N
N

N

HAL

open science

Gas and seismicity within the Istanbul seismic gap
L. Geli, Pierre Henry, C. Grall, J.-B. Tary, A. Lomax, E. Batsi, V. Riboulot,
E. Cros, C. Giirbiiz, S. Isik, et al.

» To cite this version:

L. Geli, Pierre Henry, C. Grall, J.-B. Tary, A. Lomax, et al.. Gas and seismicity within the Istanbul
seismic gap. Scientific Reports, 2018, 8 (1), 10.1038/s41598-018-23536-7 . hal-01797937

HAL Id: hal-01797937
https://hal.science/hal-01797937
Submitted on 23 May 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-01797937
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

SCIENTIFIC REPLIRTS
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Understanding micro-seismicity is a critical question for earthquake hazard assessment. Since the
devastating earthquakes of Izmit and Duzce in 1999, the seismicity along the submerged section of
North Anatolian Fault within the Sea of Marmara (comprising the “Istanbul seismic gap”) has been
extensively studied in order to infer its mechanical behaviour (creeping vs locked). So far, the seismicity
has been interpreted only in terms of being tectonic-driven, although the Main Marmara Fault (MMF)
is known to strike across multiple hydrocarbon gas sources. Here, we show that a large number of

the aftershocks that followed the M 5.1 earthquake of July, 25" 2011 in the western Sea of Marmara,
occurred within a zone of gas overpressuring in the 1.5-5 km depth range, from where pressurized gas
is expected to migrate along the MMF, up to the surface sediment layers. Hence, gas-related processes
should also be considered for a complete interpretation of the micro-seismicity (~M < 3) within the
Istanbul offshore domain.

Since 1939, the North Anatolian Fault (NAF) -one of the most active strike-slip faults on Earth, like for instance
the San Andreas Fault or the Altyn Tagh Fault- has produced an unique sequence of M > 7 earthquakes, starting
from eastern Anatolia and propagating to the west towards Istanbul'=>. Prior to this sequence, which ended in
1999 with the devastating earthquakes of Izmit and Duzce, causing more than 20000 casualties at the eastern end

. of the Sea of Marmara, the fault ruptured in 1912. This earlier rupture developed in the west at the transition into

. the North Aegean, leaving the Marmara section of the NAF as the only part of the fault not being activated since

© 1766. The Istanbul-Marmara region between the 1912 and 1999 ruptures is thus generally considered to represent
a seismic gap with an earthquake potential*® of M up to 7.4. Intensive surveys have been conducted since 1999 to
investigate the main branch of the NAF below the Sea of Marmara to better understand its seismotectonic setting
and the resulting seismic hazard for the densely populated (>15 million) greater Istanbul region.

Geological and geophysical, marine surveys since 2000 have revealed the geometry of the submarine Main
Marmara Fault (MMF) system®’. Seismological studies have shown that the seismicity along the MMF exhib-
its a strong lateral variability®~!%. Seismicity in the Sea of Marmara is unevenly distributed and concentrates in
spatial and temporal clusters®!!. In the western part of the MMF (e.g. the Tekirdag Basin, the Western High and
the Central Basin) (Fig. 1), seismicity appears to be localized in several restricted active zones, while the central
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Figure 1. Seismicity (after ref.?) and gas emissions within the Sea of Marmara. (a) Full seismicity map from
2007 to 2012 based on the recordings from 132 land stations, as well as from temporary seabottom networks,
including 5 cabled observatories from 2009 to 2011 and 10 autonomous stations deployed by Ifremer from
april 2011 to july 2011 (see location of stations in ref.?). The Western Sea of Marmara is regularly affected by
earthquakes of magnitude >4.5. The two earthquakes of magnitude >4.0 which occurred in 2013 and 2015
were therefore added to complete the general pattern of seismicity in this area (locations from KOERI catalog).
For all maps, thin black lines indicate major structural features, from ref.’. (b) Selected micro-earthquakes with
epicentres located within the boxes shown in panel A, respectively centered along the MMF and within the
southern part of the Cinarg¢ik Basin. Coloured dots indicate those aftershocks that occurred within the Western
Sea of Marmara, 7 days after the earthquakes of magnitude >4 (years 2007 to 2012 only). Blue: 27/04/2009;
pink: 03/10/2010; red: 25/07/2011; green: 07/06/2012. (c) Sites of acoustically detected gas emissions (red dots),
from ref.?2. TB: Tekirdag Basin. WH: Western High; KB: Kumburgas Basin; CH: Central High; CiB: Cinar¢ik
Basin. Note that in the Central High and the in the Kumburgas basins, gas is not found within the Main
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Marmara Fault Valley, nor along the Fault trace, but on top of adjacent structures or at the edge of basins (see
refs???). (d) Depth of selected earthquakes plotted versus longitude, with events from aftershock sequences
represented using the same colour code as in panel B. Orange dots indicate events from the area delineated by
the orange box (Panel B) in the South Cinargik Basin; Violet dots are for events from the area delineated by the 2
violet boxes shown in Panel B. Color bar for bathymetry is displayed in Fig. 2. All panels were created with GMT
software, Version 4.5.11.

part, which encompasses the Kumburgaz Basin and the Central High, is comparatively seismically silent. In the
Cinarcik Basin, offshore Istanbul, at the western termination of the 1999 Izmit rupture, the installation of seis-
mometer arrays on the Prince Islands at 2-3 km from the main fault led to the identification of a 30 by 8 km aseis-
mic patch that was interpreted as a locked zone on the MMF!!. A major aspect of seismic hazard assessment is to
determine the mechanical behaviour of these potentially dangerous locked segments, which may rupture during
the next expected Marmara earthquake. The presence of the water cover above the fault trace and the absence of
islands to the south of the fault limits the use of GPS data in estimating the strain accumulation and slip deficit
along each of the segments'>. Efforts are presently on the way to collect acoustic-based geodetic data and encour-
aging results have recently been obtained!®. Still, the detailed analysis of micro-seismicity maps remains critical.

To date, the micro-seismicity along the MMF has always been interpreted strictly for its tectonic origin (as
a result of fault deformation mode and behaviour), while the potential role of gas-related processes to induce
shallow micro-seismicity has been disregarded, although gas (generally methane) is known to be widespread
on the Marmara seafloor'”-2. In the Western Sea of Marmara, events of magnitude greater than ~ 4.2 regularly
occur, generating large sequences of aftershocks, that appear to be vertically distributed below sites where a high
density of gas seeps have been identified along the MMF?*"?2, “Vertical swarms dramatically appear in the recently
published map of relocated earthquakes® from 2007 to 2012, particularly for the aftershocks that followed the M
4.2,4.7 and 5.1 events of 24/01/2009, 25/07/2011 and 07/06/2012, which all occurred where the density of gas
emissions is maximum'®!’ (in Fig. 1, note that along the Central High and Kumburgas fault segments, gas emis-
sions are not found within the fault valley, but on adjacent structures, for instance on top of the Central High).
However, the seismicity map shown in Fig. 1 is based on a 1D velocity model’, that fits to the velocity structure
onshore but not to the one from the deep offshore. This probably has severe implication for the precise earthquake
depth determination, particularly for shallow seismicity.

Hence, before any further analysis can be conducted, improved depth determinations of shallow earthquakes
are needed. Here, we present new, high-resolution location results for the sequence of aftershocks that followed
the M 5.1 earthquake that stroke on July 25%, 2011 at a depth of ~11-14 km?* below the “Western High’, a sed-
imentary anticline structure -up to ~7 to 8 km thick- where gas emissions, associated with traces of oil and gas
hydrates, have been sampled?. The sequence of aftershocks (550 events detected in total) was monitored by a
local network of two permanent cabled Ocean Bottom Seismometers (OBS) operated by KOERI and nine tempo-
rary autonomous stations deployed by IFREMER?. Unfortunately, the OBS located right above the hypocentral
region failed a few days before the mainshock, limiting the depth-resolution. To improve the depth resolution,
P- and S-wave arrivals were all manually checked to control the pick quality and to avoid misleading picks due
to micro-events produced by gas expulsion at the seabed*®?’. Then, special care was given to the velocity model.
Since the basins of the Sea of Marmara are filled with more than 5km of Plio-Quaternary soft (“slow”) sedi-
ments, the seismic velocity structure offshore is drastically different from the one onshore. For instance, based
on deep-penetration, multi-channel seismic data, the P-wave velocities were reported to be very low for the
sea-bottom deposits, especially in the deep bathymetric trough (1.6 to 1.8 km/s) and gradually increasing from
the sea-bottom to the pre-kinematic basement, where they reach values of 4 to 4.2 km/s. Additional data pro-
vided by OBS wide-angle reflection and refraction seismics' indeed indicate that P-wave velocities in troughs do
not exceed 2 km/s within the first kilometer below seafloor (bsf) nor 2.5 km/s between 2 and 3 km bsf. We thus
tested a number of velocity models, 1D and 3D encompassing either the whole Marmara region**° or the deep,
sub-marine domain stricto-sensu®"'.

The results presented here (Fig. 2) were obtained using a 3D-model that was specifically tailored for the 20km
x 60km area covered by the offshore network, with a grid node spacing of 750m x 750 m x 200 m, using all
available geological and geophysical information for the Sea of Marmara (see ref.> and details in Appendix 1).
Different location methods were tested®**. Here we present results obtained using the NLLOC inversion algo-
rithm?®>* for absolute location, and NLDiffLOC**** for relative locations, which are less sensitive to the event
location and origin time. This turned out to be possible only over a limited number of events (112 in total), due to
computation instabilities, which resulted in “water” relocations for the most shallow events®. The resulting loca-
tion errors (Fig. 3) are less than about 200 m on the horizontal components (E-W and N-S). In contrast, on the
vertical component, depth location errors are distributed between 0 and 500 m for most events (only 7 events out
of 112 have an error >500m); as expected, errors (expressed as the ratio between error and depth) dramatically
increase for the most shallow earthquakes.

Only a few events are located within the crystalline basement, at crustal depths greater than 8 km. Most after-
shocks are located within the 6 to 8 km thick sedimentary pile that forms the Western High®!, with a great number
of them located within the uppermost layers, at depths shallower than ~1.5km. The zoomed view (Fig. 4) reveals
that the epicentres of the mainshock and of all aftershocks are located to the north of the fault trace. Within the
Plio-Pleistocene sedimentary pile, aftershocks are not all located along the main fault plane. In addition, the
mainshock is not exactly located at the apex of the surface trace of the Main Marmara Fault, but ~ 800 m to the
north, which suggests that the main fault plane may not be not strictly vertical, but slightly inclined (by about 4°)
relatively to the vertical.
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Figure 2. Panel a displays hypocenter relative locations (red dots) for the aftershocks that followed the M

5.1 earthquake of July 25, 2011. Locations were obtained using manual picks and the high-resolution P-wave
velocity model described in Appendix 1. Triangles indicate OBS locations. Thick black line indicates the seismic
profile collected in 2001 during the Seismarmara Cruise?®* shown in Fig. 5. Thin black lines are for active
faults”. Panels b anc c display the cross-sections of depth below sea-level along an East-West line crossing at
40.80°N and along a North-South line crossing at 27.78°E, respectively, with the aftershocks and the velocity
structure extracted from the P-wave velocity grid (Appendix 1). The two iso-velocity lines at 4.2 and 5.2km/s
correspond to the syn-kinematic and post-kinematic basement, respectively?®*!. Red star indicates the absolute
location of the M, 5.1 earthquake (the position obtained with land and sea-bottom stations is consistent within
0.5km with the position obtained using OBSs only). First, absolute locations of all the events of the aftershock
sequence were obtained using the NonLinLoc* software package. Then relative locations were computed using
NonLDiffLoc* on a selection of “well-constrained” events, e.g.: number of stations > 7; RMS < 250 msec; gap
<150°; error in depth smaller than z. Image created with GMT software, Version 4.5.11.

The aftershocks were superimposed on the multichannel seismic section collected in 2001, during the
Seismarmara cruise?®*® (see also in ref.”’, page 160). Different groups of aftershocks can be described, depending
on depth (Fig. 5):

i between 5and 7 km below seafloor (bsf), aftershocks appear to occur at the base of the pre-kinematic base-
ment, along the main fault but also along secondary faults that are known to intersect the Main Marmara
Fault, based on deep, seismic imaging;

ii between ~5and 1.5km bsf, aftershocks appear to be aligned along a secondary fault, related to the on-go-
ing opening of a small pull-apart basin on the western side of the Western High. The composite focal
mechanism computed with HASH*** for a number of well defined earthquakes (see list in Appendix 3)
indicate predominant normal faulting;

iii at depths above 1.5km, where a great number of aftershocks occurs, the epicentres are spread out away
from the fault trace, within gas-prone sedimentary environments.

To examine the potential role of gas, let us now provide details on the gas that were sampled in the Western
High area. Geochemical analysis® have shown that the gases are of thermogenic origin, with a composition simi-
lar to Eocene Thrace Basin gas fields*’. However, the isotopic composition of gases emitted at the seafloor indicate
oil biodegradation and secondary generation of microbial methane at less than 80 °C*"*, that may have occurred
within a reservoir or during migration. The pore fluids sampled from sediment strata at the same site where liquid
hydrocarbons and gas are expelled are enriched in chloride, lithium, strontium and barium*’. The application
of different geo-thermometers indicates fluid/sediment interaction within the temperature window of ~75 to
150°C, a narrower 75-130°C range being obtained with Li geo-thermometers, commonly applied to oil-bearing
sedimentary basins*2. The expulsion of brines together with oil and gas suggests that these seepage sites are fed by
leakage from an over-pressured zone, which is also supported by the diapiric nature of the fluid conduit (see Supp.
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Figure 3. Location errors of the aftershocks shown in Fig. 2. (a) latitude-longitude plane; (b) longitude-depth
plane; (c) latitude-depth plane. Panel d) displays the distribution of location errors in the 3 directions: depth
(deltaz); South-North (delta (y)); Est-West (delta(x)). Image created with GMT software, Version 4.5.11.

Mat., Appendix 5). The heat flow measured at the surface is lowered by the effect of sediment blanketing, with a
mean value of 35+ 7mW/m2, however basin models* constrain the probable range of crustal heat flow below the
western high between 50 and 70 mW/m2. Temperature vs. depth profiles were calculated using different models
to describe the evolution of conductivity with depth*® and assuming that the heat transfer at the basin scale is
conductive (advection is neglected) (see details in Supp. Mat. Appendix 4). Within all uncertainties, the possible
depth range of the source of over-pressured fluids is thus estimated as 2-to-5-km depth. It remains possible that
gas and pressure generation also occurs at greater depths where Thrace Basin source rocks are present as thermo-
genic gas generation can occur up to more than 200°C.

Many sources could be on the way from the source rock to the seafloor, with different geochemical or biogeo-
chemical processes occurring at different levels. At shallow levels, the gas migration pathways were mapped down
to a few hundred meters beneath the Western High seabed, using 3D, high-resolution seismic data collected in
20094 (Fig. 6). All over the 3D survey area, reflections of very strong amplitude and opposite seismic polarity
compared to that of the surrounding seabed suggest the presence of free gas immediately below the reflecting
horizons. This view is coherent with both acoustic, offshore surveys and visual observations showing that, where
horizons are faulted and/or crop out at the seafloor, gas emissions are observed in the water column. In contrast,
at unfaulted locations, several horizons appear to collect the gas migrating from depth. This is probably because
they are of higher porosity and permeability than the dominant, clay-rich lithology. The data also reveal that gas
follows buoyancy-driven, upward migration paths in permeable layers and along faults, controlled by the regional
strain field as it is expressed in the seafloor topography, with the primary E-W orientation parallel to the NAF
and secondary tectonic orientations oblique to the NAF¥". Locally, mud volcano-like structures may also offer
preferential pathways for the gas to migrate up to the seafloor.

The general picture that finally comes out is that gas is conveyed from gas-rich, deep sources (located between
~1.5 and ~5km) up to the seafloor along the Main Marmara fault zone system. Beneath the main fault valley, gas
tends to follow buoyancy-driven migration paths through permeable layers, up to the crest of the anticline folds
that border the main fault valley (Supp. Info., Appendix 5). This suggests that most of the aftershocks that occurred
within and above the gas window are likely linked to gas-related processes, e.g. the mainshock triggered not only
“purely tectonic”, but also “gas-related” aftershocks. The main shock could have triggered the pressurization and
activation of the faults located within or above the deepest gas sources. Alternatively, gas ex-solution from sediment
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Figure 4. Epicenter locations for the aftershocks that followed the M 5.1 earthquake of July 25, 2011,
superposed on a high-resolution bathymetric grid derived from a combination of near-seafloor AUV data®
and on an unpublished, bathymetric grid having a resolution of 10 m, based on data collected in 2014 during
the Marsite cruise of R/V Pourquoi pas?. White and blue dots are respectively epicenters within and below the
sedimentary basin. Green dots indicate the location of the gas emission that were acoustically detected? in
2009, using the multibeam echasounder EM302 of R/V Le Suroit. Note that there is no clear overlap between
the seismicity (from 2011) and seafloor gas emissions (detected in 2009), e.g. there is no direct evidence that the
ultra-shallow aftershocks of 2011 directly induced gas emissions in the water column. Thin black line indicates
the track of the seismic section displayed in Fig. 5. The thickened segment represents the location of the 3D,
High-Resolution seismic image shown in Fig. 6. The continuous red line indicates the trace of the right-lateral,
strike-slip, Main Marmara Fault. Red dotted lines show secondary faults indicating the complexity of the fault
network linked to the MME. The thicker, east-west oriented, dotted line is also shown in the seismic section
displayed in Fig. 5. Image created with Arc-GIS, version v3.0.
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Figure 5. Left panel displays the hypocenters of the aftershock sequence, superimposed on the seismic
section (see track line in Fig. 2) that was shot during the Seismamara cruise?®**>¢ in 2001 in the Western High
area. The migration was obtained after stack and time-migrated, by using 5 main velocity intervals based on
velocity analysis for the sedimentary layers and constraints from refraction modelling for the crust: the water-
column, the shallow sediment interval, the deep sediment interval, the interval between the basement and the
detachment, and the crustal layer below the detachment. Velocity in the water is settled constant at 1500 m/s
and velocity increases linearly in other intervals. The average velocity in the shallow sediment is 1700 m/s,
2400 m/s for the deep sediment interval, 3300 m/s between the acoustic basement and the detachment, and

is 5500 m/s in the crust below the detachment. Line-drawing (partly based on ref.?’, page 160) is displayed in
right panel along with the locations of the aftershocks that followed the M 5.1 earthquake of July, 25, 2011.
Continuous red line indicates the MME. The dotted line within the sedimentary basin indicates the east-west
oriented, secondary fault displayed in Fig. 4. The earthquakes (at depths between 2 and 4 km) that were used to
compute the composite focal mechanism using HASH*** are listed in Appendix 3. Image created with GMT
software, Version 4.5.11.
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Figure 6. Seismic section extracted from the high-resolution 3D seismic box shot in 2009 along the thick black
line displayed in Fig. 5, with a simplified, tentative interpretation. Image created with Arc-GIS, version v3.0.

pore fluids could have occurred in response to the main shock; the resulting increase of compressibility of the fault
material could have then triggered some of the aftershocks, as predicted by the Piau-Maury-Fitzenz model*, which
was successfully used to describe the effect of fluid compressibility on the rupture process at oceanic fracture zones®.
It is important to note that soft, marine sediments (with velocities < 2 to 3km/s'**) are generally not expected to
be able to host earthquakes. However, recent results from laboratory experiments on clays at high slip-rates (i.e.
>2m/s)**>*! have shown that clays can react seismically to rupture that propagates into it, one such example being the
2011 Tohoku earthquake where 30m of slip is estimated to have occurred in clay like material®’. A similar scenario
could apply to explain the ultra-shallow events that occurred at depths of less than a few hundred meters. Also, it
is likely that the gas-prone sediment layers that were present in 2009, based on high-resolution 3D seismics, were
still there in 2011 and that the aftershocks were triggered by gas over-pressurization. In contrast, because the 2009
cruise predates the aftershock sequence of 2011, there is no direct evidence that the ultra-shallow aftershocks of 2011
directly induced new gas emissions in the water column.

In conclusion, the present work reveals the existence of shallow micro-seismicity in the Sea of Marmara. Most
events of the aftershock sequence appear to be located within or above the gas window below the Western High,
at shallow (2-5km) and ultra-shallow (<2km) levels. It is hence suggested that part of these aftershocks are likely
gas-induced. The characterization of micro-seismicity as evidence -or not- of creep along the North Anatolian fault
segments®*, as well as the search for seismic tremors, similar to those that occurred prior to the 1999, Izmit earth-
quake®, are challenges of critical importance for seismic hazard assessment and mitigation within the “Istanbul
seismic gap”. However, the precise hypocenter location and the classification of micro-seismicity into either tectonic
earthquakes, either gas-related events, are prerequisites. These can be achieved only by the implementation of per-
manent, networks of deep seafloor observatories in the immediate vicinity of the fault.

Methods

Building a high-resolution, 3D-velocity model (see Figures in Supp. Mat., Appendix Al). A model
witha750m X 750m x 200 m grid spacing was built, for the Western Sea of Marmara (40°43'N-40°54'N-27°30'E-
28°15’E), in order to account for the velocity contrast at the water/sediment interface and for the slow seismic veloc-
ities within the sediment infill in the main Marmara Trough. All available, multibeam bathymetry and wide-angle
seismic data from the area were used. The model was developed following the six steps described below*”:

1. The tomographic model of Bayrakci et al.>! was used to describe the velocity structure of the pre-kine-
matic basement and the velocity structure down to 12 km below the Marmara sea-level. This model (see
Figure 13a in ref.’!) is based on a low-resolution grid of 6km x 6km x 2km. The iso-velocity contours of
the pre-kinematic basement were superposed to the bathymetric map and used as guide lines to define 9
“basement domains” (Figs A1-1).

2. For each domain, a “typical” velocity profile down to 12km depth was calculated by averaging all velocity
profiles within the given domain (Figs A1-2a, A1-2b, A1-2c).

3. A dense, high-resolution sub-grid was then defined (Figs A1-3), with grid spacing 750 m x 750m X
200 m, by sub-dividing the tomographic grid of Bayrakci et al.*.

4. Each node M of the dense sub-grid was ascribed: i) to the water depth inferred from the high resolution bathy-
metric grid of Le Pichon et al.% ii) to a given domain N (with N=1to 9, as defined in Figs A1-3). The velocity
structure at grid node M for the upper 12km is provided by the characteristic velocity profile of domain N.

5. Below 12km and down to 36 km, the velocity structure is assumed to depend on longitude and inferred
from wide-angle reflexion results (see Fig. 3 of Bécel et al.>*. Velocities of 6.7 km/s and 8 km/s were ascribed
to the lower crust and upper mantle respectively (see example in Figs A1-4).

6. Each point of the fine sub-grid is thus characterized by: the exact depth at grid node, the “domain” number,
the “typical” velocity profile above 12 km, the depth of lower crust and the depth of Moho.
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The high-resolution grid was used for computing absolute and relative locations using Lomax’s software®. For
computing relative locations using HypoDD-3D?*, a degraded, 3D grid was used due to grid size limitations and
to avoid border effects.

Geotherm estimation below the Western High (see Figures in Supp. Mat., Appendix A4). To
estimate the depth range at which temperatures ranging between 75 °C and 80 °C might be expected, eight ther-
mal profiles (e.g. sediment temperature versus depth below seafloor) were obtained (see plots in Figs A4-2)
along with thermal conductivity measurements performed on co-located cores. The observed spatial variability
of thermal gradients (Figs A4-2) suggests that the heat transfer to the surface is likely influenced by a variety of
processes (including sediment thermal blanketing, fluid circulation, gas hydrate related perturbation, topography,
etc) that appear difficult to model, mainly due to the scarcity of thermal measurements. We therefore rather use
the initial heat flow value of 68.107> W.m 2 that was derived by Grall et al.’ from the detailed study of the thermal
and subsidence history of the Central Basin. Indeed, the sedimentary column is thick at the Western High but
sedimentation rate since at least the last hundred thousand years is no greater than 1.5 mm/a*. Thus the sediment
thermal blanketing should not change drastically the present-day heat flow at the seafloor.
Let us consider that: (i) that this value (hereafter referred to as Q,), represents a reasonable proxy for the basal
heat flow below the Western High area; and (ii) that at the scale of the area, heat flow is conductive, e.g. conservative.
Then:
dar
Ko = 1)

which yields:

_ *Q
T(z) = Ty + fo Tt o

where T(z) and k(z) are temperature and thermal conductivity, respectively. Following [Pribnow et al., 2000]**, we
have tested two different approaches to describe the variation for porosity with depth:

o Thelinear approach:

k(z) =k, + Az (3)

T(z) = T + %Log

e
ko

4

where k; and A are the thermal conductivity at the surface (0.83 WK™! m™!) and the thermal conductivity
gradient, respectively. Using compilations®’, based on the data collected during Legs 101 to 180 of the Ocean
Drilling Programme, we tested different values for A (from 0.4 to 1.4 x 10 WK~ m™2).

o The “porosity approach”, which assumes that k(z) depends on porosity and that porosity exponentially
increases with depth due to compaction:

w(z) = e ™ 5)

and

k(z) = @(2)k,, + (1 — p(2))k, (6)

©o
k, =k, + (ky — k)
£ T gy 0 @)

where ¢(z) and ¢, are porosity at depth z and at sediment surface, respectively, while a stands for Athy’s com-
paction factor, k,, and k, for thermal conductivity of seawater and sediment grains. The thermal conductivity
of grains (k,) is derived from surface sediment porosity and conductivity as stated in (7).

Using the above formulae, an analytical expression of temperature is found for integral in (1):

k(Z) ¢,

ky o(z)

Q

kga

T(z) =T, + Log

®)

Using bottom water temperature of 14 °C, temperatures at depth z are found, based on expressions (4) or (8).

References
1. Barka, A. A. Slip distribution along the North Anatolian Fault associated with large earthquakes of the period 1939-1967. Bull.
Seismol. Soc. Am. 86, 1238-1254 (1996).
2. Stein, R. S., Barka, A. A. & Dieterich, J. H. Progressive failure on the North Anatolian fault since 1939 by earthquake stress triggering.
Geophys. J. Int. 128, 594-604 (1997).
3. Sengor, A. M. C. et al. The North Anatolian Fault: A new look. Annu. Rev. Earth Planet. Sci. 33, 37-112, https://doi.org/10.1146/
annurev.earth.32.101802.120415 (2005).

SCIENTIFIC REPORTS | _#####################_| DOI:10.1038/s41598-018-23536-7 8


http://dx.doi.org/10.1146/annurev.earth.32.101802.120415
http://dx.doi.org/10.1146/annurev.earth.32.101802.120415

www.nature.com/scientificreports/

o

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.
41.

42.

. Parson T. Recalculated probability of M > 7 earthquakes beneath the Sea of Marmara. J. Geophys. Res., 109, https://doi.

0rg/10.1029/2003JB002667 (2004).

. Ambraseys, N. N. The Seismic Activity of the Marmara Sea Region over the last 2000 years. Bull Seismo Soc Am 92, 1-18 (2002).
. Le Pichon, X. et al. The active Main Marmara Fault. Earth Planet. Sci. Lett. 192, 595-616 (2001).
. Sengdr, A. M. C. et al. The geometry of the North Anatolian transform fault in the Sea of Marmara and its temporal evolution:

Implications for the development of intracontinental transform faults. Can. J. Earth Sci. 51(3), 222-242, https://doi.org/10.1139/
cjes-2013-0160 (2014).

. Schmittbuhl, J., Karabulut, H., Lenligné, O. & Bouchon, M. Seismicity distribution and locking depth along the Main Marmara

Fault, Turkey, Geochemistry, Geophysics, Geosystems, https://doi.org/10.1002/2015GC006120 (2016).

. Bulut, E, Ellsworth, W. L., Bohnhoff, M., Aktar, M. & Dresen, G. Spatiotemporal Earthquake Clusters along the North Anatolian

Fault Zone Offshore Istanbul. Bull. Seism. Soc. Am. 101(No. 4), 1759-1768, https://doi.org/10.1785/0120100215 (2011).

Karabulut, H. et al. Evolution of the seismicity in the eastern Marmara Sea a decade before and after the 17 August 1999 Izmit
earthquake. Tectonophysics 510, 17-27 (2011).

Bohnhoff, M. et al. An earthquake gap south of Istanbul. Nature Communications, 4, https://doi.org/10.1038/ncomms2999 (2013).
Sato, T. et al. A study of microearthquake seismicity and focal mechanisms within the Sea of Marmara (NW Turkey) using ocean
bottom seismometers (OBSs). Tectonophysics 391(303), 314, https://doi.org/10.1016/j.tecto.2004.07.018 (2004).

Tary, J.-B. et al. Sea-Bottom Observations from the Western Escarpment of the Sea of Marmara, Bull. Seism. Soc. Am., 101(2), 101,
775-791, https://doi.org/10.1785/0120100014 (2011).

Yamamoto, Y. ef al. Geometry and segmentation of the North Anatolian Fault beneath the Marmara Sea, Turkey, deduced from long-
term ocean bottom seismographic observations, J. Geophys. Res. Solid Earth 122, 2069-2084, https://doi.org/10.1002/2016JB013608
(2017).

Ergintav, S. et al. Istanbul’s earthquake hot spots: Geodetic constraints on strain accumulation along faults in the Marmara seismic
gap. Geophys. Res. Let. 41, 5783-5788, https://doi.org/10.1002/2014GL060985 (2014).

Sakic, P. et al. No significant steady state surface creep along the North Anatolian Fault offshore Istanbul: Results of 6 months of
seafloor acoustic ranging. Geophys. Res. Lett. 43, 6817-6825, https://doi.org/10.1002/2016GL069600 (2016).

Kuscu, I. et al. Seafloor gas seeps and sediment failures triggered by the August 17, 1999 earthquake in the Gulf of Izmit, Sea of
Marmara, NW Turkey. Tectonophysics 215(3-4), 193-214 (2005).

Gasperini, L. et al. Gas seepage and seismogenic structures along the North Anatolian Fault in the eastern Sea of Marmara. Geocherm.
Geophys. Geosyst. 13, Q10018, https://doi.org/10.1029/2012GC004190 (2012).

Ruffine, L. et al. Pore water geochemistry at two seismogenic areas in the Sea of Marmara. Geochem. Geophys. Geosyst. 16,
2038-2057, https://doi.org/10.1002/2015GC005798 (2015).

Halbach, P. E., Holzbecher, E., Reichel, T. & Moche, R. Migration of the sulphate-methane reaction zone in marine sediments of the
Sea of Marmara—can this mechanism be tectonically induced? Chem. Geol. 205(1-2), 73-82 (2004).

Géli, L. et al. Gas emissions and active tectonics within the submerged section of the North Anatolian Fault zone in the Sea of
Marmara. Earth Planet. Sci. Lett. 274(1-2) 34-39 (2008).

Dupré, S. et al. Tectonic and sedimentary controls for widespread gas emissions in the Sea of Marmara, Results from systematic, ship-
borne multibeam echosounder water column imageries, J. Geophys. Res., Solid Earth, 120, https://doi.org/10.1002/2014]B011617
(2015).

Bourry, C. et al. Free gas and gas hydrates from the Sea of Marmara, Turkey: Chemical and structural characterization. Chem. Geol.
https://doi.org/10.1016/j.chemgeo.2009.03.007 (2009).

Karabulut, H. & Aktar, M. Strategies and tools for Real Time Earthquake Risk Reduction (REAKT), Eu-Funded Project, FP7/2007-
2013, Theme: ENV.2011.1.3.1-1, Deliverable D2.2,22/03/2013 (2013).

Cros, E. & Géli, L. Caracterisation of microseimicity in the Western Sea of Marmara: implications in terms of seismic monitoring,
Project Report, Institut Carnot Ifremer-Edrome, Abondement 2011, N°06/11/2013, 29 pages, available on-line: https://doi.
org/10.13155/38916 (2013).

Tary, J.-B. et al. Micro-events produced by gas migration and expulsion at the seabed: a study based on sea bottom recordings from
the Sea of Marmara, Geophys. J. Int., https://doi.org/10.1111/j.1365-246 x .2012.05533.x (2012).

Embriaco, D. et al. Monitoring of gas and seismic energy release by multiparametric benthic observatory along the North Anatolian
Fault in the Sea of Marmara (NW Turkey), Geophys. J. Int., https://doi.org/10.1093/gji/ggt436 (2013).

Laigle, M. et al. The Members of the SEISMARMARA Legl. A first deep seismic survey in the Sea of Marmara: whole crust and deep
basins. Earth Planet. Sci. Lett. 270, 168-179 (2008).

Giirbiiz, C., Isik, S. E., Cros, E. & Géli, L. High Resolution Micro Earthquake Characterization, Deliverable D8_2, EU MARSITE
PROJECT (New Directions in Seismic Hazard Assessment through Focused Earth Observation in the Marmara Supersite). http://
archimer.ifremer.fr/doc/00278/38915/ (2013).

Isik, S. E. Three-D, P-wave velocity structure of the Marmara Region using local earthquake tomography, Masters Thesis, Bogazdici
Universitesi, (2014).

Bayrakci G. et al. 3-D sediment-basement tomography of the Northern Marmara trough by a dense OBS network at the nodes of a
grid of controlled source profiles along the North Anatolian fault, Geophys. J. Int., https://doi.org/10.1093/gji/ggt211 (2013).
Waldhauser, F. HypoDD: A computer program to compute double-difference earthquake locations, USGS Open File Rep., 01-113
(2001).

Lomax, A. et al. Earthquake Location, Direct, Global-Search Methods, in Complexity In Encyclopedia of Complexity and System
Science, Part 5, Springer, New York, pp. 2449-2473, https://doi.org/10.1007/978-0-387-30440-3 (2009).

Lomax, A., Satriano, C. & Vassalo, M. Automatic picker developments and optimization: FilterPicker - a robust, broadband picker
for real-time seismic monitoring and earthquake early warning. Seism. Res. Lett. 83, 531-540, https://doi.org/10.1785/gssrl.83.3.531
(2012).

Lomax, A. Mise en oeuvre et support pour logiciels de traitement automatisé de données sismologiques acquises dans le cadre du
projet Européen FP7 Marsite, Contract report, Reference CNRS MA201301A, available on line: http://alomax.net/projects/marsite/
MA201301A_report_v0.2.pdf (2014).

Bécel, A. et al. North Marmara Trough architecture of basin infill, basement and faults, from PSDM reflection and OBS refraction
seismics. Tectonophysics 490, 1-14 (2010).

Grall, C. La Faille Nord Anatolienne dans sa portion immergée en mer de Marmara: Evolution du réseau de failles et migration de
fluides, Thése de Doctorat de I'Université Aix-Marseille (PhD Thesis (2013).

Hardebeck, J. L. & Shearer, P. M. Using S/P Amplitude Ratios to Constrain the Focal Mechanisms of Small Earthquakes. Bull. Seism.
Soc. Am. 93, 2434-2444 (2003).

Hardebeck, J. L. & Shearer, P. M. HASH: A Fortran program for computing Earthquake First-Motion Focal Mechanisms -v1.2 -
January 31, (2008).

Hosgormez, H. & Yal¢in, M. N. Gas-source rock correlation in Thrace basin, Turkey. Mar. Pet. Geol. 22, 901-916 (2005).

Ruffine, E-T. O. et al. Geochemical dynamics of the natural-gas hydrate system in the Sea of Marmara, offshore Turkey, Advances in
Natural Gas Technology, ISBN 978-953-51-0507-7, pp. 29-56 (2012).

Head, I., Martin Jones, D. & Larter, S. R. Biological activity in the deep subsurface and the origin of heavy oil. Nature 426, 344-352
(2003).

SCIENTIFIC REPORTS | _#####################_| DOI:10.1038/s41598-018-23536-7 9


http://dx.doi.org/10.1029/2003JB002667
http://dx.doi.org/10.1029/2003JB002667
http://dx.doi.org/10.1139/cjes-2013-0160
http://dx.doi.org/10.1139/cjes-2013-0160
http://dx.doi.org/10.1002/2015GC006120
http://dx.doi.org/10.1785/0120100215
http://dx.doi.org/10.1038/ncomms2999
http://dx.doi.org/10.1016/j.tecto.2004.07.018
http://dx.doi.org/10.1785/0120100014
http://dx.doi.org/10.1002/2016JB013608
http://dx.doi.org/10.1002/2014GL060985
http://dx.doi.org/10.1002/2016GL069600
http://dx.doi.org/10.1029/2012GC004190
http://dx.doi.org/10.1002/2015GC005798
http://dx.doi.org/10.1002/2014JB011617
http://dx.doi.org/10.1016/j.chemgeo.2009.03.007
http://dx.doi.org/10.13155/38916
http://dx.doi.org/10.13155/38916
http://dx.doi.org/10.1093/gji/ggt436
http://archimer.ifremer.fr/doc/00278/38915/
http://archimer.ifremer.fr/doc/00278/38915/
http://dx.doi.org/10.1093/gji/ggt211
http://dx.doi.org/10.1007/978-0-387-30440-3
http://dx.doi.org/10.1785/gssrl.83.3.531
http://alomax.net/projects/marsite/MA201301A_report_v0.2.pdf
http://alomax.net/projects/marsite/MA201301A_report_v0.2.pdf

www.nature.com/scientificreports/

43. Tryon, M. D. et al. Pore fluid chemistry of the North Anatolian Fault Zone in the Sea of Marmara: A diversity of sources and
processes. Geochemistry Geophysics Geosystems, 11, Q0ad03, https://doi.org/10.1029/2010gc003177 (2010).

44. Grall, C. et al. Heat flow in the Sea of Marmara Central Basin, possible implications for the tectonic evolution of the North Anatolian
Fault. Geology 40, 3-6, https://doi.org/10.1130/G32192.32191 (2012).

45. Pribnow, D. E C,, Kinoshita, M. & Stein, C. A. Thermal Data Collection and Heat Flow Recalculations for Ocean Drilling Program
Legs 101-180, ODP Archive N° 0120432 (2000).

46. Thomas, Y. et al. Contribution of high-resolution 3D seismic near-seafloor imaging to reservoir scale studies: application to the
active north Anatolian Fault, Sea of Marmara. Near Surface Geophysics 10, 291-301, https://doi.org/10.3997/1873-0604.2012019
(2012).

47. Grall, C. et al. Slip rate estimation along the western segment of the Main Marmara Fault over the last 330 ka by correlating Mass
Transport Deposits. Tectonics. https://doi.org/10.1002/2012TC003255 (2013).

48. Maury, V., Piau, J.-M. & Fitzenz, D. Mechanical effect of the presence of gas on faults modeled as a sandwiched Cam-Clay material
in Harmonising Rock Engineering and the Environment (12th ISRM Internat. Congress on Rock Mechanics Beijing Oct. 2011) (eds
Qian, Q. & Zhou, Y.) (CRC Press, 2011) https://doi.org/10.13140/2.1.1077.1849 (2011).

49. Géli, L. et al. Seismic Precursors linked to Highly Compressible Fluids at Oceanic Transform Faults, Nature Geoscience, https://doi.
org/10.1038/NGEO2244 (2014).

50. Faulkner, D. R., Mitchell, T. M., Behnsen, J., Hirose T. & Shimamoto, T. Stuck in the mud? Earthquake nucleation and propagation
through accretionary forearcs, Geophys. Res. Lett, 38(18), https://doi.org/10.1029/2011GL048552 (2011).

51. AretusiniS., et al. Production of nanoparticles during experimental deformation of smectite and implications for seismic slip. Earth
and Planetary Science Letters 463, 221-231, https://doi.org/10.1016/j.epsl.2017.01.048 (2017).

52. Romano, E. et al. Structural control on the Tohoku earthquake rupture process investigated by 3D FEM, tsunami and geodetic data,
Sci. Rep. 4, https://doi.org/10.1038/srep05631 (2014).

53. Schmittbuhl, J., Karabulut, H., Lengliné, O. & Bouchon, M. Long-lasting seismic repeaters in the Central Basin of the Main Marmara
Fault. Geophys. Res. Lett. 43, 9527-9534, https://doi.org/10.1002/2016GL070505 (2016).

54. Bouchon, M. et al. Extended Nucleation of the 1999 Mw 7.6 Izmit Earthquake. Science 331, 877, https://doi.org/10.1126/
science.1197341 (2011).

55. Wessel, P. & Smith, W. H. E. New version of the generic mapping tools released. EOS, Transactions American Geophysical Union 76,
329 (1995).

56. Bécel, A. et al. Moho, crustal architecture and deep deformation under the North Marmara Trough, from the SEISMARMARA Leg
1 offshore-onshore reflection-refraction survey. Tectonophysics 467, 1-21 (2009).

Acknowledgements

This work is based on the results of 15 years of continuous, marine investigations in the Sea of Marmara,
conducted within both bi-lateral collaborations (France-Turkey; Italy-Turkey) and EU-funded Research
Programmes, e.g. the ESONET Network of Excellence (contract N° 036851) and the MARSITE Integrated Project
(contract N° 308417). Jean-Francois Rolin and Roland Person, coordinators of ESONET, as well as Nurcan Ozel
and Meral Agualdis, respectively coordinator and project manager of MARSITE are warmly acknowledged.
Acknowledgements are also addressed to the Turkish Navy and to the Turkish Hydrographic Service (SHOD) for
supporting the operations at sea, particularly our correspondent, Captain Erhan Gezgin; to the personnel of the
French Embassy in Ankara, particularly Mrs Bonnafous-Boucher; to CNR and to Ifremer for funding operations
at sea of R/V Le Suroit, R/V Pourquoi pas? and R/V Urania, respectively; to the Institute of Marine Science and
Technology of the University of Izmir for support with R/V Piri Reis; to Pascal Pelleau, Mikaél Roudaut and
Ronan Apprioual for their technical support; to professor Oguz Ozel, for his support for using R/V Yunuz of
Istanbul University; to the personnel of Ineris - Armand Lizeur, Emmanuel Klein and Pascal Bigarré- for their
support in using the SYTMIS software; to Jean Schmittbuhl, Hayrullah Karabulut and Michel Bouchon for fruitful
discussions and for providing unpublished manuscript; to Miraille Laigle and Alfred Hirn for providing the deep-
seismic data from the Seismarmara Cruise; to COST action FLOWS for support to collaboration between EU
and Turkey on transform-type plate boundary studies. Anthony Lomax worked as a MARSITE sub-contractor,
under CNRS-Contract N° MA201301A; Estelle Cros worked under a grant from Institut Carnot Ifremer-Edrome,
Contract reference number 06/11/2013. Intense use was made of Global Mapping Tools (GMT)*. Data available
on http://doi.org/10.17882/49764.

Author Contributions

L.G. headed the ESONET/Marmara Demonstration Mission and Work Package 8 within Marsite; collected and
analyzed the data; wrote the paper. PH. was co-P.I. of the ESONET/Marmara Demonstration Mission; chief of
the MarNaut Cruise of R/V LAtalante in 2007 which lead to the discovery of gas emissions from the Marmara
seafloor; collected and analyzed the data; co-chief of the Marmesonet cruise of R/V Le Suroit and Marsite cruise
of R/V Pourquoi pas?; wrote the paper. N.C. was co-P.I. of the ESONET/Marmara Demonstration Mission; co-
chief of the Marmesonet cruise of R/V Le Suroit and Marsite cruise of R/V Pourquoi pas? C.G. has acquired
and processed the heat flow data, and contributed to the modelling of those data. She also did the structural
interpretation of the 2D and 3D-seismic data from the Western High and contributed to the paper writing. JBT
did the earthquake locations using HypoDD-3D, improved the interpretation of the OBS data and contributed to
the paper writing. A.L. developed the other codes (NonLinLoc and NonLinDifLoc) used for earthquake locations
and guided the seismological work. E.B. re-analyzed the OBS datasets, checked all locations results provided
computation errors and re-interpretation of the data E.C. analysed the data using the SYTMIS software and did
the first set of earthquake locations using different methods (HypoDD-1D and NonLinLoc 3D) and different
velocity models. C.G. and D.K. established KOERTI’s cabled seafloor observatory network and collected part of
the seismological data used in the paper. C.G. and S.I. produced a catalog of relocated earthquakes based on a
3D model at the scale of the Marmara region. AMCS and XLP initiated the French-Turkish cooperation in 1999
and were at the origin of many of the ideas developed since then on the evolution of the North-Anatolian Fault,
ideas on which this paper is based. Contributed to paper writing. L.R., M.T. and G.E. contributed to geochemical
data analysis and to paper writing. S.D., C.S. and ].M.A. collected, processed and analyzed the acoustic data
for water column imaging collected during the Marmesonet cruise of R/V Le Suroit and during the Marsite

SCIENTIFICREPORTS |_

#E##HH A ####_ | DOI:10.1038/541598-018-23536-7 10


http://dx.doi.org/10.1029/2010gc003177
http://dx.doi.org/10.1130/G32192.32191
http://dx.doi.org/10.3997/1873-0604.2012019
http://dx.doi.org/10.1002/2012TC003255
http://dx.doi.org/10.13140/2.1.1077.1849
http://dx.doi.org/10.1038/NGEO2244
http://dx.doi.org/10.1038/NGEO2244
http://dx.doi.org/10.1029/2011GL048552
http://dx.doi.org/10.1016/j.epsl.2017.01.048
http://dx.doi.org/10.1038/srep05631
http://dx.doi.org/10.1002/2016GL070505
http://dx.doi.org/10.1126/science.1197341
http://dx.doi.org/10.1126/science.1197341

www.nature.com/scientificreports/

cruise of R/V Pourquoi pas? Y.T. acquired and processed the 3D seismic data from the Western High. G.B.
contributed to the O.B.S. data analysis and to the design of the High-Resolution 3D-Velocity model. Q.C. was
the main contributor for the High-Resolution 3D-Velocity model used in the paper. Contributed to writing
Appendix 2. T.R. contributed to the data analysis and drafted Figs 3 and 4. VR., G.W.,, H.S. contributed to the
seismo-stratigraphic analysis of the 3D seismic data. G.C. was co-P.I. of the ESONET/Marmara Demonstration
Mission; headed the PIRMARA Cruise of R/V Piri Reis in 2009 that collected seismic data outside the 3D box.
SO contributed to data analysis and paper writing. N.G. was at the start of the French-Turkish collaboration;
contributed to the geological interpretation; was PI of Marsite Work Package 7. M.B. and FK. contributed to
paper writing. LGa (Gasperini) was co-P1. of the ESONET/Marmara Demonstration Mission; chiefed 3 cruises
of R/V Urania in the Sea of Marmara (for sediment and pore fluid sampling and instrument deployment and
recovery). D.E., G.M., EE, S.M. contributed to data acquisition and analysis. P.F. was co-P.I. of the ESONET/
Marmara Demonstration Mission. A.B. provided the migrated section shown in Fig. 5 which greatly contributed
to improve the intereptation of the OBS data.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23536-7.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFIC REPORTS | _#####################_| DOI:10.1038/s41598-018-23536-7 11


http://dx.doi.org/10.1038/s41598-018-23536-7
http://creativecommons.org/licenses/by/4.0/

	Gas and seismicity within the Istanbul seismic gap

	Methods

	Building a high-resolution, 3D-velocity model (see Figures in Supp. Mat., Appendix A1). 
	Geotherm estimation below the Western High (see Figures in Supp. Mat., Appendix A4). 

	Acknowledgements

	Figure 1 Seismicity (after ref.
	Figure 2 Panel a displays hypocenter relative locations (red dots) for the aftershocks that followed the M 5.
	Figure 3 Location errors of the aftershocks shown in Fig.
	Figure 4 Epicenter locations for the aftershocks that followed the M 5.
	Figure 5 Left panel displays the hypocenters of the aftershock sequence, superimposed on the seismic section (see track line in Fig.
	Figure 6 Seismic section extracted from the high-resolution 3D seismic box shot in 200946 along the thick black line displayed in Fig.




