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Abstract: Knowledge of heat flow density on the Earth’s surface and subsurface temperature distribution is essential for the interpretation
of several processes in the crust such as for the evaluation of the geothermal potential of a region. With this study, we investigate the
conductive heat flow distribution in western Anatolia to understand the thermal state and its relationship to regional tectonics in the
region. The new heat flow data are collected and combined with previously published data to obtain the new heat flow map of western
Anatolia. Analysis of data sets after appropriate corrections yields a better picture of the regional distribution of heat flow within the
region. Generally, high values are observed around the grabens of Menderes Massif due to the intense tectonic activity. We also present
the 2D steady-state thermal model of Gediz. The modeled temperatures are validated by temperature measurements from two deep
wells. Numerical simulation results show that the dominant heat transfer mechanism in Gediz graben can be explained by conduction.
Temperature distribution in the deep subsurface of the graben is controlled by both thickness distribution and thermal properties of
the different stratigraphic sections. Thermal conductivity contrast between different stratigraphic sections causes anomalously elevated
heat flow values at the edges of the graben. The comprehensive results of this study will bring a new perspective to geothermal studies in

particular Enhanced Geothermal Systems (EGS) resource estimations in Gediz graben.
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1. Introduction

Knowledge of the heat flow density on the Earth's surface
allows us to predict the thermal conditions of the
deeper parts, which are not accessible for temperature
measurements. Lithology, surface topography, groundwater
(cold or thermal) circulation, young volcanism, variable
radiogenic heat generation content, mantle heat flow,
sedimentation effect at basins, basement structure, and
tectonic activity are the predominant factors that can affect
the surface heat flow (Lee and Uyeda, 1965; Pollack and
Chapman, 1977; Cermak and Rybach, 1979; Jaupart and
Labrosse, 2007). To find out their relative contribution
to surface heat flow density and to characterize these
processes are, therefore, of special interest for recent
studies. This study presents the results of the new heat
flow data collected from western Anatolia, which is one
of the tectonically active continental regions in the world.
Due to its intense plate tectonic activity the study area has
known for its high heat flow values in the limited number
of previous conventional heat flow studies (Tezcan and
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Turgay, 1991; Pfister et al, 1998; Erkan, 2015). It was
suggested that significant extension is responsible for the
thermal structure of the region (Caglar, 1961; Demirel and
Sentiirk, 1996; Karakus, 2013; Roche et al., 2019). Western
Anatolia stands with high heat values in the Turkey heat
flow map of Tezcan and Turgay (1991), which was based
on bottom-hole temperature data from deep wells and a
constant thermal conductivity assumption. Pfister et al.
(1998) published geothermal gradients from equilibrium
wells and thermal conductivity measurements from
outcrops for the northwestern part of the region. Erkan
(2015) prepared a preliminary heat flow map of western
Anatolia using high-resolution equilibrium temperature
logs from shallow boreholes and thermal conductivities
measured from outcrops or estimated by the lithology of
related rocks. The heat flow map outlines areas of high heat
flow (85-95 mW m™) in the coastal parts of the region
(peninsular areas of Canakkale and Izmir provinces) and
the central part of Menderes Massif (>100 mW m~? in Kula
volcanic region) but moderate heat flow values (55-70 mW
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m?) in some of the interior parts including central part
of Balikesir and the west of Manisa provinces. Menderes
Massif province hosts the highest enthalpy geothermal
systems of Turkey and the bottom-hole temperatures
(BHTs) in geothermal wells reach up the 287 °C in Gediz
graben and 247 °C in Biiyiik Menderes graben (Baba, 2012;
Karakus and Simgek, 2012). These high temperatures were
interpreted by the transfer of the heat from the shallow
mantle to the surface by the circulation of fluids using the
low-angle faults systems. Geophysical studies imply the
high potential for development of enhanced geothermal
systems (EGS) in the Alasehir part of the Gediz graben
(Burgak, 2012, 2015; Hidiroglu and Parlaktuna, 2019).
Even though exploration-based studies demonstrate that
there is a significant geothermal resource base in western
Anatolia, conventional heat flow studies have been very
limited in the region. The lack of sufficient amount thermal
conductivity and the geothermal gradient data are the main
reasons for the limited number of heat flow studies in the
area.

In this study, the new high-resolution equilibrium
temperatures were collected for 30 sites from western
Anatolia (Figure 1a). Thermal conductivities were
determined from measurements of outcrops of related
rock or assigned from literature based on the lithological
information. After correcting for effects of the groundwater
flow, sedimentation, erosion, and paleoclimatic changes,
we reported 21 geothermal gradients and 19 heat flow
determinations for the region. Erkan (2015) published
geothermal gradients for western Anatolia, but due to
the lack of thermal conductivity information, heat flow
values were not calculated for 12 of them. In this study, we
also included these 12 geothermal gradient data into our
data set and calculated heat flow after evaluating thermal
conductivity information.

The heat flow map of western Anatolia is updated
using the new and the previously published data (Pfister
et al., 1998; Erkan, 2015) (Figure 1a) and compared with
the results of earlier studies. In the light of new heat
flow data, we develop 2-D conductive thermal model
using the seismic and well data for the Gediz graben.
Calculated model approaches compared against measured
temperatures observed from two deep wells. Obtained
temperature distribution provides geothermal gradient
information for the region. This data may be the initial step
for replying to the question of whether there is enough heat
for possible EGS resources to existing in the Gediz graben.

2. Study area and geological settings

Western Anatolia has a seismically active crust with an
extensional regime and subduction-related volcanism.
Interaction within the Eurasia, Arabia, and Africa plates
and Aegean-Cyprian subduction controls the large
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deformation in the province (Dewey and Sengér, 1979;
Sengor et al, 1985; Bozkurt, 2001). Crustal thinning
and internal deformation of the Anatolian microplate
dominate in the region in the form of approximately
north-south oriented extension (Le Pichon et al., 1995).
Due to the extensional regime, the upper part of the crust
has been broken by faults; thus, E-W trending graben
systems prevail in the region (Yilmaz, 2000). Gediz and
Biiylik Menderes grabens are the largest grabens developed
within the Menderes Massif Province. Both thicknesses of
sedimentary sections and displacement on the bounding
faults are greater compared with the other basins (Isik and
Tekeli, 2001; Hakyemez et al., 1999).

Gediz graben extends more than 150 km along the Gediz
River and has approximately 40 km width at its western end,
and becomes narrow eastward until it dies out (Figure la
and b). Gediz evolved as an asymmetric graben bounded
by normal faults dominantly active at the southern margin
through the entire Miocene, developing into a graben as
a result of post-Miocene faulting of the northern margin
(Emre, 1996; Yilmaz et al., 2000; So6zbilir, 2002; Cift¢i and
Bozkurt, 2009a; Giilmez et al., 2019). The southern master
graben-bounding fault (MGBF) plays a critical role in its
deformation and deposition. Depositional geometry of
Gediz graben was provided Cift¢i and Bozkurt (2009a and
2009b), using 270 km length 2D seismic reflection data
interpreted with logs from three boreholes (Figure 2a, b,
and c) and outcrops. Seismic reflection profile S-12 (Figure
2b) shows the geometry and bonding structure of the Gediz
graben and emphasizes its asymmetric nature. Three main
seismic stratigraphic units (SSU) overlying metamorphic
basement were identified by Cif¢ti and Bozkurt (2009a)
on the seismic reflection profile. Metamorphic rocks
of the Menderes Massif which are composed of mainly
schists, marbles, quartzites, and phyllites represent the
basement unit in Gediz graben (Isik and Tekeli, 2001). The
estimated thickness of the graben fills ranges between 1.5-4
km (Paton, 1992; Giirer et al., 2002; Sar1 and Salk, 2006;
Ozyalin et al.,, 2012). The Alasehir formation (SSU-I) unit
generally consists of shale and conglomerates (Figure 2b).
The Alagehir formation is overlain by the Caltilik formation
(SSU-II), which contains limestones. Gediz, Kaltepe and
Bintepeler formations (SSU-I1IIa) are located on the Caltilik
formation. All of these are covered by the Quaternary
alluvium of SSU-IIIb (Cift¢i and Bozkurt, 2010).

3. Data collection

To calculate heat flow on land, temperature as a function of
depth (T-D) inaborehole is required to derive a geothermal
gradient together with the thermal conductivity of the
related geologic unit (Lowrie, 2007). The accuracy of
the heat flow measurements depends on the precision of
temperature data and thermal conductivity measurements
performed in the laboratory.
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Figure 1. a) Study area with data locations. Previously published data are displayed as black triangles and newly collected data for this
study are as blue diamonds. Red stars represent the hot spring and the black dashed line shows the boundary of Menderes Massif.
Elevations are in meters. BMG: Biiyiik Menderes Graben; KMG: Kiigiik Menderes Graben; EG: Edremit Graben; BG: Bakir¢ay Graben;
SG: Simav Graben; AYD:Aydin; AFY: Afyon; BAL: Balikesir; BUR: Bursa; CAN: Canakkale; DEN:Denizli; IZM: {zmir; KUT: Kiitahya;
MAN: Manisa; MUG:Mugla; USA:Usak.

The new data set reported in this study consist of  heat flow values were not calculated due to the lack of
new measurements (both T-D and thermal conductivity) thermal conductivity information. Thermal conductivity
and previously published geothermal gradients (lkisik information related to 12 sites are achieved, and they are
et al,, 1996, Ilkisik et al., 1996b, Erkan, 2015) whose included in our data set after calculated heat flow values.
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Figure 1.b) Geological map of the Gediz graben around

634000

Alasehir showing major structures, geological units,

location of the boreholes and seismic profile (S-12) (Cift¢i and Bozkurt, 2009a). MGBF: master graben bounding

fault; BH: borehole.

The second data set consisting of new high-resolution
temperature-depth (T-D) data set are collected from
Aydin, Balikesir, Canakkale, Izmir, Kiitahya, Usak,
and Manisa provinces (Figure 1). Field measurements
were performed between the years of 2013 and 2016
temperature-depth data from 30 water wells, at a
maximum depth not exceeding 300 m. The wells were
partly provided by the State Hydrological Works (DSI)
regional directorates and partly by local private drilling
companies. The wells were drilled for water supply or
monitoring groundwater. Measurements were conducted
in unused (not producing) or abandoned wells. Location,
depth, static water level, lithologic information, etc. were
obtained from the personnel of the state offices or the
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drillers. T-D measurements are recorded below the water
table using a custom-designed thermistor probe four-wire
portable tool in the acquisition of the data with the 1-5 m
sampling interval.

Thermal conductivity measurements were done on
the rock samples collected from surface outcrops in the
vicinity of certain boreholes using the QTM-500 (Quick
Thermal conductivity Meter) in the laboratory of Dokuz
Eyliil University. The QTM-500 device is based on the
ASTM C 1113-90 hot wire method (Healy et al., 1976). It is
an effective and reliable technique for measuring thermal
conductivity (Grubbe et al., 1983; Sass et al 1984). QTM-
500 is widely used in thermal conductivity determinations
of rocks due to the advantage of rapid sampling time
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Figure 2. a) Geological cross-section of Gediz graben. b) Seismic reflection profile showing the depositional geometry and the
correlation of the seismic stratigraphic units (SSU) (Cift¢i&Bozkurt, 2010) (See Figure 1b for the location), A summary section of the

deep boreholes drilled in Gediz graben (Ciftgi & Bozkurt, 2009a).

(Thienprasert and Raksaskulwong 1984; Demirboga
2003; Canakci et al 2007; Bellani and Gherardi, 2019).
All thermal conductivity measurements are done on rock
samples under ambient temperature and pressure after
saturated with water minimum 48 h.

4. Data analysis
Recorded T-D measurements within the boreholes may be
distributed by hydrogeological effects, climatic changes,

and topographic contrasts around mountainous terrains.
To evaluate reliable heat flow values, the effects of these
factors must be corrected. Related corrections were applied
to our T-D data set, if necessary.

4.1. T-D data quality classifications

Hydrogeological effects under the earths surface,
climatic changes, and topographic differences around
the mountainous provinces cause some perturbations on
T-D measurements. The influence of these factors must be
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removed from the T-D data to evaluate accurate heat flow
values.

In this study, generally, T-D data are recorded in the
boreholes drilled for hydrogeological purposes; thus, they
were disturbed by the local hydrological effects. In order
to eliminate these effects, we applied the method of Erkan
(2015) for quality classification given in Table 1. According
to Erkan (2015), class A and B data represent the solution
of 1-D heat transfer along a borehole (Jaeger, 1965). This
kind of data consists of a linearly increasing temperature
with depth and should extrapolate to the mean annual
ground surface temperature (GST) at the measurement
point. Vertical fluid flow in some sections of a borehole
(intra-borehole fluid flow) results in a partly disturbed
T-D curve. Such kinds of data are classified as class C. If
water movement affects the large part of the T-D curve,
or the borehole is too shallow (< 50 m), it is rated as class
D. If the T-D curves are completely under the influence of
groundwater movement, they are not used for heat flow
determination and rated class X. Some sites show the effect
of local geothermal activity, which shows distinctly higher
temperatures. These types of data are rated class G and are
also not suitable for conductive heat flow determinations
(Erkan, 2015).

In this study, out of the 30 new sites, nine borehole sites
fall into class X and they were not taken into consideration
in geothermal gradient calculations. Four sites are found
to be under geothermal activity (G). The remaining 17
sites are suitable for the conductive thermal regime from
Class A to Class D. Class A and B holes are the most
reliable sites where the entire T-D data show conductive
(linear) behavior. Class C holes show intra-borehole fluid
flow (IBF) activity in some sections. Class D holes are the
least reliable sites with highly disturbed by the IBF activity.

4.2. Topographic correction

The steep topography differences near the T-D
measurement point exhibit larger variation in subsurface
temperature distribution under the mountainous regions
(Beardsmore and Cull, 2001). Lees (1910) suggested a
correction to eliminate the disturbance in the geothermal

field beneath an idealized mountain range. Uncorrected
data yields us significant errors in geothermal gradient
determinations. In this study, Lees’ (1910) correction was
applied for H.embelli, Kaymakei, and Osmancik boreholes
where steep topographic changes were observed near the
measuring point and the corrected geothermal gradients
(cG) are listed in (Table 2).

5. Results

5.1. Temperature-depth curves

Classes A/B/C/D/G type T-D data located in the same
or adjacent provinces are plotted in several graphs in
Figure 3. Interpretation of nearby boreholes enables us to
compare surface temperatures with their elevations. The
elevation of the borehole can be used as a reference for
the expected ground surface temperatures in the vicinity
of each borehole site. Calculated geothermal gradients for
related interval depth are given with other information in
Table 2.

Boreholes recorded in Manisa are shown in Figure 3a.
Gobekli, Koseali, and Koseali2 wells are rated as G class
with elevated geothermal gradients (72 °C km™, 113 °C
km™ and 104 °C km™!, respectively). Interestingly, lateral
cold water movement perturbs the Gobekli curve at
shallow depths. The effect of downflow is noticed below
the 80 m in H.embelli. Local hydrological effects disturb
at the first 100 m in both of Emrekdy and Saraglar wells.
In Osmancik, the effect of lateral flow reaches down to 130
m, and this level acts like the apparent surface of the well.
Below 130 m, the T-D curve linearly increases with depth.
Poyrazkdy is an A class T-D curve with a length of 107 m
linear conductive section.

T-D curves for Izmir are given in Figure 3b. A strong
IBF inferred on Bademlil well. Below 50m, a downflow
disturbed the Bademlil curve. T-D curve is recorded
within the air section through the K.avulcuk well which
may explain distortions from linearity. The conductive
section is apparent for both Kaymak¢i and Cirpr well
below the water table. For Altinkum, higher temperatures
near the surface (~ at first 50 m) reflect the recent changes

Table 1. Explanation of the data quality classes used in this study (Erkan, 2015).

Class Criteria Relative error in .
Geothermal gradient

A Greater than 100m conductive (linear) T -D section 5%

B Greater than 50m conductive (linear) T -D section 10%

C Disturbed T -D curve due to intra-borehole fluid activity. Intermittent conductive sections | 25%

D Intense intra-borehole fluid activity; conductive section too shallow -

G Dominated regional geothermal activity on T-D curve (Convective wells) not suitable

X Dominated groundwater activity on T-D curve not suitable
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Table 2. A/B/C/D/G-type data used in this study, along with gradients (G), corrected gradients (cG) after topographic correction,
thermal conductivities (), heat flow (Q) values, and their respective errors. Literature thermal conductivities are marked by (L) next to
the value and are obtained from Erkan (2015) for Q.Alluvium and from Balkan et al. (2017) for the other rock types.

Lat |Long 1]\)/[:;:1'1 Elevation| Interval | G (cor) G [oG|A oA |[Q |oQ )
Name Prov. |Class Lithology

(°N) | (°E) (m) (°C km™) Wm'!'K! | mW m?
*Agzikara | 38.59 |30.56 | AFY |D 110 1284 0-110 |36 1.4 0.2|51 Andesite
Alahabali |38.47 |28.86 |USA |A 195 734 65-195 |34 2 [3.2(L)[0.9]107 |36 |Schist
Altinkum | 38.29 |26.28 |IZM |B 111 25 42-108 |37 4 |23 0.1{85 |12 |Marl
Babaderel |39.60 |[26.17 | CAN |G 130 78 70-125 | 100 10 |1.0(L)| 0.4| 102 Claystone
Bademlil |38.10 [28.06 [IZM |D 78 230 25-74 |38 1.5(L)|0.3| 87* Q. Alluvium fan
*Balabanci |38.36 [28.91 |[USA |B 92 716 20-50 |38 4 |1.51)[0.3|57 |17 | Q. Alluvium
Cirp1 38.16 |27.48 |IZM |D 45 20 0-38 62 1.5(L)|0.3]93 Q. Alluvium
*Darica 39.64 [29.87 |[KUT |B 90 1165 40-78 |50 5 107 0.2|35 |14 |Tuff
*Derbent 38.94 |31.00 [AFY |D 176 1238 120-156 | 32 1.3(L)|0.6| 41 Tuff
Emrekoy 38.60 |28.52 | MAN |B 180 687 100-155|21 2 |31 0.4|64 |14 |Schist
Gobekli 38.45 [28.32 I MAN |G 69 144 25-61 |72 1.5(L)|0.3| 108 Q. Alluvium
*Gumiskol |38.46 |29.17 |USA |A 230 895 19-108 |52 3 |13 0.2|68 |14 |Tuff
*Gumiskoy | 39.49 |29.76 |KUT |B 156 1037 28-89 |35 4 |3.5(L)|1.4]|120 |60 |C Limestone
H.embelli |38.35 [28.36 | MAN |C 200 846 0-80 27 33 8 [3.2(L)[0.9]105 |56 |Schist
Intepel 40.00 [26.32 |CAN |C 136 83 0-136 |46 12
K.avulcuk |38.23 [28.02 [IZM |D 82 147 25-45 |36 1.5(L)|0.3| 83* Q. Alluvium fan
*Kadikoy 38.64 (3092 |AFY |D 106 979 0-106 |49 1.5(L)|0.3| 74 Q. Alluvium
*Karakuyu |38.77 |29.11 |USA |D 114|789 0-108 |56 2.8 [0.2]156 Limestone
*Karlik 38.70 [29.60 |[USA |A 120 1066 34-104 |42 2 |1.5(L)[0.5[64 |24 |Marl
Kaymak¢1r |38.16 [28.13 |IZM |C 110 147 60-93 |33 40 10 | 1.5(L)[0.3| 60 |27 |Q. Alluvium
*Kopriicek |39.37 {29.33 |KUT |C 158 1046 100-150 27 28 7 |1.3(L)[0.6{36 |26 |Tuff
Kopriicekl |39.58 [29.36 |KUT |C 61 1087 37-50 |44 11
Koseali 38.47 |28.29 | MAN |G 116 160 0-116 |113 28 [1.5(L)[0.3[170 |76 | Q. Alluvium
Koseali2 38.46 [28.29 | MAN |G 113 121 80-108 | 104 26 |1.5(L)[0.3]156 |70 | Q. Alluvium
Nusratl 39.62 |28.15 |BAL |B 110 119 65-115 |15 2 |L1.3(L)[0.6{20 |11 |Tuff
Nusrat2 39.62 |28.15 |BAL |B 125 120 80-125 |13 1 |13(L)[0.6|17 |10 |Tuff
*Ortakct 37.97 |28.72 | AYD |C 112 211 87-108 |38 10 |3.5 0.2| 132 |41 |Schist
Osmancik |38.47 [27.74 | MAN | A 294 298 139-284 |24 28 1 |1.5(L)|0.3|72* |11 | Q. Alluvium fan
Pirlibey 37.86 |28.42 |AYD |D 25 67 10-25 |58 1.5(L)|0.3|117* Q. Alluvium fan
Poyrazkoy |38.68 |28.19 | MAN | A 167 636 60-167 |24 1 |3.2(L)|0.9|78 |26 |Schist
Saraglar 38.60 |28.56 | MAN |B 165 694 110-160 | 25 3 1.2 0.1{30 |5 |Basalt
*Tepekoy 39.21 [30.33 |[KUT |D 182 1100 0-182 |31 0.9 0.2]28 Tuft
Tuzlal 39.57 [26.15 |CAN |B 50 11 10-50 |49 5 |1.5(L)[0.3]73 |22 [ Q. Alluvium

aGeothermal gradient data are taken from Erkan (2015) and heat flow values are calculated in study.
*Heat flow values corrected for sedimentation effect. Prov:Province; Meas. Depth: Measurement Depth; AFY:Afyon; USA:Usak;
IZM:Izmir; CAN-Canakkale; KUT:Kiitahya; MAN:Manisa; BAL:Balikesir.

in the MAST but the rest of the curve is suitable for Pirlibey has the shallowest T-D data. Here, only a depth

conductive geothermal gradient calculation. In Figure of 15 m conductive layer is used for geothermal gradient
3¢, T-D curves from Aydin, Usak, and Kiitahya are calculation. High temperatures are recorded at the first 50
plotted on the same panel. Three T-D measurements were m depth of Alahabali, this is interpreted to be a result of
conducted in Aydin, but two of them are rated as X class. long-term change in the mean annual surface temperature
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Figure 3. a) Temperature-depth (T-D) curves for Manisa. b) Temperature-depth (T-D) curves for Izmir. ¢) Temperature-depth (T-D)
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(MAST). The rest of the curve of Alahabali is linearly
conductive and classed as A. Képriicekl in Kiitahya shows
the conductive behavior, and the effect of IBF is minimal.

T-D curves of Balikesir are given in Figure 3d. Nusrat1
and Nusrat2 wells are about 500 m apart from each other
and are characterized by the conductive thermal regime
for almost their entire depths. The projected surface
temperatures for them match the MAST of the area.

Four T-D data are recorded in Canakkale. Babaderel
well is rated as G class with the elevated geothermal
gradient. Babadere2 well is logged one day after the drilling
process so it is rated as X due to the nonequilibrium
conditions. Intepel and Tuzlal wells are suitable for
conductive geothermal gradient calculations. Intepel well
is under the effect of downflow, so the geothermal gradient
is calculated using bottom hole temperature and the
projected surface temperature. The effect of IBF is minimal
on Tuzlal well (Figure 3d).

5.2. Heat flow

A list of classes A/B/C/D/G boreholes, calculated
geothermal gradients, and heat flow determinations given
for a total of 33 points are given in Table 2. Errors for
gradients are calculated using the method of Chapra and
Canale (2010). Generally, D class boreholes are disturbed

50

by IBF activity and are too shallow. Thus, the statistical
distribution of geothermal gradients for classes A/B/C
(total of 57 points) including the previously published
data from Pfister et al., 1998 and Erkan, 2015 are shown
in Figure 4a. Most of the geothermal gradient data
lie between 30-50 °C km™' and the mean conductive
geothermal gradient is calculated as 37 + 13 °C km™" for
the study area.

Thermal conductivity values were assigned according
to the lithological information for the depths interval
where the geothermal gradient is calculated. Available
thermal conductivity measurements of surface outcrops
were made on wet conditions. If thermal conductivity
measurements were not available, literature values from
Erkan (2015) and Balkan et al. (2017) were used.

The calculated heat flow values for the study area
are listed in Table 2. The heat flow values of Intepel
and Kopriicekl can not be calculated due to the lack of
lithological information. The mean conductive heat flow
is calculated to be 74 + 22 mWm™ based on A/B/C/ type
data, and their statistical distribution is given in Figure 4b.
The regional distribution of new heat flow data together
with the previous heat flow data from Pfister et al. (1998)
and Erkan (2015) is given in Figure 5. The elevated heat
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Figure 4. Histogram of the a) geothermal gradient, and b) heat flow using all class (A/B/C/ type) data.
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Figure 5. Regional distribution of new heat flow data together with the previous heat flow data from Pfister et al. (1998) and Erkan
(2015). Black lines indicate boundaries of horst-graben structures. Blue dashed line indicates the border of Menderes Massif.

flow values are generally found within the basins located in
Menderes Massif and the vicinity of hot springs. Gobekli
(108 mWm™) Koseali (170 mWm?) and Koseali2 (156
mWm™) in Manisa are rated as G class they are located
southern edge of Gediz graben. The northern part of
the study (Balikesir and Canakkale) area is generally
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characterized with moderate heat flow values with some
exceptions. The middle-eastern part (Kiitahya, Afyon, and
Usak) of the study area is represented with low-moderate
values. Moderate to high heat flows are located in Izmir,
around Ilica hot spring in Cesme peninsula and Kiigiik
Menderes graben.
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5.3. Correction of sedimentation and thermal refraction
effect

Steady-state heat flow determinations in the extension-
dominated regions may be perturbed by transient/long-
term effects such as erosion/sedimentation and thermal
refraction (Blackwell, 1983). The horst-graben systems
located in the Menderes Massif form suitable conditions
for the occurrence of these effects. Sedimentation in the
grabens results in a reduction in the observed surface
heat flow depending on the sedimentation rates. In
opposite, the erosion process makes an increasing effect
on the surface heat flow (Beardsmore and Cull, 2001). The
thermal conductivity contrast between horst and graben
fills causes thermal refraction at the boundary. Basin
fills units with low thermal conductivity act as a thermal
blanket refracting toward the horst. Thus, fluctuating
heat flow values are observed at the boundaries of these
structures (Thakur et al., 2012). Erkan (2015) applied a
model for sedimentation/erosion effects based on using
the module by Beardsmore and Cull (2001) for Menderes
Massif. According to this, the surface heat flow decreases
10-15 mW m~? with increasing sedimentation rates in the
region. The erosion effect increases the surface heat flow
up to 130 mW m™? from a value of 85 mW m~ without
such an effect.

In the present data set, Bademlil, K.avulcuk, Pirlibey,
and Osmancik points are located on the alluvial fans
within the grabens. These points are expected to be under
the effect of both sedimentation and thermal refraction.
So, their values were corrected for sedimentation before
being included in the heat flow contour map.

6. Discussion

The heat flow contour map of western Anatolia (Figure 6)
is generated using only A/B/C class data given in Table 3
together with the previous results of Pfister et al. (1998) and
Erkan (2015). The heat flow values outside the range of 40-
140 mWm™ are excluded due to the possible hydrologic
disturbances. Erkan (2015) reported the preliminary
heat flow data set for western Anatolia. In this study, we
update it with the new heat flow data collected from Aydin,
Balikesir, Canakkale, {zmir, Kiitahya, and Manisa.

The western Anatolia region is presented by moderate
to high heat flow values in the heat flow contour map
(Figure 6). Generally, high values are observed around the
Menderes Massif due to the intense tectonic activity. The
highest heat flow values are recorded around the geological
structures which are formed as a result of these activities.
For example, heat flow at the intersection of E-W trending
grabens within the Menderes massif is extremely high
(Figure 6). Several exploration studies on Menderes Massif
demonstrated its extremely high geothermal potential
resulting in significant electric production (Serpen et al.,

2000; Roche at al., 2018). Contrary to general belief, the
heat source of the region is not of magmatic origin in the
region. Recent studies suggested that regional thermal
anomalies are associated with active extension tectonics
related to the Aegean slab dynamics driven by the retreat
of the subduction of the African lithosphere beneath the
Hellenic and Cyprus trenches (Roche et al., 2018). Locally
higher heat flow values around the Alagehir part of the
Gediz graben in accordance with existing geothermal
areas and shallow Curie point depth (Dolmaz et al., 2005;
Bilim et al., 2016). The area around the Kula, the unique
volcano arisen from recent volcanic activity, is presented
by high values. This anomaly is also mentioned in previous
studies (Tezcan and Turgay, 1991; Erkan, 2015). On the
other hand, the northeastern part of Canakkale and central
of Balikesir and Yalova regions are characterized with
moderate heat flow values. In the central part of Balikesir
and the eastern part of Canakkale, local hydrological
effects are considered to be responsible for relatively low
heat flow values. The coastal site of Canakkale is denoted
with higher heat flow values and host many hot springs
associated with geothermal systems, whereas it is opposite
in the central part. Therefore, temperature measurements
in deep boreholes are suggested for detailed interpretations
for the Canakkale region.

Seismological studies describe the study region with
lower velocities than average continental values (Akyol et
al., 2006) emphasizing high heat flow values. Interpretation
of heat flow distribution with b-values in a region reveals
the deep structural features. b-values are associated with
directly tectonic and thermal characteristics and high
b-values correspond to high thermal gradients (Warren &
Latham, 1970; Katsumata, 2006; Kalyoncuoglu et al., 2013).
Sayil & Osmansahin (2008) and Bayrak & Bayrak (2012)
reported b-values for the sub-regions of western Anatolia
in their studies. The highest b-values are obtained around
the Gediz graben in both studies, which are in coincidence
with high heat flow values in this study.

6. 1. Thermal model of Gediz graben

Heat flow determinations show that heat flowis distinctively
high in Alasehir part of Gediz graben. Many geophysical
and geological studies emphasize the importance of Gediz
graben by means of the geothermal perspective. However,
no thermo-mechanical model has been presented up to
date. Modeling studies are crucial where it is not possible
to measure temperature within the deeper parts of Earth.
Calculation of the geothermal heat available at a certain
depth requires subsurface temperature distribution
among the other parameters. We present, for the first time,
temperature distribution within the graben that helps to
examine the geothermal potential of Gediz graben as a
sedimentary basin.
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2D steady-state heat conduction differential equation is
solved, under the conductive heat transfer assumption, to
obtain temperature distribution within the graben. Finite
elements methods-based numerical modeling software
Comsol Multiphysics is implemented to obtain forward
modeling results.
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The model geometry of the graben is generated using
previously published geological cross-sections based on
the seismic reflection data (Figure 2a) (Cift¢i and Bozkurt,
2009a; Ciftgi et al., 2010). The model consists of a single
basement unit and sedimentary fill, which is divided
into four sub-sections based on thermal conductivity
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Table 3. Thermal property values used in the Gediz Graben model.

Seismic Thermal Conductivity | Heat production
Dominant Lithology Stratigraphic Unit A(W/ m K) A(uW/m?)
Loose conglomerate-clastic rocks Quaternary alluvium | 1.50° 1.12¢
Conglomerate-Sandstone-Mudstone SSU-III 2.56 1.12¢
Sandstone-Mudstone-Conglomerate-Limestone SSU-II 2.67 1.12¢
Shale-Conglomerate-Sandstone-Mudstone SSU-I 2.45 1.12¢
Schist-Marble-Quartzite Basement 3.10° 1.88¢

Parameter values are derived from *Erkan (2015), ®Balkan et al. (2017), “Sahin (2014).

properties. Dirichlet boundary condition is fixed at 18
°C on the surface of the model, which is the annual mean
temperature for the region ($ensoy et al., 2008), while
a constant Neumann boundary condition is set at the
bottom of the model (6 km depth). It is assumed that the
sides of the model are thermally insulated implying no
lateral heat flow at the sides of the model.

Radiogenic heat production values in the basement
and sedimentary rocks are included in the model. The
knowledge of heat production distribution of the common
rock types of the model is obtained from data compiled by
Sahin (2014). The measured thermal conductivity values
are applied as a constant value for each stratigraphic
unit, whereas Quaternary alluvium and basement units
are assigned from the literature as given in Table 3. The
temperature dependence of thermal conductivity is taken
into account using the equation developed by Kukkonen
and Joeleht (1996) and ignored the minor effect of
pressure on thermal conductivity. The goal of the model is
to obtain the best match between calculated and measured
temperatures for deep boreholes (BH-1 and BH-2) by
varying the heat flow at the bottom of the model.

For the final model, a very good agreement between
measured and calculated temperatures is observed, while
constant heat flow at the bottom of the model equals to 78
mW m The root mean square error (rms) runs to 2.06
°C for BH-1 and 2.8 °C for BH-2 (corresponding to an rms
of 2.4%, n = 9 and 1.5 %, n = 22 respectively) (Figure 7a
and Figure 7b). Calculated heat flow profile at the surface
of Gediz graben ranges between 77-150 mWm™ (Figure
8a). Surface heat flow appears to increase symmetrically
at the contact of the basement and sedimentary rock
due to the thermal conductivity contras between them.
This anomalously increase can be explained by heat
refraction. The heat coming from the bottom of the graben
transfers through the basement rocks with high thermal
conductivity causes to high temperature at the edge of
the sedimentary fill. Due to the low thermal conductivity
of graben fill rocks, heat cannot transfer into the basin
(Beardsmore 2004; Thakur et al., 2012). Calculated surface

heat flows values are in accordance with the measured
values in Gediz graben (Figure 6 and Table 2).

The predicted temperature distribution within the
basin is given in Figure 8b. The higher temperatures
are calculated in sub-basinal areas where the thermal
conductivity contrast between basin fill and basement rock
is more significant. The basins with thicker sedimentary
fills have their isotherms bent upward and thus referring
to higher geothermal gradients. The thickness of the basin
fill reaches 3000 m meters in the middle of the model
where the temperature of 140 °C is calculated and the
maximum temperature reaches 243 °C at the bottom of the
model (Figure 8b). Some mismatches, between modeling
results and measurements (Figure 7) may be attributed
to additional heat transport by groundwater flow in the
subsurface which is not taken into account in the present
model. The hydro-geological effect, heterogeneities in
the sedimentary sequences within the graben, and local
groundwater flow existed from the fault zone may disturb
the temperature-depth curves.

The modeling results and the comparisons with the
available measurements provide us some quantitative
measures of the surface heat flow in Gediz graben.
Considering the minority of the mismatch between the
model and measured temperatures, we conclude that the
temperatures are mainly controlled by thermal conduction
within the graben. These results can be used to derive the
geothermal energy potential of the study area. Depths with
temperatures of greater than 150-200 °C can be the target
level for future EGS studies.

7. Conclusion

This study reports the updated heat flow map of western
Anatolia with 33 new heat flow data. The new heat flow
map has higher data density in some areas; in particular,
in Menderes Massif, there is greater variability in heat
flow than previous maps (Tezcan and Turgay, 1991; Erkan,
2015). The new heat flow data have added to our knowledge
of geologic regions, particularly in Menderes Massif. The
maximum heat value is evaluated in the intersection point
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of the Biiyiik Menderes and Gediz grabens. The existing
greater number of data in Gediz graben allows us to
examine its thermal structure in detail. Thus, 2D numerical
temperature models have been developed for Gediz graben.
The forward modeling approach is novel as it is performed
for the first time a comprehensive investigation of high
precision T-D data. Our results show that relatively high
heat flow values around Gediz graben may be explained by
2D steady-state conductive thermal modeling. According
to the results, the temperature distribution within the
graben is mainly controlled by sedimentary fill with low
thermal conductivity. The insulating effects of the entire
sediment fill result in a long-wavelength variation of
temperatures in response to heat refraction effects caused
by the contrast between insulating sedimentary rocks and
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