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Abstract. The Marmara section of the North Anatolian Fault Zone (NAFZ) runs under water and is located less
than 20 km from the 15-million-person population center of Istanbul in its eastern portion. Based on historical
seismicity data, recurrence times forecast an impending magnitude M>7 earthquake for this region. The perma-
nent GONAF (Geophysical Observatory at the North Anatolian Fault) has been installed around this section to
help capture the seismic and strain activity preceding, during, and after such an anticipated event.

GONAF (Geophysical Observatory at the North Anato-
lian Fault) is currently comprised of seven 300 m deep verti-
cal seismic profiling stations and four collocated 100 m deep
borehole strainmeters. Five of the stations are located on the
land surrounding the Princes Islands segment below the east-
ern Sea of Marmara and two are on the near-fault Princes
Islands south of Istanbul. The 300 m boreholes have 1, 2, and
15 Hz 3-C seismometers near their bottoms. Above this are
vertical, 1 Hz, seismometers at ∼ 210, 140, and 70 m depths.
The strainmeter boreholes are located within a few meters of
the seismometer boreholes and contain horizontal strain ten-
sor sensors and 2 Hz 3-C seismometers at their bottoms. This
selection of instruments and depths was made so as to ensure
high-precision and broad-frequency earthquake monitoring
and vertical profiling, all under low-noise conditions.

GONAF is the first ICDP-driven project with a primary
focus on long-term monitoring of fault-zone dynamics. It
has already contributed to earthquake hazard studies in the
Istanbul area in several ways. Combining GONAF record-
ings with existing regional seismic stations now allows mon-
itoring of the NAFZ offshore of Istanbul down to magni-

tudes M<0. GONAF also improves the resolution of earth-
quake hypocenters and source parameters, better defining lo-
cal fault branches, their seismicity, and earthquake poten-
tial. Using its vertical distribution of sensors, it has directly
measured depth-dependent seismic side-effects for ground
shaking studies. GONAF is starting to address fundamental
questions related to earthquake nucleation, rupture dynam-
ics, temporal changes in material properties and strain.

1 Tectonic context: the Marmara seismic gap

The continental North Anatolian Fault Zone (NAFZ) spans
some 1200 km, from eastern Anatolia to the northern Aegean
Sea (e.g., Barka, 1992; Sengör et al., 2005; Bohnhoff et al.,
2016a). It forms the plate boundary between the Anatolian
plate in the south and the Eurasian plate in the north. It
is one of the most active plate-bounding strike–slip faults
in the world, slipping at a rate of 20–30 mm yr−1, with
the largest rates at its western end (McClusky et al., 2000;
Reilinger et al., 2006). Its kinematic framework is driven
by the northward-pushing Arabian plate in the east and the
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Figure 1. The Marmara region in northwestern Turkey with the main strand of the North Anatolian Fault Zone (NAFZ). The offshore
Marmara section (red) is bounded by the two last major ruptures of the region, the 1912 Ganos event to the west and the 1999 Izmit event to
the east (both indicated in black). The Marmara section is the last segment of the entire NAFZ that has not been activated since 1766. It hosts
the potential of generating an earthquake magnitude M of up to 7.4 in the near future and within a distance of only 20 km to the Istanbul
metropolitan area. The location map on the lower right shows the main tectonic plates and their average GPS-derived horizontal velocity
with respect to fixed Eurasia.

southward-pulling rollback of the Hellenic subduction zone
in the west, forcing the Anatolian plate to rotate counter-
clockwise (Flerit et al., 2004; Bohnhoff et al., 2005; Bulut
et al., 2012).

In the last century, almost the entire NAFZ ruptured in a
series of M>7 earthquakes, starting with the 1912 Ganos
event west of the Sea of Marmara. The next major event then
occurred in Erzincan, eastern Anatolia, in 1939, and was fol-
lowed by a systematic westward propagation of earthquakes
(Stein et al., 1997; Sengör et al., 2005). This sequence ended
with the M7.4 İzmit and M7.1 Düzce earthquakes in 1999,
just east of the Sea of Marmara (Tibi et al., 2001; Barka et
al., 2002; Bohnhoff et al., 2016b).

Currently, the NAFZ section below the Sea of Marmara is
the only portion of the entire fault zone that has not failed in
a major earthquake since 1766 (Fig. 1). The Marmara section
has produced several earthquakes as large as M ∼ 7.4 in his-
toric times, at an average recurrence time of 200–250 years
(Parsons, 2004; Bohnhoff et al., 2016a). It would appear then
that it is currently in the final stage of its seismic cycle, with
a 35–70 % probability of a M>7 earthquake occurring by
2034 (Parsons, 2004; Murru et al., 2016).

Unfortunately, the eastern part of this section – the Princes
Islands segment – runs within 20 km of the 15+ million
inhabitants of the Istanbul metropolitan area. Aside from
the potential for a tragic loss of lives, this region also ac-
counts for about 45 % of the national production and about
23 % of the total Turkish gross national product. For these
reasons, significant efforts are being made by the Turkish
authorities to assess these earthquake hazards and mitigate
their risks. Current estimates of damage from an expected
M = 7.5 earthquake below the Sea of Marmara suggest up to

90 000 fatalities. Up to 800 000 people might be affected and
immediate economic losses could be up to USD 40 billion
(Bas and Yagci, 2008).

In such a complex natural and urban setting, high-
resolution seismic monitoring under low-noise conditions is
of central relevance. It presents a critical need to conduct
research in refining potential rupture scenarios, identifying
potential nucleation points, and rupture directivity models
for the pending earthquake. In this paper we summarize the
objectives and implementation of the GONAF observatory.
We also document our achievements in earthquake detection,
waveform quality improvement, and detection of strain by
using the downhole seismic arrays and strainmeters.

2 Scientific objectives

The NAFZ is a right-lateral strike–slip fault. However, the
transtensional setting of the broader Marmara region also
produces surprisingly large normal faulting events, e.g., a Ms
6.3 earthquake along the Çınarcık segment below the eastern
Sea of Marmara in 1963 (Ayhan et al., 1981). There is an on-
going debate on whether the pending Marmara event will be
pure strike–slip or might include a normal component with
consequent tsunami potential (Yalciner et al., 2002; LePi-
chon et al., 2001; Armijo et al., 1999, 2005). Accordingly,
for all the risk factors we have cited, it is a pressing matter
to resolve the dominant kinematic setting along the Marmara
section. This is especially true for the Princes Islands seg-
ment just offshore from Istanbul.

Two equally important objectives are to identify poten-
tially creeping and locked fault patches (asperities) – the
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latter as potential nucleation points for a large rupture with
subsequent directivity effects and ground shaking. The in-
stallation of seismometer arrays in boreholes allows not only
relatively noise-free waveform recordings, but also studies
of near-surface ground motion amplification effects. Fault
creep observed on borehole strainmeters provides strong con-
straints on the accumulation of unreleased strain, both in
terms of the amount of fault slip and its areal distribution.

The fact that the entire Marmara section of the NAFZ
is under water makes high-resolution seismic and geodetic
monitoring of its seismicity and potential creep a challeng-
ing task. Our first step in this regard was to install the surface-
based PIRES seismic network on the Princes Islands in 2006.
The PIRES network has lowered the magnitude of complete-
ness for local microseismicity by 1 order of magnitude to
∼ 1.7 (Bulut et al., 2009, 2011). Based on a 4-year PIRES
seismicity catalog, Bohnhoff et al. (2013) were able to iden-
tify a ≥ 30 km long aseismic fault patch along the Princes
Islands segment extending down to a depth of 10 km. The
authors concluded that this segment is currently locked and
thus represents a potential nucleation point for the next Mar-
mara event. This view is also supported by Global Position-
ing Satellite (GPS) data (Ergintav et al., 2014).

Beyond the PIRES network, better monitoring of the east-
ern Sea of Marmara and the Princes Islands segment would
be difficult to achieve with surface instruments due to the
area’s ubiquitous anthropogenic noise. Moreover, near-fault,
subareal locations only exist on the Princes Islands. Given
these boundary conditions, the GONAF concept of borehole-
based geophysical instrumentation surrounding the eastern
Sea of Marmara region was conceived and developed in
the context of an International Continental Drilling Program
(ICDP) project.

Overall, the goal of the GONAF project is a substantially
better characterization of the seismic gap first identified by
the PIRES and other associated networks. In the long run,
outside of any pending significant earthquake, this objective
will allow scientific correlations with the findings of other
strike–slip faults, such as the San Andreas fault in Califor-
nia. In addition to the study of brittle failures in the form of
seismic events, GONAF is also addressing the role of aseis-
mic deformation processes through strain monitoring. These
processes included fault creep and slow earthquakes, which
are now recognized as playing equally fundamental roles in
the seismomechanics of the earth’s crust.

3 Strategy

GONAF is a joint research venture between GFZ in Potsdam,
Germany, and the AFAD Disaster and Emergency Manage-
ment Presidency of Turkey, headquartered in Ankara. It is
co-funded by GFZ, AFAD, the Turkish Ministry of Develop-
ment, the International Scientific Drilling Program (ICDP),
the German Helmholtz Association (HGF), and the NSF

through UNAVCO, a non-profit US university-governed con-
sortium dedicated to supporting geodetic studies. Key as-
pects of a scientific and technical program for a long-term
geophysical observatory for the NAFZ were discussed at an
ICDP-funded workshop in Istanbul in 2007 (Dresen et al.,
2008). A consensus was reached that the eastern Marmara
NAFZ is unique as a segment of a major transform fault, one
that is nearing the end of its seismic cycle. It was also con-
sidered a worthy technical challenge, in that deep borehole
observatories represent the only possibility of obtaining low-
noise geophysical data in such a densely populated region.

Following the workshop, an implementation plan was
developed that resulted in an ICDP full proposal (Bohn-
hoff et al., 2010). This was followed by further refine-
ment of the borehole observatory concept, all pointing to-
wards a first ICDP-driven “fault zone seismic monitoring
project”. Significantly, the initial concept of one or two 2 km
deep instrumented boreholes was modified towards a multi-
borehole network of several 300 m deep vertical seismic
arrays (Fig. 2). The aim of this revision was that even a
2 km deep borehole would not have allowed one to measure
crustal stresses of sufficient quality due to the influence of
the ∼ 1 km escarpment down to the Cinarcik Basin a few
kilometers offshore of the near-fault islands and to allow
for homogenous low-detection threshold seismic monitoring
throughout the eastern Sea of Marmara following the con-
cept of, e.g., the Parkfield High Resolution Seismic Network
(HRSN). Following several years of GONAF downhole seis-
mic monitoring along the Princes Islands segment, the poten-
tial for eventually drilling individual deeper drill holes will
then be re-evaluated.

The first GONAF borehole station was drilled and com-
pleted in 2012 on the Tuzla peninsula in eastern Istanbul
(Fig. 2). This site combined good access to a secure loca-
tion on land and the vicinity of a prominent seismicity clus-
ter (Bulut et al., 2011; Prevedel et al., 2015; Raub et al.,
2016; Fig. 3). Further GONAF stations were then imple-
mented during 2013–2015. The current seismic observatory
now consists of seven borehole seismic stations. Each station
is equipped with a vertically distributed array of seismome-
ters, including a selection of different natural-frequency seis-
mometers at the bottom of the boreholes (Figs. 2 and 4). Two
of the GONAF borehole arrays are located on the islands of
Sivriada and Büyakada. These two sites are less than 5 km
from the Princes Islands segment of the NAFZ. The remain-
ing four GONAF stations are located on the Armutlu Penin-
sula south of the Cinarcik Basin (Fig. 2). This network of
borehole stations provides a nearly complete azimuthal cov-
erage for microseismicity occurring below the eastern Sea of
Marmara.

In addition to the seven 300 m wells drilled for the seis-
mic arrays, four 100 m deep boreholes were drilled for the
installation of UNAVCO Plate Boundary Observatory instru-
ments. These are collocated with four seismometer array sta-
tions: Sivriada, Büyükada, Esenköy, and Bozburun (Fig. 2).
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Figure 2. The eastern Marmara region with the Princes Islands segment as the main NAFZ fault trace in this region. Bold red dots indicate
locations of the ICDP-GONAF observatory where seismometer arrays were deployed in 300 m deep boreholes. Brown dots indicate locations
with additional 100 m deep strainmeter wells. The inset on the lower left shows the sensor distribution in the GONAF wells including multiple
seismic sensors of different natural frequencies to sample the entire frequency band of the seismic wavefield (see text for details). Open red
circles are surface-based stations of the PIRES seismic network on the Princes Islands.

Figure 3. Seismicity map for the eastern Sea of Marmara region for
the time period 2006–2010 from surface recordings of the PIRES,
AFAD and KOERI stations (Bohnhoff et al., 2013; Prevedel et al.,
2015). The yellow star indicates the location of the 2013 microseis-
mic swarm recorded by GONAF-Tuzla seismometers (Prevedel et
al., 2015; Raub et al., 2016). The yellow circle indicates the location
of the Yalova 25 June 2016 Mw4.2 earthquake of which waveforms
obtained at the GONAF-Tesvikiy (TESV; see Fig. 2 for location)
vertical seismic array are shown in Figs. 5–7.

These instruments were added to the GONAF plan in order to
extend its sensitivity to the long-period deformations of fault
creep and slow earthquakes, both below the passband of the
seismic sensors. The final monitoring concept foresees that
each of the GONAF stations will also be equipped with a set
of short-period, broadband, and strong motion sensors at the
well head (Fig. 2).

4 Site selection, sensors, installation, and well
completion

Borehole seismic installations have to take into account bore-
hole diameter and tilt, temperature profile, and lithology.
Long-term permitting, accessibility, and the availability of
electrical power and mobile data transmission infrastructure
complete the requirements for a permanent observatory such
as GONAF.

In the case of GONAF, with target depths of 300 m and a
regional geothermal gradient of ∼ 30 ◦C km−1, temperature
was not an issue with respect to long-term functionality of the
downhole equipment. Bottom hole temperatures found dur-
ing logging were around 25 ◦C, well below the 50 ◦C limit
beyond which standard operation of the 1 and 2 Hz sensors
could become an issue. Conventionally drilled boreholes are
claimed to be vertical, but are commonly found to deviate
by as much as 5–15◦. Accordingly, the drilling company was
contracted to keep all GONAF boreholes within 3◦ from the
vertical. This deviation was then checked as part of the log-
ging program.

To find sites in the study area that could provide a more-
or-less uniform detection threshold, approximate locations
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Figure 4. Upper part: GONAF downhole seismic instruments prior
to deployment at the Kurtkoy station on the Armutlu Peninsula. The
300 m deep, gimbaled 1 Hz 3-C L4 seismometer sonde is on the
right. In the middle is the combined 300 m deep 3-C 15 Hz DS200
and gimbaled 2 Hz HS-1 sonde. The other three sondes are the ver-
tically distributed, gimbaled 1-C 1 Hz L4 seismometers. For redun-
dancy each sonde has its own waterproof signal cable with an inter-
nal Kevlar stress member. Lower part: the 10 ft containers used to
cover each station and to house the special low-noise Guralp CMG-
DM recorders, telemetry systems, and their support equipment.

for GONAF stations were pre-defined on maps. The center
pieces of this exercise were the Princes Islands, the only lo-
cation with short distances to the NAFZ. The island sites on
Sivriada and Büyukada were decided upon based on their
closest proximity to the target fault section (Fig. 2). The re-
maining five on-land sites were then optimized after pre-site
surveying. For these sites we sought hard-rock conditions to
ensure good coupling of the sensors and therefore more faith-
ful recording of the seismic wave field. Permitting issues re-
lated to land ownership as well as local electricity and data
communication infrastructure were then evaluated.

On the northern shore of the Sea of Marmara, the Tuzla site
is located outside the main Istanbul population center but still
in an urbanized area. It is the closest station to the Tuzla seis-
micity cluster (Fig. 3). Along the southern shore of the Sea

of Marmara – the northern shore of the Armutlu Peninsula –
remote spots were easy to find. However, well-consolidated
rock conditions were rare. As a result, their locations were
determined primarily by sites that seemed to provide the best
rock within the spacing and azimuths needed for the overall
network.

The seismic sensors deployed in the GONAF borehole are
all passive sensors and were selected to cover the entire fre-
quency range intended to be studied. This is primarily de-
fined by the local seismicity that occurs down to the base
of the seismogenic layer at ∼ 18 km, resulting in signal fre-
quencies up to a few tens of Hertz (Bohnhoff et al., 2013).
However, it is also intended to cover higher frequencies of
events occurring near individual wells as well as to detect
potentially occurring low-frequency events. All GONAF sta-
tions are equipped with a 24-channel Guralp 24-bit data log-
ger with variable gain and integrated pre-amplifiers.

The Tuzla station as the first completed GONAF array has
three Sercel 1 Hz L4 vertical component sensors placed at
depths of 71, 144, and 215 m, and also Geospace 2 Hz HS-
1 and 15 Hz DS2500 three-component sensors at a depth of
288 m. (The L4 sensor were formerly manufactured under
the name of Mark Products.) The other six stations with verti-
cally distributed seismic arrays include three vertical 1 Hz L4
seismometers at nominal 70–75 m spacing starting at ∼ 70–
75 m downhole. At the bottom of each well, at 285–295 m
depths, are 3-C, gimbaled 1 Hz L4s, gimbaled Geospace 2 Hz
HS-1s, and fixed Geospace 15 Hz DS2500s (Figs. 2 and 4).
The L4s were selected as they are widely used in local and
regional surface seismic networks worldwide, forming some-
thing of an international standard. In order to achieve suc-
cessful installation of them, both a large diameter, internally
gimbaled pressure case, and even a larger drill hole were
needed. The former requirement is due to the tilt sensitiv-
ity of all seismographs with natural frequencies below about
12 Hz. At 1 Hz, even 1◦ of tilt effectively removes a horizon-
tal component from scientific analysis due to signal distor-
tion.

To achieve a borehole-tilt tolerance of up to ∼ 8◦, a gim-
baled case with an outer diameter of∼ 205 mm was required.
To allow for a comfortable amount of space for this sonde
plus a 60 mm outer diameter (OD) cementing trim tube, a
349 mm borehole was selected for the borehole inner di-
ameter (ID). With the available space and novelty of plac-
ing 1 Hz sensors at 300 m, it was decided to include the 2
and 15 Hz units, both for comparison and backup. All sen-
sors were cemented in the boreholes to ensure good coupling
and long-term cable stability. The seismic waveform data are
currently sampled at 500 Hz by 18-channel Guralp CMG-
DM recorders. These recorders are specially equipped with
0.1× 10−6 V self-noise pre-amplifiers in order to exceed the
self-noise of downhole sensors. The data are then transmit-
ted in real time to GFZ and AFAD headquarters for archiving
and analysis.
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Figure 5. Vertical component seismograms of the Yalova 25 June 2016 foreshock (∼ 05:31) and Mw4.2 (∼ 05:40) earthquakes as recorded
at the Tesvikiye (TESV) borehole station of the GONAF network. The depth and natural frequency of the TESV sensors are shown on
the left. The seismograms were recorded at 500 samples / second and have a usable bandwidth of 0.1 to 200 Hz. The amplitudes of each
trace have been normalized to matching maximum values. The times of some near-surface noise (nsn) and smaller earthquakes (meq) are
shown with upward and downward facing brackets. These two signals can be easily identified by comparing their signal-to-noise ratios
(S/Ns) as a function of 1 Hz sensor depth: near-surface noise ratios decrease with depth, while earthquake ratios increase. For example, the
microearthquakes that took place just before and above the left end of the 8 min bar are clearly evident on the ∼ 300 deep sensor, but are
buried in near-surface scattering noise at ∼ 75 m. The S/N for the near-surface noises just after these events is reversed: the large signals at
∼ 75 m are nearly gone on the∼ 300 m sensor. In between the latter times are a number of events with roughly equivalent S/Ns (∼ 1) at both
depths. As is shown in Fig. 6, in many cases it is possible to determine their origin by comparing frequency contents at ∼ 75 and ∼ 300 m.
The 8 min long bracket along the time axis shows the data window used for this analysis in Fig. 6.

All the seismic sensors were tested prior to deployment.
Individual sensors were then attached to the 60 mm cement-
ing trim tube and lowered into the borehole. Once the entire
string was lowered into the borehole, the entire well was ce-
mented from the bottom up. Each GONAF station is covered
with a 10 ft container to house the 18-channel data logger and
its support equipment (Fig. 4).

The four GONAF strainmeter installations were com-
pleted after the seismic stations were in place. The main
sensors in these installations are GTSM strainmeters, each
with three horizontal strain gauges placed at 120◦ separa-
tions along with a fourth redundant gauge offset 30◦ from the
principal axis (Gladwin, 1984; Gladwin and Hart, 1985). A
3-C Geospace 2 Hz HS-1 seismometer is included as a stan-
dard part of these systems. Their 100 m deep wells were first
logged to find the most competent rock sections. Then, us-
ing the same installation methods as developed for the US
Plate Boundary Observatory, the sensors were lowered into a
pre-loaded slug of expansive grout at the selected depth.

5 Technical and first scientific achievements

The scientific goals set for GONAF required successful com-
pletion of its promised improvements in event detection and
waveform quality – all dependent on the technical aspects
of the still-emerging field of borehole seismology for earth-
quake research. The first indication that these goals were
likely to be met came from the Tuzla site (e.g., Prevedel
et al., 2015). This site detected, along with the existing re-
gional surface network, an M ∼ 1.6 event immediately to its
south. Using this event as a correlation template, the Tuzla
data in the days surrounding this event were checked for ad-
ditional weaker events missed by the surface stations. A total
of 114 additional events from the same location were identi-
fied in the Tuzla GONAF downhole data by these means, all
with relative coda magnitudes less than M ∼ 1.6. The small-
est of these events was found to be about M ∼−1. Subse-
quently, at the Tesvikiye GONAF station on the southern
Sea of Marmara shore, a pair of events, one with M ∼ 0
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Figure 6. Seismograms and spectrograms illustrating the increasing attenuation of near-surface noise with depth and the increasing mi-
croearthquake signals with depth. The depth and natural frequency of the vertical component sensors used to record these motions are
shown on the left. The data window is for the 8 min between the main foreshock and the Mw4.2 Yelova earthquake, as shown in Fig. 5.
The 500 samples / second seismograms have been band pass filtered between 0.1 and 50 Hz, and normalized to matching maximum values.
The spectrogram bandwidths shown are also between 0.1 and 50 Hz, and their color scales were adjusted to matching maximum values and
ranges. Examples of the difference between downgoing near-surface noise (nsn) and upcoming microearthquake signal (meq) attenuation
are labeled. For example, the near-surface noise recorded during the lower time bar on the ∼ 75 m deep 1 Hz vertical is nearly absent on the
∼ 300 m deep sensors; likewise for the signals on either side at the time of 05:33:00. In contrast, the high-frequency microearthquake signal
at the beginning of the record on the ∼ 300 m 1 Hz is similarly reduced on the ∼ 75 m deep sensor. Potential smaller microearthquakes not
evident on the ∼ 75 m deep recording are indicated by black arrows on the ∼ 300 m 1 Hz spectrogram, and are at the detection limit of the
GONAF stations. The self-noise floor and sensitivity of the 1 Hz sensor are clearly evident in these plots: the higher-frequency sensors pick
up the first microearthquake event, but the other events are buried by their overall system-response characteristics.

and the other with M ∼−1, were also recorded. Except for
their amplitudes and signal-to-noise ratios, the initial half
seconds of the waveforms of these two events are nearly
identical (Prevedel et al., 2015). Judging from their S–P time
of ∼ 0.3 s, these events occurred roughly 2.5 km away. So,
based on the smaller event’s signal-to-noise ratio of ∼ 10, it
would appear that the detection limit of the 300 m deep 1 Hz
sensors approaches a relative magnitude M ∼−1.3 to −1.4
event at this distance.

The occurrence of a Mw4.2 (AFAD Earthquake Depart-
ment) event several kilometers northeast of the Tesvikiye
GONAF station on 25 June 2016 also helped establish sev-
eral GONAF seismic station technical achievements, includ-
ing (1) the improved detection threshold of the∼ 300 m deep
sensors, (2) the near-surface noise discrimination value of
the vertical array, and (3) the relative performance of the
three different natural frequency sensors, 1, 2, and 15 Hz
(Figs. 5, 6, and 7).

None of the Tesvikiye sensors appears to have clipped dur-
ing either the foreshock or main event, which were roughly
15 km away based on their S–P times of ∼ 2 s. The relative
sizes of the aftershock events show that the detection thresh-
old for earthquakes at this distance from this station is around
M ∼ 0. This suggests that the combined detection, location,
and unclipped dynamic range of the seven-station network
will be at least between M ∼ 0 and 4.5 or so. By comparing
signals and signal-to-noise ratios between the near-surface
and deep sensors, the task of separating microearthquakes
from cultural noises is greatly facilitated, as demonstrated by
the waveform examples shown in Figs. 5 and 7.

Comparison of the codas of the foreshock and the Mw4.2
event as recorded on the three different frequency sensors
at ∼ 300 m shows the well-known apparent “reverse disper-
sion” of scattered seismic waves: the higher frequencies of
the coda cut off earlier than lower ones. The relative signal-
to-noise ratios between these sensors accords mainly with
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Figure 7. This figure shows the times of earthquakes identified at the∼ 300 m deep 1 Hz GONAF-TESV sensor by their spectra in the 15 min
interval from 05:00:00 to 05:15:00 on 25 June 2016. The solid arrows indicate events with S–P time within 0.1 s of the fore- and main-shocks,
the latter arriving at 05:30:56 and 05:40:15. The dashed arrows are events that do not have this S–P time or could not be confidently identified
and measured in the waveform data themselves.

their generator constants. Because of its size and consequent
combination of coil and magnetic proof mass, the 1 Hz sen-
sor puts out several times the voltage for equivalent motion
as the other two sensors. Hence this sensor overcomes many
of the electrical interferences generated by the signal cable
and recorder. Ordinarily one would hence select this type of
sensor, until one recalls the size of the internally gimbaled
sonde and drill hole needed to successfully install them.

Several earthquake research studies have been performed
with data from the PIRES and more recently also from the
GONAF stations over the last few years. One study focused
on using the improved detection limit of these stations to
study the microseismic activity along the Princes Islands seg-
ment (Bohnhoff et al., 2013). Consistent with previous stud-
ies, but now with a much more definitive result, the conclu-
sion is that this crucial portion of the Marmara seismic gap
is indeed locked. This view has also been confirmed by GPS
data (Ergintav et al., 2014). Therefore, the need to consider
it as a potential nucleation point of the pending M>7 earth-
quake has been further substantiated due to better network
resolution (Raub et al., 2016). Data from the Tuzla GONAF
site have allowed determination of the near-surface structure
around the borehole, a key prerequisite for local seismic haz-
ard and risk assessment (Raub et al., 2016). These studies are
being extended to all other GONAF sites.

As shown in Fig. 7, the downhole data from the 25 June,
2016, Mw4.2 event have revealed microearthquakes – poten-
tially triggered aftershocks – hidden in the coda of the near-
surface Tesvikiye sensor. As this also appears true for the ob-
served foreshock, all the GONAF seismic data are currently
being examined for the time interval surrounding the Mw4.2
mainshock.

6 Conclusions

The recently implemented Geophysical Observatory at the
North Anatolian Fault (GONAF) in northwestern Turkey
aims at monitoring the eastern portion of the NAFZ below the
Sea of Marmara. This section of the North Anatolian Fault is
currently overdue for a M>7 earthquake and runs underwa-
ter at less than 20 km from the 15-million-person population
center of Istanbul. GONAF provides low-noise recordings
covering the entire frequency band of signals generated by
seismic and creeping processes.

The GONAF observatory currently comprises seven 300 m
deep vertical seismic profiling stations and four collocated
100 m deep borehole strainmeters. Five of the stations are lo-
cated on the land surrounding the Princes Islands segment
below the eastern Sea of Marmara; two are on the near-fault
Princes Islands south of Istanbul. The 300 m boreholes have
1, 2, and 15 Hz 3-C seismometers near their bottoms. Above
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this are vertical, 1 Hz, seismometers at ∼ 210, 140, and 70 m
depths. The strainmeter boreholes are located within a few
meters of the seismometers and contain horizontal strain ten-
sor sensors and 2 Hz 3-C seismometers at their bottoms.

GONAF is the first ICDP-driven project with a primary
focus on long-term monitoring of fault-zone dynamics. It
has already contributed to earthquake hazard studies in the
Istanbul area in several ways. Combining GONAF record-
ings with existing regional seismic stations now allows mon-
itoring of the NAFZ offshore of Istanbul down to magni-
tudes M<0. This has improved the resolution of earthquake
hypocenters and source parameters, better defining local fault
branches, their seismicity, and earthquake potential along
the Princes Islands fault segment. Thus, GONAF contributes
to addressing fundamental questions related to earthquake
nucleation, rupture dynamics, temporal changes in material
properties and strain along active transform faults.

7 Data availability

Seismic waveform data from the GONAF project will be
made available with a 3-year retention period. Strainmeter
data are available in real-time through UNAVCO. The wave-
form recordings shown in Figs. 5–7 are freely available.
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