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Abstract: We map surface deformation in the Thrace region of Turkey using the Sentinel-1 Synthetic Aperture Radar (SAR) data.
Interferometric Synthetic Aperture Radar (InSAR) time series analysis of the SAR data acquired between 2014 and 2020 on ascending and
descending orbits reveals large-scale subsidence (~110 x 60 km) with rates reaching up to 10 + 1.5 mm/yr. We relate this deformation to
natural gas reservoir operations, such as gas exploitation and extraction activities that have been taking place in the region for decades,
an inference being supported by the strong correlation between the InSAR time series and the variation in natural gas production
during the same time period in the Thrace region reported by the Energy Market Regulation Authority of Turkey. Assuming that the
observed subsidence is caused by compaction of sediments in the natural gas reservoirs, we construct a triangulated surface enveloping
roughly at the bottom of the gas extraction wells and use it to invert the amount of negative opening (hence volume loss) on triangular
elements that are assumed to be buried in an elastic and homogeneous medium. Coulomb stress changes caused by this volume change
on the North Anatolian Fault at the Sea of Marmara are found to be insignificant (less than 10~ Mega-Pascal) to perturb the state of the
stress around the Marmara seismic gap. Yet, the large-scale subsidence revealed in this study needs to be taken into consideration when
assessing hazards for the infrastructures, settlements, and other engineering structures, particularly in case of a large earthquake in the

Marmara Seismic Gap.
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1. Introduction

Subsidence and induced seismicity due to excessive
groundwater pumping, geothermal operations, and the
development of hydrocarbon extraction methods have
recently attracted considerable attention all over the
world. Following the free access policy of the European
Commission for the Sentinel-1 SAR data available
since 2014, InSAR has been extensively used to study
these phenomena. Subsidence can also be triggered by
groundwater extraction both in agricultural and residential
areas resulting in infrastructure and building damages.
Subsidence in various cities such as; Tehran and Yazd in
Iran; Mexico City in Mexico; Bursa and Konya in Turkey;
and Taiyuan basin in North China has been revealed
using InSAR (Castellazzi et al., 2016; Aslan et al., 2020;
Haghshenas Haghighi & Motagh, 2021; Motagh et al., 2007;
Sireci et al,, 2021; Tang et al., 2022). InSAR investigation
on geothermal fields in western Anatolia reveals local
pressure drops in the fields and significant subsidence

* Correspondence: nozadkhalill8@itu.edu.tr

on the Earth’s surface, implying the importance of the
systematic monitoring and identification of deformation
patterns in spatial-temporal extent as well as providing
an essential data source for reservoir characterization and
field development planning (Aslan et al., 2022).
Furthermore, fluid injection for shale gas hydraulic
fracturing can increase the pressure and induce
earthquakes. Stress redistribution and pore pressure
changes within and surrounding the reservoir may lead
to geomechanical changes, fault reactivation, micro-
seismicity, and even damaging earthquakes (Ellsworth,
2013; Giammanco et al., 2008; Yamashita & Suzuki, 2009).
Revision of the locations of 6 events with magnitudes
4.0 < ML < 5.1 between 1938 and 1944 in the California
Basin reveals induced seismicity caused by stress and
strain changes associated with oil production. (Hough &
Bilham, 2018a, 2018b). Both Mw 5.8 in September 2016
near Pawnee, Oklahoma, United States (Yeck et al., 2017)
and Mw 4.7 in January 2017 in the Sichuan Basin, China
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(Lei et al., 2017) events are injection induced earthquakes.
Spatial and temporal variation of Coulomb Failure
Stress in western Oklahoma is dominated by changes in
poroelastic stresses and pore pressure, as a result of fluid
injection (Zhai et al., 2019). Induced earthquakes could be
controlled by groundwater extraction that correlates with
slip distribution similar to the Eastern Betics Shear Zone
in south-eastern Spain (Gonzalez et al., 2012).

Any earth’s surface and subsurface activity that affects
the stress field in its vicinity significantly may trigger or
accelerate potential future hazardous events particularly in
regions with high seismic risk. During the 20th century,
westward propagation of M > 7 failures (Ambraseys, 1970;
Barka, 1966; Stein et al., 1997) along the North Anatolian
Fault (NAF) ended at Izmit in 1999. Due to the 1912
Sarkoy and the 1999 Izmit earthquake (Figure 1) to the
west and east, respectively, the Central Marmara Fault
(CMF) is designated as a seismic gap. Coulomb stress
change, resulted from the 1999 Izmit event to the west of
this seismic gap, brought forward the next earthquake in
the Sea of Marmara by 12 years (Cakur et al., 2003). In
addition, GPS observations reveal 10-15 mm/yr of slip

rate for the Princes’ Islands Fault (PIF) with no evidence
of strain accumulation for the CMF (Ergintav et al., 2014).
Istanbul, with a population of over 15 million people and
a primarily financial and industrial centre of Turkey, is
critical for earthquake and ground motion risks related
with faulting, landslides, and sediment compaction
processes.

In this study, we use the advanced InSAR technique
to map the surface motions in the eastern Thrace basin
(NW Turkey) where natural gas reservoir processes and
extraction have been carried out with tens of wells for
decades from various formations at different depths
(Figure 1). We also model the mean InSAR velocity maps
using elastic dislocations and calculate the Coulomb stress
variation on CMF caused by volume loss due to natural
gas extraction.

2. Thrace basin

2.1. Geology

Thrace Basin is bounded by the Triassic to Jurassic
metamorphic rocks of the Strandja massif in the north
and the Biga Peninsula in the south. This large triangular-

Elevation (Km)

0

Figure 1. Topographic and tectonic map of the Thrace basin and Marmara Sea region in northwestern Turkey. Black boxes in the inset
map show the frames of the T131 (ascending) and T036 (descending) orbits of the Sentinel TOPSAR images. Red and blue solid-lines
display active faults (after Emre et al. 2013) and permanent rivers, respectively. Black stars display the location of the 1912 Sarkdy event
on Ganos Fault and at the west of Cental Marmara Fault (CMF) and the 1999 Izmit event east of Princes’ Islands Fault (PIF), respectively.
Black solid circles are the available location of active and inactive natural gas production facilities (after Giirgey et al. 2005; Yilmaz et al.
2016). Black solid and dashed lines display the geographic extent of Hamitabat formation and the area that is active after Giirgey (2009),

respectively.
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shaped Tertiary depression is filled with more than 8-9
km of an upward shallowing sequence of Mid-Eocene to
Oligocene clastic strata (Gilirgey, 2009). The metamorphic
basement of the Thrace basin is mostly covered by a
combination of deep marine turbidite, sandstone, silt,
and shale deposits known as Hamitabat formations with
an angular unconformity. This reveals a rapid subsidence
of metamorphic and crystalline basement at the Middle
Eocene. The Hamitabad formation is the main natural gas
reservoir in the Thrace basin (Figure 2) and is overlain by
the Sogucak Formation, a thin layer of shallow-marine
limestones which pass up into shales, marls, and turbiditic
sandstones of the upper Eocene to lower Oligocene
Ceylan Formation. With the regression of sea level in the
Late Oligocene, deltaic deposition began with prodelta
facies of tuffy shales and marls; the Mezardere formation,
delta front facies deposition characterised by coarsening
upward sandy sediments; the Osmancik Formation,
and delta plain sediments; the Danismen Formation.
This deltaic Oligocene sequence, which forms reservoirs
for natural gas, is unconformably covered by the Mio-
Pliocene fluvio-lacustrine deposits of Ergene formation
(Giirgey, 2009; OKAY et al,, 2010; Okay & Topuz, 2017;
Turgut et al., 1991).

2.2. Gas production activities

The Thrace Basin is bounded by the Triassic to Jurassic
metamorphic rocks of the Strandja massif to the north and
the Biga Peninsula to the south. This extensive Tertiary
depression is filled (Figure 1) with more than 8-9 km of an
upward shallowing sequence of Mid-Eocene to Oligocene
clastic strata. Explorations, which started in the early 1960s,
led to the discovery of various gas fields ranging in size
between 3 and 50 million m’ in this basin (Giirgey, 2009).
Hosgormez et al. (2005) report that the gas accumulations
have different origins based on molecular and isotopic
composition of gases. Gas production is feasible in a variety
of formations at different depths, including the Eocene
Hamitabat formation, Upper Eocene-Lower Oligocene
Ceylan, and formation and the Oligocene Mezardere in the
Thrace basin. According to annual reports of the Energy
Market Regulation Authority (EPDK) from 2014 to 2020,
more than 60% of natural gas production in Turkey was
carried out in the Thrace basin including Tekirdag and
Kirklareli provinces (Turkish Natural Gas Market Reports,
2020). The report discloses that gas produced from Thrace
basin is ~1870 million Standard cubic meters (Sm?).
Natural gas production in 2014 was ~350 million Sm’
which decreased to ~ 217 million Sm?*in 2018 and increased
to ~260 million Sm? in 2020.

3. Mapping surface deformation using InSAR
To map the surface deformation in the Trace basin, we
use the Persistent Scatterer InSAR (PSI) technique, an

advanced InSAR technique that can detect subtle motions
on the earth’s surface associated with various geological
processes or anthropogenic activities. This multitemporal
InSAR method identifies discrete and stable temporal
phase scatterers from InSAR images stack even with
baselines larger than critical baseline (Ferretti et al., 2000,
2001; Hooper et al., 2012).

We process the C-band (~5.8 cm wavelength) TOPSAR
dataset of the Sentinel-1 satellites between 2014 and 2020.
Interferograms are generated with the GMTSAR software,
an open-source (GNU General Public Licence) InSAR
processing tool designed for users of Generic Mapping
Tools (GMT) (Sandwell et al., 2011). More than 800
Interferograms on both ascending (T131) and descending
(T36) orbits are used for time series calculations. Time-
series of interferograms are obtained using the StaMPS
(Stanford Method for Persistent Scatterers) multitemporal
InSAR software (Hooper, 2008; Hooper et al., 2004). We
also use a power law correction method of Toolbox for
Reducing Atmospheric InSAR Noise (TRAIN) to reduce
tropospheric signals locally (Bekaert et al., 2015).

Mean line of sight (LOS) velocity maps obtained in
both ascending and descending orbits are shown in Figures
2a and 2b. While warm colours (red) indicate motion away
from the satellite (subsidence and/or eastward motion for
the ascending and westward motion for the descending in
horizontal direction), cold colours (blue) indicate motion
towards the satellite (uplift and/or eastward motion for the
descending and westward motion for the ascending in the
horizontal direction). In the Thrace basin, the two velocity
fields are in good agreement and show motion away from
satellites (red colours) in both orbits, implying that the
motion is mostly subsidence. Located 30 to 60 km to the
north of the NAF in the Sea of Marmara, the subsidence
in the Thrace basin has an elongated elliptical pattern and
covers an area of ~60 km wide and 110 km long (~5500
km?).

Considering that both orbits measure the projection
of a real deformation vector on the LOS, we decompose
the LOS measurements into vertical and horizontal (east-
west) components (Samieie-Esfahany et al., 2009) (Figures
2c and 2d). The projected profile on vertical and horizontal
velocity fields along the long and short (A-A" and B-B" in
Figure 2c, respectively) axis of the elliptical deformation
show that subsidence reaches locally to 10 £ 1.5 mm/yr
(Figures 3a and 3b).

Time series analysis (Figure 3a) shows that subsidence
increases with an almost linear rate until 2018 and variates
between 2018 and 2020 and show a very strong correlation
with changes in the production rate with a delay in time.
This time lag between the time series of surface deformation
and gas production in Tekirdag and Kirklareli reported by
EPDK is corrected by a 3 month shift in the production
time series.
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Figure 2. Mean LOS velocity fields of ascending (a) and descending (b) orbits in the Thrace basin from Sentinel TOPSAR data acquired
between 2014 and 2020. Mean LOS velocity fields are cropped to isolate the subsidence in the Trace basin. Warm (red) and cold (blue)
colours show motion away from and toward the satellite, respectively. Therefore, the presence of the red colour in both orbits indicates
the existence of subsidence in the Thrace region. Subsiding area is bounded in the area with high density of active natural gas fields
signified by black solid circles (modified after Giirgey et al. 2005; Yilmaz et al. 2016). In addition, the subsidence pattern correlates
well with region where natural gas has been currently exploited (dashed black line) within the Hamitabat formation (solid black line)
mentioned in Giirgey (2009). Vertical and horizontal deformation rates along the profiles A-A" and B-B" are shown in Figures 3a and 3b
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and black triangle on LOS map (a and b) displays the location of persistent scatterers used for the time-series plot in Figure 3c.
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Figure 3. Projection of vertical (red bars) and horizontal (east-west) (blue bars) mean velocities along the profiles A-A" (a) and B-B®
(b) in Figure 2c. Both profiles expose up to 10 £ 1.5 mm/yr of deformation rate in Thrace region. Time series (c) of persistent scatterers
(black star in Figure 2a and 2b) from both ascending (blue bars) and descending (red bars) orbits. Monthly reports of the Energy Market
Regulation Authority (EPDK) in the Tekirdag and Kirklareli from 2014 to 2020 (dark-green solid circles) disclose a constant annual
decrease during 2014-2018 years with few seasonal variations and a sharp increase and decrease in production rate in 2019 and again

an increase in 2020.

In addition to the subsidence in the Thrace basin, plate
motions across the Sea of Marmara and the Ganos Fault
on land are also clearly revealed by the PSI method (Figure
4). While the southern block of the CMF moves towards
the satellite in the ascending orbit (Figure 4a), it moves
away from the satellite in the descending orbit (Figure 4b),
indicating the right-lateral sense of motion between the
Eurasian and Anatolian plates. Strain accumulation across
the Ganos Fault is also clearly revealed by the PSI results.

4. Dislocation model

Assuming that the observed subsidence is due to the
compactionof sedimentsasaresultof natural gasextraction,
we model the mean LOS velocity field using volume loss
in elastic and homogeneous half-space. We constructed a
triangulated surface at a depth of 2 km that is the average
depth of extraction wells (Giirgey et al., 2005; Yilmaz et
al., 2016) in the study area (unfortunately, information
about the depths of most wells is not available). Volume
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because of the increased normal stress on it. (c) Poly3d model of surface deformation. Residuals between the model and ascending
and descending InSAR data are shown in d and 3, respectively. (e) and (d) are residual histograms for Ascending and Descending,

respectively.

loss in sediments is modeled with a negative opening
on triangular elements using the Poly3dinv inversion
software, a three-dimensional slip-inversion method
on triangular elements (Maerten, 2005). This method is
based on the analytical solution for an angular dislocation
in a linear-elastic, homogeneous, isotropic, half-space.
Poly3dinv employs the Poly3D (Thomas, 1993) that uses a
set of planar triangular elements of constant displacement
discontinuity to model deformation surfaces. The model

estimates ~15.5 + 0.1 million m*/yr of volume loss rate in
sediments as a result of subsidence in the Thrace basin.

5. Coulomb stress model

We calculate Coulomb stress changes to determine the
influence of subsidence caused by gas extraction on
the state of stress on the NAF in the Marmara Sea. To
avoid numerical artifacts and structural imperfections,
we employed the compound dislocation model (CDM)
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which is an artifact-free solution to calculate stress field
and deformation associated with rectangular dislocations
with full rotational degrees of freedom in an elastic full-
space and half-space (Nikkhoo et al., 2017). For this
purpose, we gridded triangular elements using flexible
tension continuous curvature splines (Smith & Wessel,
1990) and divided them into small rectangular cells, and
assume that they are point sources (Nikkhoo et al., 2017).
The point CDM (pCDM) is dimensionless and represents
volumetric changes due to expansion or contraction in
all directions in space. We calculate the pCDM from the
potency and aspect ratios regardless of the shape of the
deformation sources. The potency is the product of area
and slip (opening value in tensile) (Aki & Richard, 2002).
The product of opening by area is equal to the potency of
point sources in the horizontal plane.

We calculate normal stress, shear stress, and Coulomb
stress changes on a smooth and continuous vertical surface
that coincides roughly with the CMF from the surface to
15 km of depth. Figures 5a, 5b, and 5¢ show the variation
of normal stress and Coulomb stress changes along the
CMF due to the modelled compaction in the gas reservoir.
The modeled surface deformation mimics well the InSAR
observations due to the proximity of modelled plane to
the surface and small sizes of triangular elements where
deformation gradient is high (Figures 5d and 5e).

As can be seen, the volume loss due to compaction
in sediments leads to a decrease in Coulomb stress along
the CMF in the Tekirdag basin because of the increased
normal stress on it. Coulomb stress on the fault increases
towards both edges of the Tekirdag basin, promoting
failure on the fault. However, Coulomb stress changes are
on the order of 10> Mega-Pascal, hence too small to affect
the state of stress on the CME.

6. Discussions and conclusions

Mapping surface motions using PS-InSAR for both
ascending and descending orbits reveals widespread
subsidence with an elongated elliptical pattern in the Thrace
basin, northwestern Turkey. Decomposition of mean LOS
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