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Abstract. The present study was carried out to determine technically 

recoverable methane hydrate potential of the marine regions in the exclusive 

economic zones (EEZ) of Turkey by using the algorithm developed and 

Monte Carlo simulation method. It was found that technically recoverable 

methane in methane hydrate-bearings in the EEZ of Turkey is 

approximately 12.08 standard trillion cubic meters (tcm). These reserves are 

in the Black Sea and the Eastern Mediterranean Sea within the EEZ of 

Turkey. Although there are some thermogenic gas hydrate potentials in the 

Sea of Marmara, the EEZ of Turkey in the Sea of Marmara and the Aegean 

Sea (or the Sea of Islands) do not have any technically recoverable methane 

hydrate potential at current technological conditions. 

1 Introduction 
Gas molecules and water molecules form ice-like structures called gas hydrates at low 
temperature and high pressure conditions. Thus, gas hydrates exist in marine environment 
(mostly) and permafrost regions all over the world, which are significant energy 

resources [1]. Even with conservative estimates, it is considered that technically 
recoverable methane (CH4) amount within methane hydrate-bearing sands in the world is 

approximately 1226 standard trillion cubic meters (tcm) [2]. Thus, after 2000s, there have 
been many gas hydrate exploration activities and gas hydrate production trials. In Canada, 
Japan, USA and China, gas hydrate production trials were implemented [1]. In Turkey, 

there is an early interest to gas hydrates. Although there are several experimental studies 

and geophysical explorations in the Black Sea, more efforts for gas hydrate exploration 

studies are essential in Turkey as in the most part of the world. Initially, it is essential to 
indicate gas hydrate potential with reserve estimations. 

Methane hydrate reserve estimation is very crucial to indicate this potential at a certain 

location. Although there are some studies estimating methane hydrate potential in the whole 
parts of the Black Sea and the Mediterranean Sea [3, 4], currently there is no study 
estimating technically recoverable methane hydrate potential in the exclusive economic 

zones (EEZ) in the Black Sea, the Sea of Marmara, the Aegean Sea and the Mediterranean 
Sea of Turkey. Thus, this was aimed in this study because methane hydrate potential in 
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these regions might decrease the dependency of Turkey on imported natural gas. More than 
99% of natural gas demand (50-55 billion standard m3 per year) of Turkey is supplied by 
mostly Russia, Iran, Azerbaijan, Nigeria, Algeria, etc [3].

2 Material and methods
In all gas hydrate exploration projects, initially it is aimed to estimate gas hydrate reserve 
potentials in their study areas. Although a few geophysical explorations were conducted in 

the Black Sea, Turkey has only early interests to gas hydrates. Thus, it is important to 

reveal technically recoverable methane hydrate potentials of Turkey.
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where OGIP – original CH4 in-place in hydrates, standard m3; ψ – porosity; Sh – hydrate 
saturation; h – thickness of hydrate zone, m; A – cross-sectional area of hydrate zone, m2;

CR – cavity fill ratio of CH4; EF – expansion factor of CH4 in hydrate to surface standard 
conditions; MWCH4 – molecular weight of CH4, g/mol; MWH2O – molecular weight of H2O, 
g/mol; NH – hydration number of CH4 hydrate; VH – unit hydrate volume (1 m3); ρH – CH4

hydrate density, kg/m3; ρCH4: CH4 gas density at standard conditions (0.717935 kg/m3 at 

0°C and 1 atm).
Common gas hydrate reserve estimation formulas (Equation 1 and Equation 2) [3, 5, 6]

were used in this study to estimate gas hydrate reserve potential in the exclusive economic 
zones (EEZ) of Turkey in the Black Sea, the Sea of Marmara, the Aegean Sea and the 

Eastern Mediterranean Sea. In these formulas, gas hydrate properties and methane hydrate 

stability zone (MHSZ) thickness are essential parameters. Hence, by using the algorithm in 
Fig. 1, these parameters were estimated for the Black Sea, the Sea of Marmara, the Aegean 

Sea, and the Eastern Mediterranean Sea.

Fig. 1.Methane or gas hydrate stability zone (MHSZ or GHSZ) estimation algorithm.
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It is known that gas hydrate samples were collected in the Black Sea, the Sea of 
Marmara, and the Eastern Mediterranean Sea. Moreover, there are many indications (i.e. 
gas seeps, mud volcanoes, seismic, etc.) of gas hydrate existence in these seas [3-5]. In this 

study, a detailed literature survey about the Black Sea, the Sea of Marmara, the Aegean Sea 
and the Mediterranean Sea was completed in order to collect essential data (i.e. bathymetry, 

geothermal gradient, pressure gradient, seafloor temperature, salinity, etc.) for the gas 

hydrate reserve estimations (Fig. 1) [3, 5, 7-14].

3 Results and discussion
In this study, by using the algorithm in Fig. 1, initially MHSZ thickness below seafloor in 

the Black Sea was estimated. Then, Fig. 2 was drawn including the EEZ border of Turkey 
in the Black Sea. Fig. 2a shows the bathymetry and gas hydrate indicators in the Black Sea. 

According to the map generated in Fig. 2b, the maximum MHSZ thickness below seafloor 

in the Black Sea is nearly 406 m with an average thickness of 266 m. As an average, 
methane hydrate formation in the Black Sea starts (as water depth) at nearly 675 m below 

sea level (mbsl). There are many indications of methane hydrates (i.e. methane hydrate 
samples, bottom-simulating reflections, gas seeps, etc.) in the Black Sea.

Fig. 2. Bathymetry and gas hydrate indicators of the Black Sea (a); MHSZ thickness below seafloor 

in the Black Sea (b).

Thus, the EEZ of Turkey in the Black Sea has a great potential in terms of methane 
hydrates. In this study, Monte Carlo simulations were conducted by using the reserve 

estimation equations of Boswell and Collett [6]. MHSZ thickness in Fig. 2b is one of the 
most important parameters for gas hydrate reserve estimations. Almost all the countries in 
the world focus on methane hydrates deposited inside coarse sands because of their higher 

porosity and permeability values. Therefore, the methane amounts in methane hydrates 
deposited in all sediments and methane hydrates in coarse sands were calculated. In the 

EEZ of Turkey in the Black Sea, the total expected methane in methane hydrates deposited 
inside all sediments is approximately 114.2 tcm (ranging from 3.73 to 411.55 tcm). On the 
other hand, the methane amount in methane hydrate-bearing sands (which are considered as 

technically recoverable gas hydrates) in the EEZ of Turkey in the Black Sea was found as 

4.63 tcm (varying from 0.114 to 16.87 tcm). In August 2020, Turkey announced that more 

than 100 meters of natural gas bearing reservoir in Pliocene and Miocene sands were
discovered in Tuna-1 well (42°50'21.55"N/31°17'21.37"E) at a water depth of 2115 m and 
1000 mbsf (meter below seafloor). The reserve potential is considered to be nearly 320 

standard billion m3 of natural gas (mostly methane). As seen in Fig. 2a, there are many mud
volcanoes near Tuna-1 coordinates. These conventional gas and sands in the Black Sea also 
shows the high potential of source gas and methane hydrate-bearing sands within MHSZ.
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The Sea of Marmara is an inland sea connecting the Aegean Sea and the Black Sea. 
This sea is completely within the EEZ of Turkey. The Sea of Marmara is located in a 
tectonically very active area. There have been many shallow coring and gas sampling 

studies in the Sea of Marmara [5, 12]. The average and maximum water depths in the Sea 
of Marmara are 297and 1288 m, respectively (Fig. 3a) [14]. Fig. 3a indicates gas hydrate 

indicators and bathymetry of the Sea of Marmara. Due to the shallow water depth and high 

seafloor temperature (~13.5°C) in the Sea of Marmara, methane hydrate (100% methane) 
cannot exist. For this reason, MHSZ thickness is zero as seen in Fig. 3b in the Sea of 

Marmara. In the Sea of Marmara (Western High Section), thermogenic origin gas hydrate 

sample was collected. Moreover, many thermogenic gas samples were collected [12]. The 
average of these gas compositions include 90.347% CH4 (methane), 6.518% CO2 (carbon 

dioxide), 0.677% C2H6 (ethane), 1.451% C3H8 (propane) and other impurities. With this 
average gas composition, mixed gas hydrate (sII type) can form in the conditions of the Sea 
of Marmara. Then, GHSZ (gas hydrate stability zone) thickness of this gas composition was 

estimated by implementing the algorithm in Fig. 1. In Fig. 3c, the GHSZ thickness map of 
this gas composition is shown in the Sea of Marmara. It was found that the maximum and 

average GHSZ thickness for this gas composition are 107.6 and 61 m, respectively. By 
using the algorithm in Fig. 1 and GHSZ thickness in Fig. 3b, Monte Carlo simulation was 

conducted for reserve estimation. The amount of the gas composition (90.347% CH4,

6.518% CO2, 0.677% C2H6, 1.451% C3H8 and other impurities) in its gas hydrates 
deposited in all sediments in the Sea of Marmara was found as nearly 289.1 standard billion 
cubic meters (bcm) (18.81-1237.9 bcm). Inside coarse sands in the Sea of Marmara, this 

reserve was estimated as 116.5 bcm (1.52-725.5 bcm). Compared to methane hydrates, 

thermogenic hydrates are more stable so it is more difficult to dissociate thermogenic 

hydrates. Moreover, methane hydrates are common in nature. For this reason, currently all 
countries in the world targets methane hydrates for feasible gas production.

Fig. 3. Bathymetry and gas hydrate indicators in the Sea of Marmara (a); MHSZ thickness in the Sea 

of Marmara (b); GHSZ (for average gas composition) thickness in the Sea of Marmara (c).

The Aegean Sea (or the Sea of Islands) is an elongated embayment of the Mediterranean 

Sea located between the Greek peninsula and Turkish peninsula as seen in Fig. 4. Although 

there are some places with a water depth 3544 m, the average water depth in the Aegean 
Sea is approximately 322 m (Fig. 4a) [14].
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Fig. 4. Bathymetry of the Aegean Sea (a); MHSZ thickness in the Aegean Sea (The Sea of Islands) (b).

Even though there are some gas hydrate indications (i.e. mud volcano, gas seepages, 

pockmarks, etc) [9, 13], the Aegean Sea might be considered in a paucity of methane 

hydrates and gas hydrates. Due to the shallow water depth and higher seafloor temperature, 
MHSZ thickness within the EEZ of Turkey in the Aegean Sea in Fig. 4b was found mostly
zero. Moreover, there is no indication or study of extensive thermogenic gas releases in the 

Aegean Sea for possible thermogenic gas hydrate existence as the Sea of Marmara.

Turkey’s EEZ border in the Eastern Mediterranean Sea is shown in Fig. 5. As seen in 

Fig. 5a, the maximum and average water depths are 4502.9 and 1950 m, respectively [14].
Higher water depth is an advantage for thicker MHSZ due to high hydrostatic pressure. By 
using the algorithm in Fig. 1, Fig. 5 was obtained for some part of the Eastern 

Mediterranean Sea. In Fig. 5b, the maximum MHSZ thickness and average MHSZ 
thickness were found as 471 and 227 m, respectively. Generally, methane hydrate 
formation starts below 1390 mbsl (meter below sea level) in Fig. 5. Monte Carlo 

simulations were held for methane hydrate reserve estimation in the Eastern Mediterranean 
Sea within the EEZ of Turkey.

Fig. 5. Bathymetry and gas hydrate indicators in some part of the Eastern Mediterranean Sea (a);

MHSZ thickness in some part of Eastern Mediterranean Sea (b).
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In the EEZ of Turkey in the Eastern Mediterranean Sea in Fig. 5b, the total expected 
methane amount in methane hydrates deposited inside all sediments is approximately 
68.16 tcm (ranging from 0.904 to 397.86 tcm). On the other hand, the methane amount in 

methane hydrate-bearing sands (which are considered as technically recoverable gas 
hydrates) in the EEZ of Turkey in the Eastern Mediterranean Sea was found as nearly 

7.45 tcm (varying from 0.045 to 51.3 tcm).

In this study, MHSZ thicknesses of the Black Sea, the Sea of Marmara, the Aegean Sea 
(the Sea of Islands) and the Eastern Mediterranean Sea in the EEZ of Turkey were 

estimated by using the algorithm in Fig. 1. Then, Monte Carlo simulations were held to 

estimate methane amount in methane hydrate-bearing sediments/sands of the marine 
regions in the EEZ of Turkey. In Table 1, the estimated methane amounts in methane 

hydrate-bearing sediments of the marine regions in the EEZ of Turkey were summarized
for the Black Sea, the Sea of Marmara, the Aegean Sea and the Mediterranean Sea. 
According to this estimation, Turkey might have 182.36 tcm (4.634-809.41 tcm) of 

methane in methane hydrate-bearing sediments. Technically recoverable methane amount 
in methane hydrate-bearing sands in the marine regions within the EEZ of Turkey is nearly 

12.08 tcm (0.159-68.17 tcm) as seen in Table 2.

Table 1. Estimated methane amount in methane hydrate-bearing sediments

of the marine regions in the EEZ of Turkey.

Location Minimum, tcm Mean, tcm Maximum, tcm

The Black Sea 3.73 114.2 411.55

The Sea of Marmara – – –

The Aegean Sea (The Sea of Islands) – – –

The Eastern Mediterranean Sea 0.904 68.16 397.86

Table 2. Estimated methane amount in methane hydrate-bearing sands

of the marine regions in the EEZ of Turkey.

Location Minimum, tcm Mean, tcm Maximum, tcm

The Black Sea 0.114 4.63 16.87

The Sea of Marmara – – –

The Aegean Sea (The Sea of Islands) – – –

The Eastern Mediterranean Sea 0.045 7.45 51.3

Methane hydrate cannot exist in the Sea of Marmara but there are many thermogenic 

gas seepages. According to the estimation with average gas composition (90.347% CH4,

6.518% CO2, 0.677% C2H6, 1.451% C3H8 and other impurities) in this study, there might be 
0.2891 tcm of this gas within gas hydrate-bearing sediments and 0.1165 tcm of this gas 

within gas (sII) hydrate-bearing sediments in the Sea of Marmara in Table 3. However, in 

the world, all gas production trials were conducted for methane hydrates (sI) including 
almost 100 % CH4. Therefore, the gas hydrate potential in Table 3 for the Sea of Marmara 

is ignored in terms of technically recoverable methane hydrate potential.

Table 3. Estimated gas amount in gas hydrates in the Sea of Marmara.

Sediments Minimum, tcm Mean, tcm Maximum, tcm

All 0.01881 0.2891 1.2379

Sand 0.00152 0.1165 0.7255

Briefly, in this study, an algorithm in Python language was developed in order to predict 
MHSZ or GHSZ thickness in the conditions of the Black Sea, the Sea of Marmara, the 
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Aegean Sea and the Eastern Mediterranean Sea within the EEZ of Turkey. Then, 
Equation 1 and Equation 2 were implemented inside the Monte Carlo algorithm. Then, 
finally methane hydrate potential in all sediments and coarse sands were predicted. This 

study is the first study directly aiming to estimate methane amount deposited in methane 
hydrates in the marine environment in the EEZ of Turkey.

4 Conclusions
In this study, initially MHSZ thicknesses below seafloor were estimated in the EEZ of 

Turkey in the Black Sea, the Sea of Marmara, the Aegean Sea and the Mediterranean Sea 
Then, with Monte Carlo simulations, methane hydrate reserve estimations were conducted. 

In conclusion, Turkey has high potential of technically recoverable methane in methane 
hydrates in the EEZ of Turkey in the Black Sea and the Eastern Mediterranean Sea. This 

amount is 12.08 tcm as a mean. Turkey imports more than 99.5% of its natural gas from 

different countries (i.e. Russia, Iran, Azerbaijan, etc.). Hence, 12.08 tcm of methane
potential might supply Turkey’s natural gas demand significantly. This amount is a good 

motivation for Turkey to implement extensive gas hydrate exploration projects. Yet, gas 
hydrate reserve estimations are predictions with limited data as in the most part of the world 

so many geophysical surveys, drilling operations, logging operations and coring operations 

are essential for more reliable methane hydrate reserve estimations.
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