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ABSTRACT

Reliable knowledge of the crustal properties beneath the North Anatolian fault (NAF),
seismically silent for more than 250 years beneath the Marmara Sea (MS), is crucial for un-
derstanding seismic hazard and mitigating the potential for disaster on an enormous scale.
In the present work, the first three-dimensional inverse modeling performed on a magneto-
telluric dataset of the MS has unveiled localized weak and locked fault segments along this
shear deformation zone. Low-resistivity regions along the northern branch of the NAF be-
neath the Central and Cinarcik-Imral basins are likely attributed to the presence of fluids,
which may represent a fault zone conductor in a fractured zone and can explain the densely
populated microseismicity. These low-resistivity anomalies surrounded by higher resistivity
structures imply that the segmented, multi-branched NAF system extends beneath the MS,
following the Intra-Pontide suture zone. The resistive anomalies, between the Central and
Cimarcik basins, along with those at the western and eastern extremities of the MS, presum-
ably signify regions of stress accumulation, shedding light on the ongoing processes of fault
mechanics at play in this critical region.

INTRODUCTION

The tectonic configuration of Tiirkiye (Fig. 1)
is the consequence of the complex interplay of
various tectonic events, including rifting, colli-
sion, and subduction, developed due to the evolu-
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tion of the Tethys system. The closure of Paleo-
Tethys led to the formation of the Intra-Pontide
suture zone, the Marmara Sea (MS), and adjacent
tectonic blocks: the Istanbul-Zonguldak Zone,
Armutlu—Almacik Zone, and Sakarya Continent.

The MS region occupies a unique tectonic
position, straddling the extensional regime of
western Anatolia and the shearing forces of the
North Anatolian fault (NAF) system, extending
over ~1500 km through northern Tiirkiye, fol-
lowing the trace of the older Intra-Pontide suture

zone (Sengor et al., 2005). While branches of the
NAF passing through the three tectonic zones on
land (Fig. 1) are well documented (Yilmaz et al.,
1997), the extent of these zones and the NAF
system into the MS remains poorly understood
(Bécel et al., 2009).

Previous investigations on historical earth-
quakes (Barka, 1999) highlight a pattern of west-
ward-moving destructive earthquakes along the
NAF since 1939 (Fig. S1 in the Supplemental
Material'), with the two recent ruptures in this
sequence occurring in 1999 near the eastern edge
of the MS (Fig. 1). Given this pattern and accu-
mulated stress transferred from the 1999 izmit
earthquake, the MS is likely to be the location of
the next large rupture on the NAF (Hubert-Fer-
rari et al., 2000). The 2019 (Mw 5.7) and 2025
(Mw 6.2) failures within the Kumburgaz basin of
the MS are notable to show the stress accumula-
tion potential of this region (Irmak et al., 2021).
Recent studies (Schmittbuhl et al., 2016) have
provided insight into the depth profile of the NAF
within the crust. However, there is still limited
knowledge about the structural characteristics of
the crust, mainly stemming from the inadequate
seismic coverage in this area due to the absence
of offshore seismic stations.

!Supplemental Material. 3-D electromagnetic imaging of highly deformed fluid-rich weak zones and locked section of the North Anatolian Fault beneath the Mar-
mara Sea (the data and modeling in detail). Please visit https://doi.org/10.1130/GEOL.S.30715481 to access the supplemental material; contact editing @ geosociety

.org with any questions.
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Figure 1. Location map of magnetotelluric sites within and around the Marmara Sea. Inset: Tectonic map of Tiirkiye with the study area outlined
by the gray rectangle. OBEM—ocean-bottom electromagnetic.

To improve our understanding of the tectonic
forces causing the earthquakes, knowledge on
the rheological structure of the lithosphere is
required. Magnetotelluric (MT) modeling pro-
vides an efficient tool for detecting the pres-
ence of fluids affecting subsurface rheology and
resolving the geometries and electrical prop-
erties of lithospheric structures (Wannamaker
et al., 2009). Previous MT studies performed
around active fault zones have demonstrated a
strong correlation between seismic activity and
the presence of fluids, as inferred from varia-
tions in electrical resistivity (Unsworth et al.,
1997; Ogawa and Honkura, 2004; Karcioglu
et al., 2013). The first electromagnetic study in
the MS, earlier conducted by Kaya et al. (2013),
provided two-dimensional (2-D) geoelectrical
images around the Cinarcik basin and revealed
the fluid distribution 10 km below the NAF. Flu-
ids are interpreted to exist at depths shallower
than 20 km within the crust, while low-resistiv-
ity anomalies in the deeper crust may be related
to saline fluid and partial melting.

In the present work, we performed three-
dimensional (3-D) MT modeling using a com-
bined dataset in and around the MS to elucidate
a high-resolution resistivity distribution that will
facilitate a deeper understanding of the geody-
namic system, the lithospheric structures and the
westward extension of the NAF system into the
MS, and tectonic structures that could accumu-
late stress for the next possible rupture.

MT DATA AND MODELING
Ocean-bottom electromagnetic, broadband,
and long-period MT data collected at 25 sites in

and around the MS (Figs. 1 and S2), including
the data utilized in an early 2-D MT modeling
study of Kaya et al. (2013), were jointly inverted
using a 3-D inversion code with an unstructured
tetrahedral mesh (Usui, 2015; Usui et al., 2018)
for the periods 10 < T < 8200 s to investigate
crustal and upper mantle structures. The details
on the data and modeling are provided in the
Supplemental Material.

RESULTS, INTERPRETATION, AND
DISCUSSION
Geological Character of the Observed
Anomalies and the Effect of Fluid

Figure 2 displays the final 3-D electrical
resistivity model using representative horizon-
tal depth slices and vertical cross sections for
the seismogenic upper crust, lower crust, and
upper mantle beneath the MS. The conductive
structures (<10 2m) at shallow depths up to
6 km (Figs. 2C and 3) represent Ordovician to
Carboniferous sedimentary rocks (Yilmaz et al.,
1997). The resistive anomalies R1 (>1000 2m)
and R3 (>300 Q2m) indicate the locations of the
Central and Western ridges in the MS (Fig. 2C).
The resistor, R2, to the northeast of the Cinarcik
basin, corresponds to part of the Istanbul-Zon-
guldak Zone consisting of Precambrian bedrock
deposits with a lack of significant deformation
(Goriir et al., 1997), while the southern resis-
tor, R4, corresponds to the variably metamor-
phosed bedrock deposits of the Sakarya Con-
tinent (Fig. 2A). The resistive and conductive
zones beneath the Armutlu Peninsula (Fig. 2A)
represent high- and low-grade metamorphic
succession (Yilmaz et al., 1997) at shallow
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(<20 km) and interconnected fluid at deeper
depths (>20 km).

The high conductive anomalies (<10
dm) along the probable branches of the NAF
(<5 km) are consistent with relatively low
S-wave velocity (Turungtur et al., 2023) and
probably represent a highly deformed and fluid-
rich zone (C1) of the NAF (Fig. 2). This fluid
could be associated with the penetration of sea-
water into the deformed zone or a deeper source
(Fig. 3). The low-resistivity anomalies C2 and
C3 display vertical structures extending from
~5 km to the upper mantle depths (Fig. 2C).
The estimated porosity of ~10% for C2 and
C3 (see Supplemental Material) may suggest
the presence of aqueous fluids, which have been
shown to weaken the brittle crust (Wannamaker
etal., 2009). Precise hypocenter locations of the
microseismic activity beneath the MS (Wollin
et al., 2018) correspond with these conductive
anomalies down to a depth of ~20 km (Fig. 2),
implying that C2 and C3 are related to intercon-
nected fluid pathways. The high Vp/Vs ratio and
low Vs values for the top 10-15 km beneath the
Crnarcik-Imral1 basin and Central basin and low-
velocity zones at shallow depths were observed
in recent tomography studies (Baris et al., 2005;
Tarancioglu et al., 2020). They confirm our high-
conductivity anomalies, some imaged earlier
along the 2-D MT profile by Kaya et al. (2013)
and attributed to upwelling fluids through the
crust. Similar to resistivity variation beneath the
MS, Becken et al. (2011) found a sub-vertical
conductive zone beneath the San Andreas fault,
interpreted as a source of fluid in the upper crust,
and a resistive block representing the locked seg-
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Figure 2. Final 3-D electrical resistivity model. (A) Plan view sections for representative depths. Blue triangles represent the location of
stations. Black and white dashed lines show the fault branches in the Marmara Sea and the surface limit of the Intra-Pontide suture zone
(modified from Le Pichon et al., 2014). (B) N-S cross section along —30 km E profile shown by the black line on the plan view. White dashed
lines with white arrows show possible branches of the North Anatolian fault. (C) E-W cross section along 15 km N profile shown by the black
line on the plan view. C and R represent conductors and resistors, respectively. Black dots show seismic events with M <5 recorded between
2000 and 2016 (Kandilli Observatory and Earthquake Research Institute, http://www.koeri.boun.edu.tr/sismo/zeqdb/). AAZ—Armutlu—Almacik
Zone; IZZ—Istanbul-Zonguldak Zone; SZ—Sakarya Zone; CeB—Central basin; CB—Cinarcik basin; CR—Central Ridge; TB—Tekirdag basin;

WR—Western Ridge.

ment of the San Andreas fault. Hence, we sug-
gest that the observed pattern of seismicity and
seismic velocity anomalies integrated with the
resistivity distribution (Fig. 2) in this work likely
indicate fluid intrusion into the fault zone activ-
ity and fluid over-pressure due to the existence
of less permeable crust, which can reduce the
effective normal stress and thus the shear stress
required to trigger frictional instability (Ozaydin
etal., 2018). The resultant over-pressurization in
the brittle seismogenic parts of the fault causes
an increasing activity for microearthquakes
(Schiffer et al., 2019).

In the resistivity model spanning depths of
5-40 km (Fig. 2A), the conductive anomalies
are situated between the potential branches of
the NAF within the MS region. Their alignment

S

closely mirrors the trace of the Intra-Pontide
suture as described in Le Pichon et al. (2014).
This correspondence supports that C2 and C3
anomalies may represent fractured zones of the
NAF beneath the MS.

Implications for the Seismogenic Zone
Properties

Extensive research has been conducted on the
unruptured segment of the Main Marmara fault
beneath the MS, covering a distance of ~150 km.
These studies mainly examined integrated data
involving the spatiotemporal characteristics of
microseismic activity in this region and geo-
detic constraints mainly from the GPS analy-
ses (Bohnhoff et al., 2013; Jolivet et al., 2023).
However, the inadequate seismic coverage in this
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Figure 3. A 3-D view of the magnetotelluric model highlighting its weak (warm-colored), strongly
locked (cool-colored), and less sensitive (shaded) areas.
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area due to the absence of offshore seismic sta-
tions and imaging efforts on earthquake activities
with hypocentral depths only down to 0-25 km
limit the vertical resolution. In this regard, an MT
model provides a complementary tool because
it considerably enhances the knowledge of the
depth extent of the crustal and lithospheric struc-
ture beneath the MS.

The spatial distribution of the earthquake
magnitude-frequency relationship implied that
the western part is undergoing a transition from
a creeping aseismic state to a potentially seis-
mogenic state toward the east along the Main
Marmara fault (Schmittbuhl et al., 2016). Activ-
ity of the creeping segment and no significant
strain accumulation beneath the central section
of the Main Marmara fault (a possible branch
between the Cinarcik basin and Central basin)
commencing from a depth of ~3 km below
a locked zone was further reported in Ergin-
tav et al. (2014). This area is characterized by
relatively low Vs (Turunctur et al., 2023) and
shallow conductive anomalies in our models.
Schmittbuhl et al. (2016) and Lange et al. (2019)
identified a locked fault segment beneath the
Kumburgaz basin and Cinarcik basin that is
compatible with the relatively high resistivi-
ties (>300 2m) observed between the Cen-
tral basin and Cinarcik basin (Figs. 2A-2C),
where the 2019 (Mw 5.7) and 2025 (Mw 6.2)
MS earthquakes took place, and to the north of
the Cinarcik basin. Vertical continuation of this
highly resistive zone reaches the bottom of the
crustal layer, implying the presence of a strong
locked zone with a lithospheric extent (Figs. 2B
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and 2C). Our sensitivity tests, provided in the
Supplemental Material (Tables S1-S3 and Figs.
S11-S14 and S19-S20), reasonably prove that
the data justify these structures.

In general, the final inverted model of this
study suggests a westward continuation of the
Armutlu—Almacik Zone (Figs. 2B and S4), a
weak deformation zone of the NAF system, due
to the similar pattern, a sandwiched conductive
anomaly between north and south resistors, pre-
viously modeled by several MT studies (Tank
etal., 2005; Kaya et al., 2009, 2013). Extending
the branches of the NAF into the MS following
the distribution of seismicity reveals a good cor-
respondence between the branches and bound-
aries of resistive and conductive zones down
to a depth of 20 km (Fig. S4). New constraints
of the conductive zones along with high Vp/Vs
ratios (Baris et al., 2005) and precisely located
seismic clusters (Wollin et al., 2018) focusing
around these regions (between 5 km and 15 km)
mark presumably weak zones accommodat-
ing crustal deformation in the region. These
weak zones can be linked to high pore pres-
sures and/or water-filled microcracks (Schiffer
et al., 2019), as well as deep creep behavior
(5-15 km) in the west of the Main Marmara
fault. Our models suggest that, at least to some
degree, the boundaries between weak and
strong upper crustal domains or the edges of
resistive zones can be the nucleation point of a
future devastating rupture in the region, since
they may focus on deformation. In this respect,
the resistive zones between the Cinarcik basin
and Central basin and at the eastern and west-
ern ends of the MS may be key, as the rupture
process of the last two devastating earthquakes,
[zmit (Mw 7.4) and Diizce (Mw 7.2), were pre-
viously observed to initiate on the resistive side
of one of the conductive-resistive boundaries
(Tank et al., 2005; Kaya et al., 2009). New
high-resolution geoelectrical images of these
boundaries and the resistive zones in the area
shed a detailed light on the deeper nature of
the present seismic gap between the Cinarcik
basin and Central basin, which has the poten-
tial to produce an earthquake with magnitudes
of Mw ~7.2-7.3 between the Cinarcik basin
and Central basin, for a fault length of ~60 km,
seismogenic depth of 15 km, and slip deficit
rates of ~10-15 mm/yr, as inferred from GPS
(Ergintav et al., 2014) and 260 years of histori-
cal recurrence period (e.g., Parsons, 2004) (see
Supplemental Material).

CONCLUSIONS

We present the first 3-D MT model for the
MS, providing high-resolution electrical resis-
tivity character beneath the MS down to the
depths of crustal and upper mantle structures.
Our findings reveal a distinctive geoelectrical
feature within the MS: the region of a conduc-
tive anomaly surrounded by resistive zones to

the north and south that has been previously
observed at Diizce, zmit, and the eastern MS,
and that extends westward across the Marmara
Region. The significant variation of the elec-
trical properties between resistive and conduc-
tive structures vividly highlights the segmented
nature of the NAF system extending farther west
toward the Central basin. Furthermore, our
research identifies the continuation of the three
tectonic zones from the western Pontides into
the MS, shedding light on the intricate geologi-
cal dynamics at play. New findings on conduc-
tive zones derived from the final inverted model
in this study, when considered alongside seismo-
logical and geodetic constraints, indicate crustal
deformation zones that were weakened through
fluid activity (e.g., elevated pore pressures and/
or the presence of water-filled microcracks) and/
or a deep aseismic creep process of the fault
(5—15 km) in the west of the Main Marmara
fault. We suggest that future catastrophic rup-
tures in the area can potentially nucleate at these
remarkable conductive-resistive zone boundar-
ies between weaker and stronger upper crustal
domains or the edges of these resistive zones.
Therefore, the precise imaging of the location
and seismic behavior of these resistive zones
along fault traces is of great importance for mak-
ing advanced seismic hazard assessments of a
potential large earthquake in the MS.
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