granodiorite, rhyolitic and rhyodacitic py-
roclastics, andesitic and dacitic lavas, and turbiditic
clastics (Demirel et al. 2004; Altunkaynak et al.
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2012b; Aslan et al. 2017), and (4) Plio-Quaternary:
fluvial sediments and lacustrine carbonates.

The neotectonic period began with the interac-
tion of the European, Arabian, and African plates and
continues until today. During this period, two main
fault zones, the NAFZ and the East Anatolian Fault
Zone (EAFZ), formed as the active transform plate
boundaries of Anatolian Plate. The NAFZ is divided
into two branches in the Marmara region: the north-
ern branch extending along the Saros Bay, and the
southern branch extending along the Biga Peninsula
(Barka, Kadinsky-Cade 1988; Siyako et al. 1989;
Barka 1992). The southern branch of NAFZ is divided
into three main branches in the Biga Peninsula, from
the Middle Miocene to the present (Okay et al. 1991;
Aldanmaz et al. 2000). The northern branch runs un-
derneath the Marmara Sea, the middle branch con-
tinues across Ezine town, while the southern branch
passes through the Edremit Graben (Aldanmaz et al.
2000). The sources of earthquakes affecting the Biga
Peninsula include Saros Bay in the north, which is
the western branch of the NAFZ, the Gonen-Yenice
Fault Zone in the southwest-northeast direction, and
the Edremit Bay and Ayvacik area in the south. Apart
from this, significant earthquakes also occur in the
Aegean Sea (Fig. 2). The largest earthquakes affect-
ing this region include the 1912 Ganos (M = 7.2), the
1944 Edremit Bay (M = 6.8), the 1953 Yenice-Gonen
(M =17.2), and the 1983 Biga (M = 6.2) earthquakes.

To summarize, the peninsula is interacted by the
dextral strike-slip NAFZ and the north-south ex-
tensional tectonic regime of the Aegean (McKen-
zie 1972, 1978; Taymaz et al. 1991). In addition,
young magmatic rocks are widespread and exhibit a
close spatial and temporal association with the faults
(Karacik, Yilmaz 1998). Consequently, the Cenozoic
magmatism and neotectonic activities have led to the
development of the active faults where the geother-
mal resources are found (Fig. 2). Hot water resources
in the Biga Peninsula were examined by many re-
searchers. The temperatures of the geothermal re-
sources vary between 35°C and 173°C in the penin-
sula. The Ayvacik-Tuzla geothermal spring has the
highest temperature in this region, where geothermal
energy is utilized (Kog et al. 2015). Although more
than 50 hot water resources were identified, Demirel
et al. (2004) marked 15 most known resources, and
Deniz (2010) marked 19 on their maps. These re-
sources are mostly concentrated around the fault zone
extending NE-SW between Edremit Bay and Gonen
in the east and south of the peninsula (Fig. 2). Re-
cently, Wolkersdorfer et al. (2021) determined geo-
thermal resources with temperatures > 90° in the SE
and NE parts of the area. These authors mapped new
geothermal springs in the Biga Peninsula, especially
around Troy.



MFZ
CGan-Biga Fault zone OF

SAF
Edremit Fault zone SF

North Anatolian Fault zone

.
Erdek Fault

Evciler Fault APF

ipsala
5 p
Kesan

Enez o EDIRNE

32 Gelibolu
i)

SN

Lapseki
o p

Kalekdy ®. o (. () EE
®

(=)
R Eceabat CANAKKALE
©

S o 9

e6° cp©
e

: Burhaniye 3
®

Havran-Balikesir Fault zone g il

Manyas Fault zone
Ovacik Fault
Sarikdy Fault
Sinekli Fault

Aghia Paraskevi Fault

Geothermal spring

2t Malkara

. o ° °
Sarko;

y o
@ ® Marmaga °

Edremit

Fig. 2 The topographical map of the study area and its surroundings and the epicentral distribution of earthquakes (M >

4.0) that affected the study area between 1900-2023

DATA AND METHODS
Magnetic data

The long wavelength data obtained above the
CHAMP satellite with a height of 5 km from the
ground according to the reference ellipsoid were
evaluated and published as the Global Earth Magnetic
Anomaly Grid (EMAG2) (Maus et al. 2008). In 2009,
this altitude was reduced to 4 km with a resolution of
2 arc/min, and the third high-resolution version of
EMAG?2 was published. The EMAG2 magnetic data
includes satellite, ship, and airborne measurements,

combining existing grids 4 km above the geoid with
the least squares method. It also incorporates grids
on the track lines using the anisotropic correlation
function in the oceans, processing the magnetic data
received in the air and at sea. This process includes
the line levelling of the track line data, and satellite
magnetic anomaly model was created with MF6 by
substituting 120 degrees (330 km wavelength) spheri-
cal harmonic data (Maus et al. 2009). In this study,
the EMAG?2 magnetic data was used to calculate the
Curie point depths (Fig. 3). To eliminate the aberra-
tions caused by the geomagnetic field, the reduction-
to-pole (RTP) transform was applied to the magnetic
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Fig. 3 Total field magnetic anomaly (TFMA) of the study
area. EMAG?2 data (downloaded from the National Oce-
anic and Atmospheric Administration (NOAA) geomag-
netism database (https://www.ngdc.noaa.gov/geomag/
emag2.html)
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Fig. 4 Reduction-to-pole (RTP) magnetic anomaly map.
The inclination and declination angles of the geomagnetic
field and body magnetization accepted as 55° and 4°, re-
spectively. The area is divided into 49 blocks of 50 km x
50 km on this map. Each block was created by overlaying
the other by 50%. White triangles show the centres of the
blocks and numbers used for the Curie point depth regions

anomalies shown in Fig. 3. During the RTP transform,
the inclination and declination angles of the geomag-
netic field and the angles of the object magnetization
were assumed as 55° and 4°, respectively. The RTP
magnetic anomaly map of the study area is given in
Fig. 4.

Estimation of Curie point depth (CPD)

The Curie point depth (CPD) is known as the depth
at which the magnetization level in the Earth’s crust
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changes from ferromagnetic to paramagnetic under
the influence of increasing temperature (Nagata 1961;
Dolmaz et al. 2005). This is the depth at which crustal
temperatures reach the Curie point of the dominant
magnetic minerals, possibly titanomagnetite with a
Curie temperature of 580°C or lower (Nagata 1961).
For this purpose, the base depth of the structure that
causes magnetization from the magnetic data is con-
sidered the Curie point depth. CPD calculations have
been developed progressively since the 1970s (Bhat-
tacharyya, Leu 1975; Byerly, Stolt 1977; Shuey ef al.
1977; Smith et al. 1974; Boler 1978; Connard et al.
1983; Okubo et al. 1985, 1989; Blakely 1988).

The methods used to determine the Curie point
depths are based on spectral analysis. The simple
two-dimensional spectral analysis technique of mag-
netic anomalies was first described by Spector and
Grant (1970), and they stated that magnetic anomalies
originate from vertical prisms. There are two basic
methods for calculating the Curie point depth, both
of which involve calculating the power spectrum. In
this study, we calculated the Curie point depths of the
Biga Peninsula by the power spectrum method devel-
oped by Okubo ef al. (1985) and determined top (z,),
centre (z ), and bottom (z,) depths of the magnetic
body. Okubo et al. (1985) stated that the spectrum
can be written as Eq. 1 in polar coordinates in the
frequency domain.

F(s,y) = 2nJA[N + 2(Lcosy + Msiny)] x
x [n+1 (1cosy + siny)] % sinc (msacosy) sinc (rsbsiny)
x exp [- 2msi (xocosy + yosiny)]
x [exp (-2mszt) — exp (-2mszb)], (D)

where J is unit volume magnetization, A is the section
of the body along one direction, L, M, N are direction
cosines of the Earth magnetic field, a and b are the half-
width and length of the source, i.e., half-width sizes
along with the x and y directions, respectively, x and
y, are x and y centre coordinates of the object, and z,
and 7z, are the top and bottom depths of the object.

Bhattacharyya and Leu (1975, 1977) and Okubo
et al. (1985) suggested that the determination of the
bottom depth (z,) has two steps. The first step is the
determination of the centre depth (z ), and the second
is the determination of the top depth (z,). The bottom
depth (z,) obtained by using z_and z, depths is shown
in Eq. 2.

7 =2z-7 2)

During the implementation of the method, we di-
vided the RTP magnetic anomaly map (Fig. 4) into
49 blocks with a size of 50 km x 50 km. All of the
blocks overlapped with adjacent blocks by 50 percent
(25 km distance from each other). The centres of the
blocks are marked with triangles (Fig. 4). The power
spectrum method was then applied to 49 blocks in or-
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Fig. 5 Examples of the power spectrum analysis to estimate the depth to the base of magnetic sources (CPD): a) Repre-
sentative Block-11, b) Representative Block-42. z is the depth of the top of the magnetic body, and z_ is the depth of the

middle of the magnetic body

der to determine the Curie point depth values in the
study area. The best-fit lines were determined from
the power spectrum curves by using the least-squares
method. These best-fit lines correspond to depths of
z and z_(Fig. 5). Using Eq. 2, the Curie point depths
(z,) for each block were calculated from the obtained
depths of z and z . The depth map of the study area
was created by using the z, z and z, values of each
block (Fig. 6).

CALCULATION OF HEAT FLOW

The evaluation of variations of an area’s Curie
isotherm can provide valuable information about the
regional temperature distribution at depth and con-
centration of underground geothermal energy. One
of the important parameters determining the relative
depth of the Curie isotherm with respect to sea level
is the local thermal gradient (i.e, the heat flow and
thermal conductivity structure). Measurements have
shown that a region with significant geothermal en-
ergy is characterized by an abnormally high-temper-
ature gradient and heat flow. Therefore, geothermally
active areas can be expected to be associated with
shallow Curie point depths (Tselentis 1991). Analy-
ses of long-wavelength magnetic anomalies have
provided valuable information about magnetization
sources and Curie depth, which can offer insight into

Fig. 6 Spatial distribution of the magnetized body at dif-
ferent depths: a) z, depth of the top of the magnetic body,
b) z, depth of the middle of the magnetic body, and
¢) z,, depth of the bottom of the magnetic body
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the proxy heat flow of a region (Bansal ef al. 2013).
Lachenbruch and Sass (1978) modelled geotherms
under various conditions (extension, magmatic un-
derplating, and intrusion) and developed formulas
for the modelling process (Eq. 3 and 4). The average
temperature at any z depth is defined by Eq. 3.
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From Eq. 3, the heat flow at the surface (z = 0) is
calculated as Eq. 4.

O(O;R,,B,qa)—AODEI—D—ZJ [1—%tanh£j N

Jin B
+£(90 +£)tanh£
V) c B
p(. pY' 1
+| ¢, -4, —2(1——2] e P —2mK R +2mK  (4)
B B cosh—
B
where

g, is asthenospheric heat flow (mW/m?),

K is thermal conductivity (W/m/K),

A, is linear heat production (microW/m®),

D is the effective depth of heat production (km),
R is lithospheric thickness (km),

0
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Fig. 7 Steady state geotherms (left panels) and heat flow with depth (right panels) computed using the methods of Lachen-
bruch and Sass (1978) to approximate the estimated conditions in the study area. Asthenospheric and reduced heat flow
equal, i.e., qa = qr, strain rate of 0.75% (my)!, thermal conductivity (k) is 2.127 Wm™'K"!, effective depth of heat produc-
tion (D) is 12.5 km, linear heat production (A ) is 2.09 uyWm™. a) Representative Block-11, b) Representative Block-42
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s is horizontal strain rate (1 percent/m.y.), and
0 is temperature (°C).

In this study, we assumed the thermal conductivity
as 2.127 Wm'K! (k), effective depth of heat produc-
tion 12.5 km (D) (average focal depths of earthquakes
occurring in the study area), linear heat production
2.09 uWm™ (A ), and horizontal strain rate 0.75%
(s). One-dimensional heat flow models were obtained
for 49 blocks. One dimensional heat flow model for
blocks 11 and 42 is given in Fig. 7. The surface heat
flow (q,) values obtained for each block are mapped
and shown in Fig. 8. Surface heat flow values (q ) vary
between 92.9 and 141.6 mWm? in the study area.

When Fig. 8 is examined, the heat flow is rela-
tively low in areas where Palacozoic and Precam-
brian units are located, because these rocks gener-
ally have low permeability and low heat conduction.
Regions showing high heat flow indicate places
where geothermal potential may be present. The heat
flow distribution in the region is heterogeneous and
there are high temperature anomaly regions at cer-
tain points. The region where Precambrian rocks is
located in the eastern and north-eastern parts of the
study area. In these regions, the heat flow generally
varies between 100—-116 mW/m?. In particular, one
of the lowest heat flow values (approximately 92—
100 mW/m?) is observed in this area. Palacozoic rocks
are observed in the northern, northeastern and central
parts of the study area. In these areas, the heat flow
generally varies between 108—-124 mW/m?. Accord-
ing to Figs 1 and 8§, there are some points where the
heat flow is relatively higher within the Precambrian
and Palaeozoic units. These regions contained small
granitoic intrusions. In the western and south-western
parts of the study area, the heat flow reaches 132—-140
mW/m? levels. It can be said that there are no Pal-
aeozoic or Precambrian units in these areas or that
there are more permeable geological structures. In the
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Fig. 8 Heat flow map of the Biga Peninsula as calculated
from the Curie point depths (CPD) using Eq. (2). The Curie
point temperature was set equal to 580°C, and the thermal
conductivity coefficient (k) to 2.1 Wm'K"!

regions containing Precambrian units, the heat flow
varies between 92-116 mW/m?, which constitutes
the lowest heat flow sections of the map. In the areas
containing Palaeozoic units, the heat flow is gener-
ally between 108—124 mW/m?, slightly higher than in
the Precambrian areas, but lower than in the hottest
regions of the study area. These low heat flow values
suggest that these rocks are impermeable or have low
thermal conductivity and may indicate a limited po-
tential for geothermal systems.

MODELLING OF THE TEMPERATURE
STRUCTURE OF THE CRUST INTERIOR IN
THE BIGA PENINSULA

In the study area, three-dimensional (3D) heat flow
and temperature distribution maps of the region were
created by combining the one-dimensional heat flow
models and geothermic gradient changes obtained for
each block. The 3D heat flow and temperature maps
are shown in Fig. 9a, b. The z_ and z values obtained
from the power spectrum for 49 blocks and the 1D
geothermic gradient change values calculated for
each block were examined together. Fig. 10 presents
a series of depth maps that illustrate the relationship
between the depths obtained from power spectrum
analysis and those inferred from 1-dimensional (1D)
geothermic gradient models. These maps are critical
for understanding the thermal structure of the subsur-
face and validating the consistency of different geo-
thermal depth estimation methods.

The results indicate a strong correlation between
the depth values derived from these two independent
methods, suggesting the reliability of the geothermic
gradient model in estimating subsurface tempera-
tures.

As a result of this examination, it was observed
that the z depth values obtained from the power spec-
trum and the depth values corresponding to 80 °C in
the 1D geothermal gradient graph were compatible.
The z, depth and depth maps corresponding to 80 °C
obtained from the power spectrum in the study area
are given in Fig. 10a, b. This consistency reinforces
the accuracy of using power spectrum analysis for
geothermal depth estimation.

Similarly, it was observed that the z depth val-
ues obtained from the power spectrum and the depth
values corresponding to 350 °C in the 1D geothermic
gradient graph were compatible. The z depth and
350 °C depth maps obtained from the power spectrum
in the study area are given in Fig. 10c, d. A strong
agreement between these depth estimations suggests
that the power spectrum analysis effectively captures
thermal variations in the subsurface. The significance
of this result lies in its potential application for geo-
thermal resource exploration, as deeper heat flow

23



characteristics are crucial for assessing geothermal
potential. The study employs Equation 5 to estimate
the z (Curie depth point) using the depth values z,
(80°C) and z, (350°C). Equation 5 emerges when
the depth calculation formula z, (Curie depth point)
given in Equation 2 is taken as the depth value z _cor-
responding to 80 °C obtained from the 1D geother-
mal gradient change graph and the depth value cor-
responding to 350 °C as the depth z_.

z 2z

350°c  Zsoec (5 )

From the geothermal gradient change values, the
depth values at 80°C and 350°C, namely z and z , were
substituted in Equation 2, and z,, .. depth values were
obtained and compared with the z_values derived
from the power spectrum. When the maps shown in
Fig. 10e, f are examined, it is seen that the obtained
7,/ . depth values show a very good agreement.
The depth maps in Fig. 10 illustrate a high degree of
consistency between depth estimations obtained from
the power spectrum and those derived from the 1D
geothermic gradient method. The agreement across
different temperature thresholds (80°C, 350°C, and

580°C

Fig. 9 3D block diagram representations: a) 3D heat flow
and b) 3D temperature map of study area
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580°C) strengthens confidence in the thermal model-
ling of the region. The ability to accurately determine
these depth values is essential for geothermal explo-
ration, as it helps in assessing the heat flow charac-
teristics and potential geothermal energy resources in
the study area. The successful application of Equation
5 in predicting Curie depth further confirms the ro-
bustness of the approach used in this study.

RESULTS AND DISCUSSIONS

Heat flow and geothermal gradient measurements
in wells on land are usually concentrated in certain ar-
eas. There is a direct proportionality between the well
depth and the heat flow values obtained. The qual-
ity and reliability of heat flow data depend on many
factors. On the other hand, it is possible to calculate
the Curie point depths (CPDs) by using the spectral
properties of magnetic data and indirectly obtain the
heat flow and geothermal gradient values. The CPD
calculations were successfully applied by many re-
searchers. In this study, CPD calculations were made
using the magnetic anomalies of the Biga Peninsula
located in the northwest of Tirkiye, and CPD data
ranging from 9 km to 17 km were obtained across the
peninsula. However, the main reason for the variation
of these values over such a wide range is the pres-
ence of deeper CPD values in a limited region in the
east of the area. If this area is excluded, the 9-14 km
range better reflects the CPD distribution character
of the Biga Peninsula. This depth range, which can
be considered quite shallow, becomes an acceptable
and explainable value considering the average crus-
tal thickness in this area is 27 km (Ates ef al. 2012).
These values are also consistent with the CPD values
ranging from 15 km-20 km calculated by Bilim e? al.
(2021) in the region covering the east and northeast of
the study area. Considering that the CPD values were
obtained at depths of 15 km to 17 km in the east of
the area in this study, it is evident that the values are
completely compatible. It can be seen from Fig. 8 that
heat flow values range from 92.9 to 141.6 mWm?,
and shallow CPD values are observed, especially in
the south and southwest of the region.

When the distribution of the heat flow on the Earth
is examined, different geological structures give cer-
tain heat flow values. There is a relationship between
the observed heat flow values and the age of tectonic
events and geological units. A striking decrease in
heat flow is observed from the Cenozoic to Precam-
brian. Low heat flow is measured in aged rock units
such as Precambrian shields (# > 600 Ma), while high
heat flow is measured around younger folds such as
those from the Cenozoic (¢ < 70 Ma) (Sclater 1972).
The heat flow in the Earth is generally of radioactive
origin, and radioactivity is almost equal under both



25.6 26.1 26.6 27.1

km

25.6 26.1 26.6 27.1

Fig. 10 a) z depth map obtained by power spectrum, b) z

km

25.6 26.1 26.6 27.1

40.1

39.6

39.1
25.6 26.1 26.6 27.1

Z5g00c=223500¢ = Zggoc

f)

40.21

39.2

25.6 26.1 26.6 27.1

°_ (depth map at 80 °C) obtained by geothermic gradient,

80 C

¢) z, depth map obtained by power spectrum, d) z,, °.. (depth map at 350 °C) obtained by geothermic gradient, e) z, depth

350 C

map obtained by power spectrum, f) z, (Eq. 5) depth map obtained by depths at 80 °C and 350 °C (z,,°

geothermic gradient

oceans and the land. However, the upper mantle is
different under land and sea. When the geological
structure of the Biga Peninsula is examined, the fol-
lowing results are observed. The Precambrian-Pal-
aeozoic sedimentary and metamorphic rocks exhibit
low heat flow values in the east and north of the area,
while high heat flow values are calculated in the south
and southwest, where Cenozoic granitoids and vol-
canic rocks crop out (Figs 1, 8).

In the calculations using the thermal models de-
veloped by Lachenbruch and Sass (1978) for such ar-
eas, variation in the temperature and heat flow values

. :
o c and z,. °) using

according to the depth were obtained. When the vari-
ation of the Curie point depths calculated according
to the z and z_ values obtained from the power spec-
trum calculations were compared with the heat mod-
els, it was found that each parameter corresponds to
a specific heat value. Also, the z, value, which is the
CPD value, corresponds to the temperature of 580°C,
the z value matched with 80°C, and the zo value with
350°C. According to this result, considered an impor-
tant finding of this study, we suggest thatz, z , and z,
depth values also correspond to certain temperature
values in the upper crust. These values were obtained
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for the Biga Peninsula, where the study was conduct-
ed, and they are too consistent to be a coincidence.
On the other hand, the Conrad discontinuity, which
marks the boundary between the upper crust and the
lower continental crust, where the seismic wave ve-
locity increases discontinuously, is predicted to occur
at depths of 15-20 km in various continental regions.
The Conrad discontinuity depth map of Tiirkiye was
prepared by Akin (2016) from gravity data. In this
map, the Conrad discontinuity depth for the study area
varies between 15-16 km. Recently, in their studies
conducted by Oztiirk and Alkan (2024), in which they
examined the seismic and tectonic changes of West-
ern Anatolia, it is observed that the b value is obtained
around 1.0 up to 20 km in the southern part of the Biga
Peninsula and increases after 20 km and reaches 1.4.
Therefore, this situation has been evaluated as an im-
portant indicator that deep-rooted earthquakes will
not be effective in this area. We compared the depth
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values corresponding to 680°C calculated from the 1D
geothermal gradient changes in the study area with the
Conrad discontinuity depths of Akin (2016) and de-
fined that these are highly compatible (Fig. 11).

The z, which we assume as the average depth
of the magnetized body in this study, corresponds
to the depth where the temperature reaches 350°C.
This value is accepted as the deepest rheological limit
temperature value for the brittle-plastic, seismogenic
rock behaviour proposed by Scholz (1990), and it
represents the limit for the majority of seismic events
in the upper crust. To investigate the possible rela-
tionship between the focal depths of the earthquakes
and the thermal structure of the upper crust that var-
ies with depth, sections A—A’, B-B’, and C—C’ were
taken in three different directions (taking into account
the seismogenic zones) (Fig. 12), and the focal depths
of earthquakes are concentrated between 350°C and
680°C (Fig. 13). Towards the north and east of the
area, where the heat flow decreases and the CPD
deepens, the focal depths of the earthquakes also in-
crease and extend the range of 350°C to 680°C.

CONCLUSIONS

The Biga Peninsula in north-western Tiirkiye is
surrounded by active faults with high seismicity. We
investigated the existence of a relationship between
depth-dependent thermal change, heat flow variations
and the focal depths of earthquakes based on Curie
point depth calculations using magnetic data.

The upper and middle depth values of the mag-
netized body, which are the CPD parameters (z, z)
obtained from the power spectrum calculation, actu-
ally correspond to specific temperature values in the
ground. Accordingly, the depth value correspond-
ing to the temperature level of 80°C in the ground
corresponds to the depth of z, and the depth value
corresponding to the temperature level of 350°C cor-
responds to the depth of z . The temperature of the
CPD, which is the average value of magnetite, the
most common magnetic mineral in the earth’s crust,
is 580°C. Thus, the relationships can be defined as
2, = Zggoes Z0 = Zysoer ANA 7, = 7 0. CPD values vary
between 9-17 km in the Biga Peninsula. Cenozoic
granitoids and volcanic rocks coincide with shallower
CPD depths and higher heat flow variations compared
to areas where Precambrian-Palacozoic metamor-
phics and sedimentary units are mapped. On the other
hand, according to the heat-depth models obtained in
the study, the value corresponding to the Conrad dis-
continuity, which ranges from 15-16 km for the Biga
Peninsula, was found to be 680°C. In this case, the
thermal depth equivalent of Conrad depth is given as
Z.= Z.. s a new concept. It was observed that the
focal depths of the earthquakes in the Biga Peninsula
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Fig. 13 2D temperature (left) and heat flow (right) sections: a) A—A’ profile, b) B-B’ profile, c) C—C’ profile. The focal depths
of earthquakes are concentrated between 350°C and 680°C. Towards the north and east of the area, where the heat flow de-
creases and the CPD deepens, the focal depths of the earthquakes also increase and extend the range of 350°C to 680°C

are concentrated depths corresponding to between
350°C and 680°C, while in the eastern regions where
the heat flow decreases, they are observed below the
depths corresponding to 680°C.
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