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TDepartment of Environmental The Thrace Basin in northwestern Turkey is a deep Eocene-Oligocene hydrocarbon-

Engineering, Marmara University, bearing sedimentary basin. The basin has potential for geothermal energy utilization

Maltepe, Istanbul, Turkey in the future due to its favorable geological conditions. In this study, we combined
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Engineering, Dokuz Eyll the available bottom hole temperature (BHT) data from 70 points with the thermal

University, Buca, lzmir, Turkey conductivity and radiogenic heat productions of the basin formations, and generated

a detailed thermal model of the northern part of the basin. For heat flow determina-
tions from the BHT data, we applied Bullard’s thermal resistance method on formation
thermal conductivities and thicknesses. The results give an average surface heat flow of
65.84 11.3 mW/m? We obtained high heat flow values (75-80 mW/m?) in the eastern
and western sides, and the central part of the study area. These relatively high heat
flow values can be explained by the combined effect of basement topography and

the variations in the radiogenic heat production of the basement rocks. The calculated
subsurface temperatures in selected hydrocarbon fields vary in the range of 45-64 °C
at 1 km depth, 99-136 °C at 3 km depth, and 155-208 °C at 5 km depth as a result of
local variations of the surface heat flow and formation thermal resistances. These varia-
tions in subsurface temperatures can have significant effects on the cost of geothermal
energy production in future.
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Introduction

Understanding thermal regimes of sedimentary basins are significant in many ways
including hydrocarbon maturation processes (Yal¢in 1991) and the geothermal energy
potential of sedimentary formations (Tester et al. 2006). Geothermal energy from sedi-
mentary formations (hot aquifers) has already been exploited for direct uses (e.g., Lopez
et al. 2010), and for power production (e.g., Eyerer et al. 2020). With the increasing
demand for renewable energy sources, many sedimentary basins worldwide have poten-
tial for development (Allis et al. 2015; Limberger et al. 2018). Furthermore, in hydrologi-
cally unfavorable areas, artificial reservoirs can be made for efficient geothermal energy
production by today’s new drilling and fracturing methods (collectively called enhanced
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geothermal systems—EGS). It has been argued that the existing infrastructure in sedi-
mentary basins due to oil-gas explorations can significantly decrease the cost of geo-
thermal energy production in sedimentary basins (Tester et al. 2006).

Assuming a constant basal heat flow from the mantle, important factors that control
the thermal state of a sedimentary basin are the thermal conductivities of sedimen-
tary formations (i.e., shale contents), and radiogenic heat production of the basement
rocks (Blackwell and Steele 1989). These factors collectively are measured as the sur-
face heat flow, which is the primary parameter for calculating subsurface temperatures.
The Thrace Basin is interesting due to the existence of thick shale-dominated formations
such as Ceylan formation and possible heat-producing (i.e., granitic) rocks at the base-
ment, as they are extensively manifested in the Strandja massif in the north of the basin
(Sahin et al. 2014). In the heat flow map of Turkey (Tezcan and Turgay 1991; also see
Tezcan 1999), the Thrace basin is broadly represented by high heat flow values (70-80
mW/m?). In a previous thermal study, Huvaz et al. (2007) calculated the geothermal
gradient distribution in the basin using bottom-hole temperatures (BHT) from hydro-
carbon wells by assuming uniform thermal properties for the formations. They also
emphasized the effect of basin thermal refraction on the distribution of geothermal gra-
dients. Similarly, Basel et al. (2010) calculated temperature distribution at 1000 m depth
by spatial interpolation of the BHT data. However, previous studies did not take the vari-
ations in the thermal properties of the basin formations (i.e., thermal conductivity and
radiogenic heat generation values) into account on a regional basis. The aim of this study
is to generate a detailed thermal model of the northern Thrace Basin using the available
BHT data along with the available thermal conductivity, radiogenic heat production, and
sedimentary thickness data obtained during hydrocarbon explorations.

For modeling the regional thermal regime, surface heat flow is a more powerful param-
eter than the geothermal gradient, as the latter can be disturbed by the local variations
in thermal conductivity values of rocks (Blackwell and Steele 1989; Beardsmore and Cull
2001). Furthermore, the surface heat flow can be directly used to calculate formation
temperatures at depth for any point in the basin using formation thermal conductiv-
ity, radiogenic heat production values, and formation thickness information. Using this
approach, we calculated formation temperatures for deep wells in the several hydrocar-
bon fields in the basin.

Geological setting

Thrace Basin in the northwestern Turkey is an Eocene—Oligocene sedimentary basin
having significant hydrocarbon deposits (Siyako and Huvaz 2007; Peringek et al.
2015). It is bounded by the Strandja Massif in the north; its southern boundary is not
well defined but it goes beyond the Sea of Marmara (Fig. 1). Extensive drilling activi-
ties as part of hydrocarbon explorations show that the basin is underlain by the met-
amorphic/granitic rocks of the Strandja massif to the North Anatolian Fault in the
south (Okay et al. 2010). These metamorphic/granitic rocks are formed during Per-
mian to Jurassic by continental collision in the region (Okay et al. 2001). Goriir and
Okay (1996) suggested that the basin developed as a fore-arc basin during the north-
ward subduction of the western branch of the Intra-Pontide ocean during the Eocene
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Fig. 1 Geological map of the Thrace basin (Siyako and Huvaz 2007) and the distribution of the available
temperature/depth data. Basin depths are also shown as contour lines for each kilometer (also from Siyako
and Huvaz 2007). The geological cross section (A-B) was taken from Girgey (2009)

and Oligocene. The Thrace region was under the influence of Aegean subduction zone
by volcanic activity during the Oligocene—Early Miocene; this was the last tectono-
thermal event, as manifested by the mafic to intermediate volcanic rocks observed
within the basin formations (Yilmaz and Polat 1998). The petrology of the volcanic
rocks also suggests that the basin experienced extensional tectonics as the back arc
of the Aegean subduction zone during this period. Trans-tensional faults (now inac-
tive) within the basin were interpreted as the northern branch of the North Anatolian
Fault zone that was active during the Miocene (Peringek 1991).

Thrace Basin formations can be grouped into three age groups that are Miocene/
Pliocene, Oligocene, and Eocene ages (Siyako and Huvaz 2007; Peringek et al. 2015).
The ages and spatial distribution of these formations are shown in Fig. 1 along with a
thickness profile in the inset of Fig. 1. Miocene/Pliocene groups are mostly fluvial in
origin. Ergene formation mostly consists of sandstones and conglomerates and has
good aquifer conditions (Okten and Yazicigil 2005). Oligocene Danismen, Osmancik
and Mezardere formations consist of sandstones, shales, and siltstones and show
delta/delta front environmental conditions. Osmancik and Danigsmen formations
also bear significant coal deposits (Peringek et al. 2015). The Eocene age formations
include Ceylan, Sogucak, and Hamitabat formations have dominantly shale, lime-
stone and sandstone-dominated lithologies, respectively, and show proximal and dis-
tal turbidite environmental conditions. In the Thrace Basin, Eocene Hamitabat and
Oligocene Mezardere formations are considered to be the source rocks of the hydro-

carbon deposits.
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Available thermal data

The primary data set used in this study come from BHT measurements, which are espe-
cially widespread in the northern Thrace Basin (see Fig. 1). In this study, we only used
data from references, where individual temperature/depth pairs with location infor-
mation were reported (total of 70 points, mostly from Uzunlar 2006; and some data
from Huvaz 2005 and Huvaz et al. 2005). Since the BHT data is mostly located in the
northern parts, we limited our analysis in the northern part of the basin. The BHT data
were obtained during or just after drilling as individual temperature-vs-depth pairs.
Depending on the type of acquisition method the data may include a correction for
thermal disturbance based on formulas for the thermal effect of drilling fluid circulation
(Beardsmore and Cull 2001; Mihgakan et al. 2006). As a result of this, errors for BHT
data are usually not bounded and an independent check with equilibrium temperature—
depth (T-D) in the same area is needed (see below). In the Thrace Basin, equilibrium
T-D logs from deep wells were reported at five locations by Pfister et al. (1998); their
locations are shown in Fig. 1 as ruby color triangles. In addition, Pfister et al. (1998) also
reported heat flow values from equilibrium T-D data from several shallow wells within
the shallow aquifer (Okten and Yazicigil 2005). Since these data include assumptions for
corrections of the hydrological activity, they were not included in this study.

A comparison of the available BHT and equilibrium T-D data from deep wells is
shown in Fig. 2a. A general agreement between the two data sets shows that the BHT
data can be used for further thermal modeling analysis. A least-squares fit (red line) to
the BHT gives an average geothermal gradient of 34.3 °C/km for the Northern Thrace
basin.

Figure 2b shows the same equilibrium T-D curves with more details. By compari-
son of the T-D data, we interpret that two wells (Maltepe-1 and Kanmadis-1) show
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Fig. 2 a Comparison of BHT and equilibrium T-D data; b Equilibrium T-D logs shown with extrapolations to
the ground surface
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intra-borehole fluid flow activity in some sections, where measured temperatures are
higher than formation temperatures as a result of rising of warmer fluids from deeper
levels to shallower levels (Jessop 1990; Erkan 2015). In Maltepe-1, an upflow from the
bottom of the well to depth of ~ 1300 m results in temperatures higher than the forma-
tion temperatures within the interval. For Kandamis-1, the fact that the extrapolated
surface temperature is unrealistically high (~44 °C) indicates that the intra-borehole
upflow is effective for the entire of the measured interval. Both of these wells are outside
of the study area, and were not used in further analyses. These intra-borehole fluid flow
activities are only effective within the borehole in certain intervals and heat flow outside
of these intervals is still conductive. For the remaining wells, geothermal gradients are
calculated as 28.05 °C/km for Corlu-1 (between 1773 and 2425 m), 24.26 °C/km for Vak-
iflar-1, and 20.43 °C/km for Karapurcek-1. In Corlu-1, the cause of the break at 1745 m
depth is interpreted to be due to an instrumental calibration problem.

As seen by the dashed lines in Fig. 2b, all of the equilibrium T-D curves extrapolate to
surface temperature values that are higher than the mean annual surface temperature of
the region (~ 15 °C; Sensoy et al. 2008). According to the theory of one-dimensional heat
conduction, this implies low thermal conductivities for formations at shallow depths.
Interestingly, this behavior is observed even outside of the shallow aquifer, where low-
permeability Oligocence/Econe units (0.1-10 m-Darcy; Siyako and Huvaz 2007; also see
Okten and Yazicigil 2005) are exposed at the surface (see, for example, Maltepe-1 and
Karapurcek-1 in Figs. 1 and 2). The inferred low thermal conductivities at shallow depths
may be either a result of high porosities of shallow units (e.g., Ergene formation, Okten
and Yazicigil 2005) or effect of massive lignite layers (with thermal conductivities as low
as 0.18 W/m/K; Clark 1966) available in Osmancik and Danismen formations (Perin-
cek et al. 2015). The existence of such a thermal conductivity layer at shallow depths
(0-500 m) can have significant effects on deep temperatures as a results of high geother-
mal gradients, and part of the differences in temperatures at depth can be explained by
variations of the thickness of this layer within the basin. However, in this study, we con-
strain deep (>1 km) formation temperatures by the deep BHT data, so the details of the
shallow thermal conditions are not needed for the analyses.

Average thermal conductivities of the sedimentary formations used in this study were
previously reported by Huvaz et al. (2005) on 321 core samples from 46 wells (Table 1).
According to this, thermal conductivities vary between 1.76 and 3.02 W/m/K; the lowest
values belong to the shale dominated Ceylan formation, while the highest values belong
to the sandstone/siltstone dominated Danismen formation. These results are in agree-
ment with the literature values of these lithologies (Beardsmore and Cull 2001; Balkan
et al. 2017). The average radiogenic heat productions of formations were obtained from
gamma-ray logs reported in various papers given in the footnote of Table 1.

For three formations in Table 1, thermal conductivity measurements are not available
(Ergene, Osmancik, and Sogucak formations). Values for these formations were assigned
by their lithological descriptions given in Huvaz et al. (2005) (see Table 1). According to
this, Sogucak formation is composed of shallow marine limestone (Siyako and Huvaz
2007), and a generic value of 3.4 W/m/K for neritic limestone was used (Balkan et al.
2017). Danismen and Osmancik formations have similar lithological properties to each
other (Peringek et al. 2015), so a similar thermal conductivity was used for Osmancik
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Table 1 Thermal and lithological properties of the formations in Thrace Basin

Formation name A% (N/W) AP Lithologic description® Ave.
percent
thickness®

Ergene 1.5 (est) 0.7 Sandstone 4 conglomerate -

Danismen 3.02 (65/2) 0.8 Shale + siltstone 186

Osmancik 3.1 (est) 0.8 Shale + sandstone 942

Mezardere 2.86 (54/3) 0.8 Shale 4+ sandstone 20+6

Ceylan 1.76 (73/8) 0.8 Shale 21+£8

Ceylan (tuff) 0.95 (38/2) 1.1 Tuff ~0

Sogucak 34 (est) 03 Limestone 4+ shale 341

Hamitabat (shallow) 242 (55/13) 1.1 Sandstone + shale 29410

Hamitabat (deep) 2.89(29/18) 1.1 Sandstone + shale

@\: thermal conductivity (W/m/K); N: number of samples; W: number of wells (Huvaz et al. 2005). “est” means estimated, see
the text for details

b A: heat generation (uW/m?>); values based on gamma-ray logs (Coskun 1997; Coskun 2000; Siyako and Huvaz 2007; Turgut
and Eseller 2000). Values were converted from API to Sl units as in Beardsmore and Cull (2001)

“Huvaz et al. (2005)

d Average percent thickness of each formation calculated using well data in Giirgey (2009); see Fig. 1 inset, which is used in
Bullard method. See the text for details

formation. Ergene formation which covers the top part of the most of the northern basin
is dominantly sandstone and conglomerate and makes up the volume of the shallow
aquifer in the basin (Okten and Yazicigil 2005). Considering the high porosity of this
unit, a low thermal conductivity value (1.5 W/m/K) for this formation was assigned. This
value is constrained by the extrapolated annual surface temperature of the equilibrium
T-D data in Fig. 2b.

Methods

Determination of heat flow requires the measurements of both geothermal gradient
and thermal conductivity along a vertical rock column. Since our data set consists of
BHT data, where temperature/depth values are given as single points, the effect of ther-
mal conductivity of the overlying rock column on the temperature at depth can be best
incorporated using the Bullard’s thermal resistance method (Bullard 1939). Considering
a BHT data point (z, 7), the integrated thermal resistance (R) of the overlying rock col-
umn to the depth (z) is defined as

R:Z%andz:Zhi (1)

where A; and /; are thermal conductivity and thickness of the ith formation over the
depth of the BHT measurement, respectively. In the case of multiple T/D points, the
graph of temperature-versus-thermal resistance is called a “Bullard plot” In the case of a
single BHT point, heat flow (Q,) is calculated as

_ (T — To)

Qo R

(2)
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where T, is the surface temperature at the location of the borehole. In Eq. 2, the Bul-
lard plot is assumed to be linear which means the non-linearity due to radiogenic heat
production is ignored. The non-linear term on subsurface temperatures due to radio-
genic heat production is given as Az*/(2)\) (see Eq. 4). As an example, for an average heat
production of 0.8 uW/m3and A=2 W/m/K, at a depth of =3 km, the effect of non-line-
arity on the temperature is calculated to be 1.8 °C. By Egs. (1) and (2), we calculated the
effect of non-linearity on the surface heat flow as 1.2 mW/m? which can conveniently be
neglected.

For the calculation of the thermal resistance value (R) in Eq. 1, one also needs the
thickness of each formation over the overlying column to the depth of measurement.
Since this information for each individual BHT site is not available in the published
resources, thicknesses were calculated based on a model. By comparing the formation
thicknesses with the basement depths in the geological profile shown in Fig. 1 (see the
inset) one observes that the they are proportional as a first-order approximation (also
see, Doust and Arikan 1974; Plate 6). Using the data from seven wells reported by Giir-
gey (2009; see Fig. 1 for well locations), we calculated the percent thickness of each for-
mation with respect to the total thickness of the basin, as shown in Table 1. In percent
thickness calculations, Ergene formation was excluded because of its continental (flu-
vial) origin and its recent erosion (Siyako and Huvaz 2007).

Formation thermal conductivity values in Table 1 represent surface conditions (7))
and in-situ values would decrease with depth by increasing temperatures. To account for
the temperature dependence of thermal conductivities at depth, the formula of Eppel-
baum et al. (2014, Eq. 2.1.3) which is given exclusively for sedimentary formations up to
300 °C was used:

Ar = Ao — (Ao — 3.3) |:eXp (0.725T_T0> — 1:| (3)
T+ 130

here, A is the thermal conductivity of the sedimentary rock at (7), and A is the thermal

conductivity at temperature 7. In resistance calculations in Eq. 2, temperature-depend-

ent thermal conductivity of each formation was calculated using Eq. 3, where mean for-

mation temperatures were calculated using the linear regression formula in Fig. 2a.

Results and discussion

The resulting Bullard plots for all BHT points based on the method given above are
shown in Fig. 3. We calculated the surface heat flow by calculating the slope for each
BHT point in Fig. 3 with respect to the ground surface temperature (15 °C). The result-
ing heat flow values are shown on the map in Fig. 4 by numbers next for each BHT point.
We observe that all heat flow values fall in the range of 40-90 mW/m?. Among these val-
ues 17 data points fall below 60 mW¥/m? 32 points fall in 60-70 mW/m? and 23 points
fall higher than 70 mW/m?. The average heat flow is calculated to be 65.8 +11.3 mW/m?
A table of calculated heat flow values can be found in the supplementary document.

For spatial interpolation of the heat flow points and mapping, we gridded the data
using the Kriging method with a grid interval of 0.15° by 0.15° then, we applied
11-point Gaussian window smoothing to eliminate the local scatter in the heat flow
variations. The purpose of using a large smoothing window was to eliminate the
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Fig. 3 Plot of the BHT data as a function of integrated thermal resistance of the overlying rock column
(Bullard plot). The best-fit line in red color gives an average surface heat flow of 67 mW/m? and extrapolated
ground surface temperature 14.2 °C
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Fig. 4 Calculated heat flow values and a contour map showing the general variations of the surface heat
flow in the Northern Thrace Basin. The mean of the residuals between calculated and interpolated heat flow
values is 4.7 mW/m? Heat flow determinations from two equilibrium T-D data are given in bold

inherent scatter in the BHT data and decrease error in the heat flow results, which is
routinely done in the processing of potential fields. For mapping the heat flow distri-
bution, we divided the heat flow values into three intervals that are less than 60 mW/
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m?, between 60 and 70 mW/m?, and higher than 70 mW/m? The resulting contour
map of heat flow distribution is shown in Fig. 4.

The heat flow map in Fig. 4 shows that there are certain areas, where the surface heat
flow is larger than 70 mW/m? These areas located in the eastern and western sides of
the basin; and in the central part of the basin around the Hamitabat field. Assuming a
constant mantle heat flow in the study area, these relatively high heat flow values can be
explained by the combined effect of basement topography (see the 3D thermal model
results below) and the variations in the radiogenic heat production of the basement
rocks.

Synthetic T-D curves in selected fields

The availability of heat flow and thermal conductivity with a model for formation
thicknesses allow us to generate synthetic T-D curves at any location in the basin. We
selected several hydrocarbon exploration fields in the basin for this purpose (see Fig. 4
for their locations). The method of solution of the 1-D steady-state heat conduction
equation is given by Chapman (1986; also Forster et al. 2021). In this method, the surface
heat flow and the mean annual temperature are taken for a specific site, the subsurface
is divided into finite thickness layers, and temperatures downward at the bottom of each
layer are calculated, assuming that thermal conductivity and heat generation are con-
stant within each layer. We used a layer thickness of 100 m in our calculations and con-
tinued our calculation down to 5000 m. The resulting T-D curves are shown in Fig. 5. In
Fig. 5, the panel on the left (panel a) shows the results for sites with BHT data within the
distance of 10 km from each site, and the panel on the right (panel b) shows sites, where
equilibrium T-D data are available.

a Temperature (°C) b Temperature (°C)
0 50 100 150 200 0 50 100 150 200
0 0
1000 1000
L 4
2000 2000
€ 4
< <
Q.
[
(a]
3000 [ @ coru3(BHT) i 3000
—— Corlu-3 (Model) o
@ Kaynarca-1 (BHT)
—— Kaynarca-1 (Model) LY
€  Umurca-1 (BHT)
4000 H — Umurca-1 (Model) <> 4000 H
¥ Hamitabad-1 (BHT) \ @  Corlu-1 (TD Data)
~—— Hamitabad-1 (Model) = Corlu-1 (TD model)
@ Karacaoglan-2 (BHT) @ Vakiflar-1 (TD data)
—— Karacaoglan-2 (Model) —— Vakiflar-1 (TD model)
5000 L L 5000 I I

Fig.5 Synthetic T-D curves for selected fields, where a BHT data only and b equilibrium T-D data are
available. See Fig. 4 for locations of the fields
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Calculated temperatures at certain depths extracted from the synthetic T-D curves
are shown in Table 2. Formation temperatures vary in the ranges of 45-64 °C at 1 km,
99-136 °C at 3 km, and 155-208 °C at 5 km. Basel et al. (2010) reports temperatures of
45-55 °C at 1000 m-depth for the study area, which are within the range of our results
at the same depth. Table 2 indicates even higher temperatures at some locations. Calcu-
lated temperature values in Table 2 reflect variations of both surface heat flow and ther-
mal conductivity properties of the basin rocks. For example, Hamitabat-1 field shows
high temperatures at 1 km depth as a result of high surface heat flow. We calculated the
temperature of 208 £ 30 °C at 5 km here. On the other hand, Kaynarca-1 field shows also
high temperatures at 1 km depth but this is a result of the thick low thermal conductiv-
ity layer there and not the surface heat flow. In this field, unlike Hamitabat-1, tempera-
tures get lower values at greater depths in comparison with most of the other fields (see
Fig. 5).

In Table 2, we also estimated the basement heat production values by assuming a con-
stant mantle heat flow of 45 mW/m? (see the 3D thermal model below). The values are
in the range of 1-3.2 ©W/m?>. These values are in agreement with the measured values of
1.3—-4.3 uW/m? in Strandja Massif by Aysal et al. (2018) and Sahin et al. (2014).

Effects of the basement structure

To investigate the impact of basin geometry on the surface heat flow we produced a 3-D
thermal model of the northern Thrace Basin based on the solution of the steady-state
heat conduction. Finite elements method-based numerical modeling software Comsol
Multiphysics (TM) was used to obtain forward modeling results.

The final model contains four layers (Fig. 5) and covers a 240 km and 150 km area
and extends vertically down to a depth of 30 km which is the mean crustal thickness
estimated from geophysical studies (Ates et al. 2012; Karabulut et al. 2013). The basin
depths, given in Fig. 1 are used to generate the sedimentary fill part of the model geom-
etry. Based on the discussion above, a low thermal conductivity layer is also included
for the first 500 m of the model. Thermal conductivities and heat production values for

Table 2 Calculated temperatures at certain depths for the selected fields

Field Qoz(mW/ h(m) T@1km T@2 km T@3 km T@4 km T@5 km est-A (UW/
m?) (°C) (°C) (°Q) (°Q) (°C) m3)
Corlu-1 71.0 700 58+4 8447 112+10 146+13 188+17 23
Corlu-3 674 200 4545 70£12 102+19 141424 178430 1.8
Hamita- 83.8 600 64+7 96412 136418 171124 208+£30 3.2
bat-1
Karacaog-  69.7 300 4945 74410 102415 139+£21 169+ 26 2
lan-2
Kaynarca-1  63.9 1000 5747 83412 108t 16 142+£22 17127 1
Umurca-1 61.3 700 53+6 75+£10 9+14 128420 155425 1.1
Vakiflar-1 68.0 400 5043 7416 100£8 12811 16615 2

“h" refers to the thickness of the low-thermal conductivity layer that gives the best-fit with the data. Estimated basement
heat productions (est-A) are calculated for a constant mantle heat flow of 45 mW/m? for all sites
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related lithologies are populated from this study if they are available or complied from
the previously published studies.

The thermal properties used in the model are given in Table 3. Thermal conductivity
and heat production of the basin fill is calculated by weighting values given in Table 1
with thicknesses of formations. Temperature dependence of thermal conductivity in the
basin fill is evaluated using Eq. 3 above. For the basement, the equation developed by
Kukkonen et al. (1999) is used for the temperature dependence on thermal conductivity
and the minor effect of pressure is ignored in our model.

Dirichlet boundary condition is fixed at 15 °C on the surface of the model, which is
the annual mean temperature for the region (Sensoy et al. 2008). A constant mantle heat
flow is set for the bottom of the model, while it is assumed that the sides of the model are
thermally insulated implying no lateral heat flow. The aim of the model is to evaluate the
best match between measured and modeled temperatures by providing a quantitative
estimate of the mantle heat flow in the Thrace basin. For the thermal model validation,
the calculated temperatures are compared to temperatures measured in the wells, which
show good agreement with each other using a mantle heat flow of 45 mW/m? in Fig. 6.
The standard error for the misfit is calculated to be 10 °C.

Figure 7a shows the effect of thermal refraction of the mantle heat flow only due to the
basin topography. Heat flow variation between the basin and Strandja massif is about 3
mW/m?2 When the heat production rate of the basement rocks is included in our cal-
culations as given in Fig. 7b variation of the heat flow reaches up to 10 mW/m?2. In the
final model given in Fig. 7c, heat production of sedimentary rocks is added to the first
two effects. The heat flow value in the basin is calculated as about 65 mW/m? which is
in agreement with the calculated mean heat flow (65.8 mW/m?) calculated in this study.
According to the thermal model, heat flow in the Strandja massif is around 80 mW/m?,
which is also in agreement with the contour map of Tezcan and Turgay (1991). The dif-
ference of about 15 mW/m? between the basin and massif heat flow can be explained by
the combined effects of differences in the thickness of basement heat production and
radioactivity and the effect of thermal refraction to the basin fill. The latter occurs due
to the preferential escape of heat from the periphery of the basin due to relatively lower
thermal conductivity of the basin fill compared to the higher thermal conductivity of the
surrounding crystalline rocks (see Huvaz et al. 2007 for more detail).

Table 3 Thrace Basin 3D model thermal properties

Geological unit Thermal Conductivity Heat production
A (W/mK) A(uW/m?)

Sediments with low thermal conductivity 1.5° 0.8

Basin fill 2.5 0.8

Basement/Upper Crust 3.0° 2.0%4

Lower Crust 2.0¢ 0.1¢

Parameter values are derived from 2Erkan (2015), PBalkan et al. (2017), Aysal et al. (2018), dSahin et al. (2014), ®Blackwell
(1971)
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Fig. 6 Comparison between observed and modelled temperatures in Thrace Basin

Conclusions

In this study, we investigated variations of the surface heat flow in the Northern Thrace
Basin by combining the available BHT data with the available formation thermal con-
ductivity and thickness information. We calculated the surface heat flow for each BHT
point using Bullard’s thermal resistance method. The results show an average heat flow
of 65.84£11.3 mW/m? Our heat flow model emphasizes three regions of high heat
flow within the study area that are in the eastern and western sides, and in the central
part around Hamitabat. In these areas, heat flow values of 10-20 mW/m? higher than
the other parts of the basin can have significant effect on the basin temperatures at
depth. We calculated formation temperatures in the ranges of 45-64 °C at 1 km depth,
99-136 °C at 3 km depth, and 155-208 °C at 5 km depth for selected hydrocarbon fields
in the basin.

Eyerer et al. (2020) calculated the levelized cost of electricity (LCOE) for various geo-
thermal power plants in Germany and showed a dramatic decrease in the LCOE by
moderate amounts of increases in reservoir temperatures (30 ct€/kWh at 120 °C, 20 ct€/
kWh at 140 °C, 15 ct€/kWh at 160 °C, and below 10 ct€/kWh at 180 °C). The higher sub-
surface temperatures calculated in this study for some fields can be potential areas for
low-cost geothermal energy utilization in the future.
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Fig. 7 Conductive thermal modeling of the Thrace basin showing variations of surface heat flow due to the
basin structure. Heat flow variations are shown for contributions from a mantle heat flow only, b) mantle heat
flow and basement radioactivity, and ) mantle heat flow, basement radioactivity, and basin-fill radioactivity.
See the text for details
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Appendix

Error propagation method for calculations of subsurface temperatures
Temperature at depth (7) calculations in Table 2 involves surface heat flow Q,, thermal
conductivity of formations (1), radiogenic heat generation, and they are related with
(Jaeger 1965)
T(z,Qy, 1,A) = Ts + Q,_ 4z (4)
z,Qs, 1, A) = —z— —
* P 2/
where T is the surface temperature. Assuming no error in depth, error propagation (A7)
can be calculated as (Chapra and Canale 2010, Page 96)
(2Qsz — Az?) z2

A
242 + 24

AT = %AQS n AA (5)

For AQ, we used the mean of the residual between calculated and measured heat flow
from BHT data as 4.7 mW/m?2 For two wells, where equilibrium T-D data are avail-
able, we neglected the error in heat flow determination. Since this study uses bulk (4, 1)
properties of formations, for AT and AA, variations in geology is more important than
instrumental error; so we assumed variations of 10% for both.

In practice, Eq. (5) can be applied for each layer, where top of the layer is Q,, and z is
the layer thickness. Then, accumulated error in temperature at depth can be integrated
from the surface.
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