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Abstract: Fluid vents in the Sea of Marmara were discovered and investigated by several studies. In this paper, a numerical model is created
for the first time to determine the possible transport mechanism behind those fluid emissions at the seafloor. The finite volume method is used
for numerical simulations by implementing a commercial finite volume code, ANSYS-Fluent. The thermal and physical rock properties used
in our models are taken from previous studies. Bathymetry, fault-controlled fluid flow velocities, and temperature distribution patterns for the
Central Basin and Western High in the Sea of Marmara are simulated and presented. Effects of faults, thickness of sediments, and hydrostatic
pressure due to the water column thickness on fluid flow are demonstrated. Driving mechanisms of the fluid flow are also discussed. It is found
that both seafloor bathymetry and presence of faults can control the location and distribution of fluid emissions at the seafloor.
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1. Introduction

Seafloor manifestations of fluid vents are found worldwide on
continental shelves and slopes. The location of the fluid
escapes is often well correlated with the location of the active
faults. Among those active faults, strike-slip faults appear to
be favorable channels for the transport of deep fluids (Orange
et al.,, 1999; Stakes et al., 1999; Chamot-Rooke et al., 2005;
Zitter et al., 2006; Géli et al., 2008).

The study area, the Sea of Marmara, is located on the
northwest of Anatolia, Turkey (Figure 1). The North
Anatolian Fault (NAF) is a right-lateral strike-slip fault which
extends from the north of the Lake Van in east to Biga
Peninsula in west (Ketin 1968; Le Pichon et al., 2001). The
NAF is also identified as a transform fault (Wilson 1965;
Sengor et al., 2014). An average slip rate of 25 mm/year of the
Anatolia plate relative to the Eurasian plate is measured along
the NAF (McClusky et al., 2000; Imren et al., 2001; Armijo et
al., 2002; Meade et al., 2002). Moreover, the majority of this
motion takes place in the northern part of the NAF zone
which is named as the Main Marmara Fault (MMF) (Le
Pichon et al., 2001; Flerit et al., 2003; Sengér et al., 2005;
Reilinger et al., 2006; Cagatay and Ucarkus, 2019). This region
is also characterized by high seismicity with numerous
devastating earthquakes. Some of the historical and well-
known big earthquakes with M, > 7 along the MMF were the
1509 earthquake (M, = 7.2) and the 1766 earthquake (M;=
7.1). In the last century, there were the 1912 Miirefte (M, =
7.3), the 1999 Kocaeli (M; = 7.4) and Duzce (M, = 7.3)
earthquakes (Ambraseys and Jackson, 2000).

The MMF hosts numerous sites of fluid vents, reported by
previous studies (Kuscu et al., 2005; Géli et al., 2008; Zitter et
al., 2008, 2012; Bourry et al, 2009; Burnard et al., 2012;
Gasperini et al., 2012a,b; Tary et al,, 2012, 2019; Embriaco et
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al., 2014; Dupré et al,, 2015; Cagatay et al., 2018; Grall et al,,
2018; Ruffine et al., 2018; Saritas et al., 2018). Following the
destructive 1999 Kocaeli earthquake, Alpar (1999) reported a
gas release into the water column in Gulf of [zmit. Kugcu et al.
(2005) identified gas migration within the marine sediments
by high-resolution seismic data. In the Cinarcik, Central, and
Tekirdag basins, Zitter et al. (2008) found cold seeps and
focused on identifying the geological controls of the cold seep
pattern and distribution by using a Remotely Operated
Vehicle (ROV). They suggest that the location of the cold
seeps and fluid vent sites are mainly controlled by tectonic
forces. All discovered seepage sites are found aligned on faults
which enable the fluid flow discharge.

The effects of active faults and current seismic activity on
the fluid flow vents are investigated and documented by
numerous researchers. However, it is a challenging issue to
demonstrate the coupling between seismicity and fluid flow
(Embriaco et al., 2013; Hensen et al., 2019). In these cases,
numerical modeling of fluid flow is a powerful tool which can
help us understand and reveal the links between fluid
migration, active faults, and earthquakes. Interconnected high
permeability zones (e.g., faults, fractures) may efficiently
transfer pore fluids from deep sources toward the seafloor.
For accurate simulations of the fluid system, it is crucial to use
realistic physical parameters (e.g., permeability, seafloor
bathymetry) and suitable mass transport mechanisms such as
Darcy flow in porous media or Stokes flow in fractured media.
Setting up such a realistic model will result in simulations
which correctly forecast how deep fluid flow goes down and
how fluids migrate up to the seafloor.

In this study, we address and answer the following
questions to explore the correlation between the location of
faults and fluid outlets at the Sea of Marmara seafloor by using
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Figure 1. a) Bathymetry map of the Sea of Marmara with distribution of gas emissions at the seafloor (Dupré et al, 2015) and major structural
features and microearthquake epicenters (Sengor et al., 2014). Black dashed rectangle shows the study area, b) Bathymetry map of the Central
basin with distribution of gas emissions at the seafloor (Dupré et al., 2015) with locations of the seismic sections (DMS-05 and SM-46) that are
used in the numerical models. TB, Tekirdag Basin; WH, Western High; CB, Central Basin; KB, Kumburgaz Basin; CH, Central High; CB,

Cinarcik Basin.

a set of numerical models: (1) Which structural conditions
(presence of fault, thickness of sediments, hydrostatic
pressure due to the water column thickness) are favorable to
produce fluid migration and emissions at the seafloor in the
Central Marmara Basin and Western High? (2) Which driving
mechanism(s) can explain the presence of those vents? (3)
What are the differences between the Central Marmara Basin
and Western High in terms of driving mechanism of fluid?

2. Tectonics and fluid flow

Following the devastating major Kocaeli earthquake, many
scientific groups started to investigate the extension of the
NAF zone within the Sea of Marmara particularly by using
marine seismic reflection surveys (Okay et al., 2000; Imren et
al., 2001; Le Pichon et al., 2001, 2003, 2014; Armijo et al., 2002;
Demirbag et al., 2003, 2007; Rangin et al., 2004; Sengor et al.,
2005, 2014; Laigle et al., 2008; Géli et al., 2008, 2018; Bécel et
al,, 2010; Tary et al., 2011, 2019; Grall et al., 2013; Sorlien et
al,, 2012; Gasperini et al., 2012a, b; Grall et al., 2012; Cagatay

and Ugarkus 2019). The information gathered from these
studies makes the Sea of Marmara as one of the best-known
and most widely studied seas in the world in terms of
morphology and tectonics. High-resolution bathymetric data
clearly reveal that the NAF zone continues under the Sea of
Marmara crossing its primary shelves, ridges, and basins. The
Sea of Marmara is composed of three main deep basins,
namely the Cinarcik Basin, the Central Basin, and the
Tekirdag Basin, reaching depths of up to 1270 m. They are
separated by two NE-SW orientated highs, the Central and
Western highs.

In addition to the seismic explorations, several
earthquake-related studies have also been conducted in the
Sea of Marmara and their findings suggest a close relationship
between earthquake activities and free gas emissions along
NAF zone (Kuscu et al., 2005; Burnard et al., 2012; Dupré et
al., 2015). In one of these studies (Tary et al., 2011), Ocean
Bottom Seismometer (OBS) recordings indicate clusters of
microearthquakes below the western slope of the Tekirdag
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Basin. This suggests that tectonic strain contributes to
maintaining high permeability in fault zones. Those active
fault zones may provide channels for the deep-seated fluids to
rise up to the seafloor (Tary et al. 2011). Furthermore, a recent
microseismicity study by creating a three-dimensional
velocity model in the Western High revealed the presence of
the gas migration (Géli et al., 2018). Static and dynamic
stresses are calculated

by using seismicity, which indicates that gas exits are
primarily affected by the earthquakes (dynamic stress) and
impact of Columb stresses are then considered (Tary et al.,
2019). Fluid releases at the seafloor are generally found on the
active faults or vicinity of faults, regardless of the triggering
mechanisms such as earthquake activities or buoyancy forces.

3. Materials and methods

3.1. Seismic data

Two selected multichannel reflection seismic sections (Line
SM-46 and Line DMS-5) are employed in our heat and fluid
flow modeling for the Central Basin and Western High of the
Sea of Marmara (See the locations in Figure 1.). South-North
trending seismic section SM46 along the Central Basin was
collected during the SEISMARMARA-Leg 1 survey in 2001
(Figure 2, Bécel et al., 2009, 2010; Grall et al., 2012). The data
were collected by using a 360-channel digital streamer of 4.5
km length. A shot interval was 25 m which gives a 90-fold-
coverage of 50 m trace interval (Bécel et al., 2010). SM-46
section is processed and interpreted by Becel et al., 2010 and

Grall et al., 2012 (Figure 2). SM-46 includes four main faults
which confine the Central Basin (F1, F2, F3, F4, shown in
Figure 2). As seen in Figure 2, F1 and F2 are the outmost faults
that limit the basin boundaries, but F3 and F4 are inner faults.
Thickness of the sedimentary layer ranges from 4 to 6 km
between the F1 and F2 faults. Grall et al. (2012) created a 3-D
subsidence rate model by using homogenite deposit and then
reinterpreted SM-46 seismic profile. Thus, assuming a
constant sedimentation rate of ~7.5 mm/a, the age of S1 blue
layer should be at least 250 ka, the age of S2 pink layer should
be between 250 and 450 ka, and the age of S3 yellow layer
should be between 450 and 650 ka (Grall et al., 2012). Having
this information, model setups are formed by using 4 faults,
one sedimentary unit and one basement layer. Faults have a
thickness of 150 m in our models.

In the Western High, DMS-5 migrated seismic section is
used for creating a numerical model (Figure 3). DMS-5
section was collected by the General Directorate of Mineral
Research and Exploration (MTA) in 1997 with Sismik-1
research vessel. Multichannel DMS-5 seismic profile was
acquired by using 10-Generator-Injector (GI) type air gun.
The section had a shot interval of 50 m which gave a 9-fold-
coverage with a common depth point trace interval of 6.25 m
(Diistintir, 2004). It was processed by Diisiiniir (2004) with a
seismic data processing software, Disco/Focus (V.5.0).
Geological interpretation of seismic data was given by Imren
(2003). The DMS-5 seismic section includes 5 nearly vertical
faults which are implemented in the model creation; we

Depth (km)

Figure 2. a) Processed multichannel reflection SM-46 seismic section in the Central basin (Bécel et al., 2010), b) Interpreted section (Bécel

et al., 2010; Grall et al., 2012). Red lines show the basement.
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Thus, one sedimentary unit, 5 faults, and one basement are
defined for the Western High to build the model box (Figure
4). In the Western High models, thicknesses of the MMF and

secondary faults are 125 m and 75 m, respectively.

labeled them as R4, R3, R2, MMF, and R1 from north to south
(Figure 3). Since the resolution of the seismic data is low, it
does not allow different sedimentary units to be identified;
therefore, it is assumed that there is only one sediment layer.
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Figure 3. a) The DMS-5 seismic migration section across the eastern edge of the Western High from Diisiiniir (2004), b) Interpretation of faults
from Imren (2003).
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Figure 4. a) Configuration of the model for numerical simulations in the Central Basin, b) zoomed triangular mesh structures, ¢) Configuration

of the model in the Western high .
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3.2. Numerical model

There are numerous computational fluid dynamics (CED)
solvers such as Ansys-Fluent, Feflow, Visual Modflow, and
Comsol Multiphysics which can be used to perform numerical
simulations in solving heat and fluid flow problems in earth
sciences (Sarkar et al., 2002; MacKenna and Blackwell, 2004;
Loreto et al.,, 2019; Uner and Dogan, 2019). Among them,
finite volume based on the CFD Ansys-Fluent program was
selected in this study, since it is capable of solving
simultaneous equations of mass, momentum, and energy
conservations. Steady-state Navier-Stokes equation is solved
(e.g., Patankar, 1980; Holmes and Connell, 1989) by
implementing Darcy’s law (Eq. 1).

u= —%(VP—pwg), (1)

where K is the permeability of the medium, P is the pressure,
pis the fluid density, g is the gravitational acceleration, and Vis
the Laplacian operator. Fluid density (p.) is assumed to vary
with temperature according to the Boussinesq approximation
(Eq.2),

Pw = Pl = B(T = To)l, ()
where p is the density at a temperature of T = T, and 3 is the
thermal expansion coefficient. The fluid flow is considered
laminar, and viscous, and inertial effects are neglected.

Darcy velocities satisfy the equation of continuity (Eq. 3),

V.(p,u) =0 (3)
The energy conservation equation is written as follows

(Eq. 4):

Py 2+ . (up,,c,T) = V. (AVT), (4)
where c,, is the specific heat of the porous medium and X is
the thermal conductivity of the saturated porous medium.

Some thermal/physical properties of the medium such as
the permeability and the porosity are implemented to separate
different geological units which are basement, faults, and
sediments. Within each geological unit, physical and thermal
properties are assumed to be uniform. Depending upon the
geological setting, hydraulic properties of faults and fractures
vary widely. However, these faults and fractures can be
identified by having high permeability zones relative to the
neighboring geological units (Wessel and Smith, 1991; Scholz
and Anders, 1994; Lopez and Smith, 1996). Therefore, faults
can effectively conduct heat and can transport e.g.
groundwater like a channel under suitable thermal conditions
(Heffner and Fairley, 2006; Bourry et al., 2009; Tary et al.,
2012b; Altan and Ocakoglu, 2016; Diigiiniir-Dogan and Uner,
2019).

Faults, in most cases, have higher permeability values than
those of the surrounding geological units (Magri et al., 2012;
Diisiiniir-Dogan and Uner 2019; Uner and Diisiiniir Dogan,
2021). Previous OBS studies in the Sea of Marmara support
the presence of high-permeable fault zones (Tary et al., 2011).
Therefore, high-permeability values are assigned to fault
zones in our models. Heat and fluid flow properties which are
presented in Tables 1 and 2 are taken from these previous
studies (McKenna and Blackwell, 2004; Magri et al., 2010;
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Table 1. Parameters used for fluid and heat flow calculations taken
from previous studies (McKenna and Blackwell, 2004; Magri et al.
2010; Diigiiniir-Dogan and Uner, 2019; Loreto et al., 2019; Uner
and Diigiintir Dogan, 2021).

Parameter Value Unit
Density of fluid (po) 1000 kg/m?
Dynamic viscosity of fluid (p) 5e” kg/m.s
Specific heat capacity (Cp) 4200 J/kg.K
Thermal expansion coefficient (f3) 2.07e* /K
Gravitational acceleration (g) 9.81 m/s?

Table 2. Table of physical parameters for geological units taken
from previous studies (McKenna and Blackwell, 2004; Magri et al.,
2010; Diigiiniir-Dogan and Uner, 2019; Loreto et al., 2019; Uner and
Disiiniir Dogan, 2021).

s . Thermal
Permeability Porosity -
Units (m?) () conductivity
(W/mK)
Sedimentary | 1.00e-16 0.2 2.5
Fault 5.00e-15 0.1 2.5
Basement 1.00e-17 0.03 2.5

Diisiiniir-Dogan and Uner, 2019; Loreto et al., 2019; Uner and
Diistiniir Dogan, 2021).

3.3. Mesh structures and boundary conditions

Triangular mesh elements are used in simulations to well
represent our complex 2-D model geometry. A total of
141,921 and 71,599 mesh elements are used to construct the
finite volume models for Central Basin and Western High
profiles, respectively (Figure 4). Mesh sizes of 20 m for faults
in the Central Basin and of 10 m for the faults in the Western
High are employed. However, a larger mesh size of 50 m is
used for the sedimentary units and basement.

The following boundary conditions are enforced along the
four sides of the model box. The vertical sides of models are
assumed impermeable and adiabatic; thus, mass and heat
transfer are not allowed through these side walls. The top of
the system is bounded by the seafloor which allows water to
flow in and out. Water column thicknesses change along the
seismic sections, and our simulations take into account those
differences. This was used to define the initial boundary
pressure conditions at the top of the model. A fixed
temperature of 14 °C given by Géli et al. (2018) is imposed at
the top. In the area, crustal heat flow was given as 68 mW/m2
by Grall et al. (2012) based on the thermal conductivity value
of 2.5 W m™ K''. Our models have different depths below
seafloor. Therefore, the fixed bottom temperatures for each
model are calculated by using Fourier’s law of heat
conduction with a linear temperature gradient. The constant
bottom temperatures of 158 °C for the Central Basin (6.5 km
depth) and 82 °C for the Western High (3.5 km depth) are
computed and used in the simulations.

Each litho-stratigraphic unit has been assumed
nondeformable (neglecting compaction) and isotropic and
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homogeneous respect with its physical properties, i.e.
permeability, porosity, heat capacity, and thermal
conductivity (Tables 1 and 2). Permeability values of
geological units are mostly available for land fields where
there readily exist borehole or outcrop samples. However, it is
quite difficult—if not impossible—to get this information for
marine studies. Previous studies suggest that the permeability
values of faults show a wide range variation up to the two
orders of magnitude (Fairley and Hinds, 2004; Bense and
Person, 2006; Magri et al., 2012). Fortunately, for this type
of numerical modeling studies, relative permeability values
between the geological units are more important than the
absolute permeability of each unit to obtain the general
pattern of fluid motion. Previous studies on separate marine
systems have shown that permeability variations by one order
of magnitude between lithological units represent a good
approximation in numerical modeling (e.g., Fontaine and
Wilcock, 2007; Magri et al., 2012; Fontaine et al., 2017). In our
preferred model we used following permeability values of 5 x

Temperature
144
132
120

10-15m? 1 x 10-16 and 1 x 10-17 m?, for faults, sediments,
and basement, respectively (Table 2). Those values remain
within the limits of previous similar modeling studies (Magri
etal., 2010, 2012; Diisiiniir-Dogan and Uner, 2019).

4. Numerical results and discussion

We run a set of numerical simulations to understand the
effects of faulting, sediment thickness and seafloor
bathymetry on thermal regime and fluid flow patterns in the
study area. The numerical models presented here aim to
explore interactions of mass and heat transfer processes with
active faults in the Sea of Marmara.

4.1. Central Basin model

Steady-state temperature distribution and fluid flow velocities
along the N-S oriented SM46 seismic line at the Central Basin
are shown in Figure 5. Model parameters used here are taken
from previous studies (McKenna and Blackwell, 2004; Magri
et al,, 2010; Uner and Diisiiniir Dogan, 2019) and are listed in
Table 2.

109
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Figure 5. Results for the Central basin a) Calculated temperature pattern, b) Fluid flow velocity vectors (in order to visualize the fluid flow
vectors, all vector lengths are taken constant, independent from their Darcy velocities.).
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It is seen from Figure 5A that the temperature pattern
through the depth is mostly linear, and conduction appears to
be a dominant heat transfer process since isotherms away
from the faults lie parallel to each other. However, isotherms
in the vicinity of the faults are bent parallel to the fault flanks.

Average fluid velocity magnitudes vary from 2.8e-08 m/s
to 6.06e-16 m/s (Figure 5B). The highest fluid velocities are
identified within the faults and sediments, whereas fluid
velocities are relatively low in the basement. The model
reveals the existence of circulation cells within the
sedimentary fill close to the faults. These small circulation
cells can form fluid pathways which allow fluid to exit in and
out at the seafloor. The direction and magnitude of the fluid
flow velocities along faults are shown in Figure 6. In this
figure, fluid flow vectors within the sediments and basement
were hidden for the sake of clarity. F2 and F4 faults are
suitable to conduct fluids in upward directions, which
generates a fluid vent at the top (seafloor). Most of the
estimated fluid vents are found at the outer part of the Central
Basin near the active faults, whereas only a few fluid vents
exist within the basin (Figure 5).

The 3He/4He isotope analyses confirmed that the faults
are mainly responsible for delivering fluids and gasses
(Burnard et al., 2012). The highest 3He/4He ratios were found
in the Tekirdag Basin, at the foot of the escarpment bordering
the Western Sea of Marmara, where seismic data are
consistent with the presence of a fault network at depth which
could provide conduits permitting deep-seated fluids to rise
to the seafloor (Burnard et al., 2012). The lack of recent
volcanism, or any evidence of underlying magmatism in the
area, along with low temperature fluids, strongly suggest that
the 3He-rich helium in the emitted fluids was derived from
the mantle itself with the Marmara Main Fault providing a
high-permeability conduit from the mantle to the seafloor
(Burnard et al., 2012).

Distribution of acoustic gas emissions in the water column
and modeled seismic lines (Dupré et al., 2015; Rangin et al.,
2001; Sengor et al., 2014) show the strong correlation between
the faults and fluid exits. Gas emissions are observed in places
throughout the Northern Sea of Marmara. It can be said that
these gas exits are concentrated in and around the faults.
However, the places where gases are heavily observed are in
the Western High, especially around the MMF, and in the
Central High (Figure 1, Dupré et al., 2015).

4.2. Western High model

In order to evaluate our numerical simulations, we compare
our research results with findings of previous studies (Imren,
2003; Gokasan et al., 2003; Bourry et al., 2009; Grall et al.,
2013, 2018; Dupré et al., 2015; Saritag et al., 2018) in the
Western High region where numerous fluid vents exist. The
DMS-5 seismic section is used to create a model geometry for
the Western High. As a right lateral strike-slip fault with
reverse component, the MMF dominantly shapes the
southern part of the Western High (G6kasan et al., 2003; Grall
et al., 2013). Furthermore, Imren (2003) claimed that the
active deformation may be continuing in the northern part of
the Western High. Some landslides associated with the
seismic activities have happened in the region (Gokasan et al.,
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2003; Saritas et al., 2018). Effect of faults on the distributions
of temperature and fluid flow velocities at the eastern side of
the Western High are shown in Figure 6. Isotherm patterns in
the Western High are quite similar to those in the Central
Basin as temperature contours bent through the faults
(Figures 5A and 7A).

Noticeable gas accumulations and seeps are observed
along the profiles that cross the branches of the central
segment of the NAFZ. These are regarded as gas seeps
controlled by active faulting (Okay and Aydemir 2016).
Following the 1999 Kocaeli earthquake on the North-
Anatolian Fault, an increase in gas emission was observed
(Kusgu et al, 2005; Gasperini et al, 2012ab). These
observations suggest that tectonic-related gas seeps become
persistently active during large earthquakes; however, it
continues to exist in a weaker form for a longer duration (up
to tens of years) after the earthquakes.

In the Western Sea of Marmara, earthquakes with the
magnitude of M > 4.2 frequently occur, which are followed by
alarge number of aftershocks. Aftershocks appear to be taking
place vertically underneath the sites of gas seeps along the
MMEF. Thus, these gases are conveyed from gas-rich deep
sources located between ~1.5 and ~5 km beneath the seafloor
up to the seabottom (Géli et al., 2018). Our simulations verify
the existence of the same fluid transport mechanism in the
Western High. In our model, below the main faults, gases
follow buoyancy-driven migration pathways through
permeable layers up to the crest of the Western High which is
confined by the main faults.

6. Conclusion

In this study, we developed two finite volume-based models
to explore the thermal and fluid flow regime in the Sea of
Marmara. The study area is one of the best studied seas in the
world in terms of morphology and active tectonics. Even
though numerous fluid vents and interaction between the
faults and those vents were reported, no hydro-geophysical
model has been created. In this paper, a hydro-geophysical
model for the MMF and the other active faults within the Sea
of Marmara is created and presented. Relationships among
the active faults, sedimentary layers, fluid vents and
hydrostatic pressure are investigated by implementing
thermal and physical properties for each geological unit.

The following conclusions are deduced from numerical
fluid flow and heat transfer simulations:

(1) Active faults are mainly responsible for the transport
of fluids within the geological layers. Dense faulting in the
region influences the thermal regime in the close vicinity of
the faults, initiates deep circulation, and activates shallow
fluid discharge into the sedimentary units. Furthermore, the
temperature and fluid flow patterns are slightly modified by
the hydrostatic pressure changes and permeability contrast of
the layers.

(2) The northern part of the Central Basin acts as a depot
center confined by the faults (F1 and F3). On the other hand,
F2 and F4 act like channels of fluid flow outlets with relatively
higher fluid velocities. The inner part of the Central Basin
looks like a sediment accumulation zone due to the presence
of some lateral fluid flow.
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Figure 6. a) Fluid flow velocity vectors within the faults in the Central basin, b) Bathymetry map of the Central basin (Grall et al., 2018) with
gas seep distribution from water-column echo-sounding (Dupré et al., 2015) and location of the SM-46 seismic line.

(3) Hydrostatic pressure differences between the Central
Basin and Western High seismic sections may influence the
number and locations of fluid exits, and magnitudes of fluid
flow velocities. The fluid vents are widespread in the Western
High; however, they are rare within the Central Basin. These
results are in good agreement with those of previous studies.
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