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SUMMARY

In spite of growing evidence that many earthquakes are preceded by increased seismic activity,
the nature of this activity is still poorly understood. Is it the result of a mostly random process
related to the natural tendency of seismic events to cluster in time and space, in which case
there is little hope to ever predict earthquakes? Or is it the sign that a physical process that
will lead to the impending rupture has begun, in which case we should attempt to identify this
process. With this aim we take a further look at the nucleation of two of the best recorded
and documented strike-slip earthquakes to date, the 1999 Izmit and Diizce earthquakes which
ruptured the North Anatolian Fault over ~200 km. We show the existence of a remarkable
mechanical logic linking together nucleation characteristics, stress loading, fault geometry
and rupture speed. In both earthquakes the observations point to slow aseismic slip occurring
near the ductile-to-brittle transition zone as the motor of their nucleation.

Key words: Earthquake source observations; Dynamics and mechanics of faulting; Trans-

form faults.

INTRODUCTION

The My, 7.6 (www.globalcmt.org) 1zmit earthquake occurred on 17
August 1999 and is still the best recorded large strike-slip earth-
quake to date. It ruptured the North Anatolian Fault (NAF) over a
length of about 150 km with an average slip close to 3 m (Barka
et al. 2002). Nearly 3 months later on 1999 November 12, the M,,
7.1 Diizce earthquake extended the rupture ~40 km eastward with
an average slip also close to 3 m (Akyliz ef al. 2002). Some 20 yr
after their occurrence, in light of the many studies that have been
carried out on these two events, we look again at their nucleation as
part of a unique scenario.

THE LOCATION OF THE I1ZMIT
EPICENTRE

‘The section of the North Anatolian Fault lying near the city of Izmit,
at the east of the Marmara Sea, has been identified as a seismic gap
and the possible site of a future major earthquake.* These premoni-
tory words (Evans et al. 1987) refer to the designation, 20 yr before
the Izmit earthquake, of this section of the NAF as a major seismic
gap by Toksoz et al. (1979). Another characteristic of this section,
well known before the earthquake, was the presence of ‘a swarm of

small earthquakes in the centre of this otherwise almost aseismic
section of the NAF’ (Crampin et al. 1985). A consideration of these
characteristics in light of previous observations made by Dewey
(1976) provides the scenario that will be followed by the Izmit rup-
ture. As Dewey writes in 1976 concerning large earthquakes on the
NAEF: ‘The relocated epicentres support the hypothesis that fault
rupture in large and great earthquakes will begin in regions of
small and moderate earthquakes; the rupture of large earthquakes
then propagates into sections of the fault that normally have a low
level of activity’. The Izmit earthquake began in the middle of the
seismic swarm and its rupture propagated bilaterally into sections
of the fault with normally little activity (Fig. 1).

Between 1978 and 1986 the Izmit swarm was extensively in-
strumented and studied by the British Geological Survey and the
Kandilli Observatory as the in sifu experimental site for a series
of projects on crustal anisotropy. The area was chosen because the
swarm was a localized and continuous source of small earthquakes
(M < 4) well suited for the projects. A map of the cluster activity
during one of the experiments in the summer of 1984 is shown in
Fig. 2 (Evans ef al. 2000). The high density of recording stations
only a few kilometres apart provides a detailed image of this activity.
What is remarkable is the spatial spread and scatter of the activity
over a zone of about 20 km by 20 km. What is most striking is that
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Figure 1. The ~200-km-long 1999 rupture of the North Anatolian Fault (Izmit rupture in red, Diizce rupture in pink) with the epicentres of the two earthquakes
(red and pink stars). The Diizce epicentre offset with respect to the surface rupture is due to the northward dip of the Diizce segment. The dots are the seismic
events in the Kandilli catalogue in the 10 yr before the earthquakes. The locations of the two seismic stations closest to the epicentre are indicated by triangles.
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Figure 2. Map of the seismic activity of the Izmit cluster in the Summer of 1984. The smallest circles correspond to earthquakes of M ~ 0.5, the largest to
earthquakes of M ~ 3. Triangles are seismic stations. The dashed line shows the location of the NAF. The red star is the future Izmit epicentre. White arrows
show the direction of crustal extension determined from focal mechanisms and shear wave anisotropy (Fig. 3). This extension is the motor of the swarm activity.
Red arrows show the directions of slip during the 1999 earthquake. Modified from Evans et al. (2000).

none of this activity seems associated with the NAF which is now
well known to be particularly straight and vertically dipping in this
region. This is confirmed by the focal mechanisms of the events,
largely dominated by normal faulting (Lowell ef al. 1987, Fig. 3a).
As these authors concluded at the time: ‘The main driving force of
these swarm events is the tensional stress which is constrained to a
subhorizontal direction NISO°E to NI9O°E”.

Another characteristic of the cluster observed during the 1980s
experiments is that: ‘Almost all shear waves displayed shear wave
splitting. The polarization of the faster split shear waves are within
+20° of N100° E for all arrivals at all recording sites’ (Booth et al.
1985; Crampin & Booth 1985, Fig. 3b)

What focal mechanisms and shear wave splitting show is that
the crust in the Izmit swarm area was, before the earthquake,
under intense tensional stress oriented in a nearly NS direction.
This direction of extension is encountered throughout the Aegean—
Western Anatolia domain and results from the rapid rollback of
the Hellenic subduction to the south (McKenzie 1978; Le Pichon
& Angelier 1979). The presence of a cluster of extensional seis-
micity in the Izmit region suggests a localization there of intense
crustal extension. The direction of this extension nearly perpen-
dicular to the NAF implies that the normal compressive stress
acting on the fault was particularly weak in this zone. As no
other seismic cluster of comparable strength was present along
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Figure 3. Characteristics of the Izmit cluster observed during the 1980s experiments. (a) Superposition of fault-plane solutions with their common tension (7))
and compression (P) axes (Lowell ez al. 1987). (b) Horizontal polarization of first S arrival at local stations (Booth ez al. 1985).
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Figure 4. Cross-correlation between the records of two M > 2 foreshocks at the two closest stations from the epicentre UCG (top panel) and KOS (bottom
panel). The two events are #6 and #13 in Bouchon ef al. (2011) and Ellsworth & Bulut (2018). (a, ¢) Evolution of the time shift which maximizes the
correlation between the waveforms of the two foreshocks. The correlation is done over a moving window 128 points long (1.28 s). The first window begins at
the P-wave arrival and corresponds to the origin of the time axis. Subsequent time shifts are measured relatively to this first window. The time shift is obtained
by interpolating the correlation peak at each time step. (b, d) Superposition of the records of the two foreshocks at each station. One of the records has been
shifted in time (in the Fourier domain) by the time increment which maximizes the cross-correlation of the two signals. The P arrivals correspond to the origin
of the time axis. The non-zero amplitude before the P arrivals shows the noise level of the records.
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Figure 5. (a) Displacement map of the Izmit rupture along the supershear segment obtained by pixel correlation of Spot images (Michel & Avouac 2002). (b)
Aftershock locations in the same region (Bouchon & Karabulut 2008).

End of Izmit
rupture

sub-Rayleigh supershear

Figure 6. Map of the surface rupture of the Diizce earthquake (discontinuous red line). Secondary fault structures anterior to the NAF are in blue (Pucci ef al.
2006b). The fault dips ~65°N and the star is the epicentre. Red dots show the locations of 1 d of early aftershocks (Magnitude of completeness 1; Milkereit
et al. 2000). Rupture was bilateral and propagated at sub-Rayleigh velocity westward from the epicentre and supershear velocity eastward. (Modified from
Pucci et al. 2006D).
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Figure 7. (a, b) Aftershocks of the Izmit earthquake in the 25 d preceding the Diizce earthquake (Gorgiin e al. 2009). The red and blue lines show the
simplified traces of the Izmit and Diizce ruptures. The red star is the Diizce hypocentre. (After Gorgiin et al. 2009).

the ~200-km-long segment which ruptured in 1999 (Fig. 1), it THE I1ZMIT FORESHOCKS
seems logical that the normal compressive stress was the lowest
there, making this zone the most probable nucleation site for the
earthquake.

The closest station to the epicentre, UCG located only 13km away
(Fig. 1), was triggered into recording 45 min before the earthquake.
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Figure 8. Calculated dynamic and static Coulomb stress loading produced
by the Izmit earthquake on the Diizce fault at the Diizce hypocentre. The
calculation is made using the discrete wavenumber method and the Izmit
faulting model of Bouchon et al. (2001).

18 events have been identified on records of this station and 26
additional events were detected by template matching (Bouchon
et al. 2011). The similarity of the 18 waveforms shows that they
were originating from the same zone while the similarity of their
spectra supports that they were produced by the repeating slip of
the same asperity. A comparison of the S — P times of the largest
foreshock, recorded at several stations, with the S — P time of
the main shock shows that, within the time resolution of the data
(0.01 s), the foreshock signals were coming from a location less
than 100 m away from the future hypocentre.

The next closest station to the epicentre, KOS, was located ~38
km away from the epicentre. This station recorded only the largest
foreshocks. While UCG lies in a direction almost perpendicular to
the fault relatively to the hypocentre, KOS is more in-line with the
fault strike. It is thus interesting to compare cross-correlations of
the same events at both stations. This is presented in Fig. 4. The
two events considered are two of the largest foreshocks (M > 2).
They occurred close in time (less than 8 min apart) in the middle
of the foreshock sequence. Because of the noise level at KOS,
the records are low pass filtered at 12 Hz, which is about the corner
frequency of their spectra (Bouchon ez al. 2011). At the two stations
the difference in S — P times between the two foreshocks is within
~0.002 s. This time difference, translated into distance, implies that
the two stations see the centre of radiation of the two foreshocks
within ~17 m from each other. This is considerably smaller than the
typical source size of M > 2 events (>100 m) and is indeed much
smaller than the source radius inferred in another study (Ellsworth
& Bulut 2018) for the largest one of these two events (74 m or
111 m depending on the source model they use). According to
these authors estimates, the separation of the centre of radiation
of the two foreshocks should be of the order of 100 m for the
two ruptures not to overlap. This would result in a difference in
S — P times between the two foreshocks of Fig. 4 in excess of
0.01 s, much higher than what is observed. This implies that the
ruptured areas of the two foreshocks mostly overlap, indicating that
the same asperity is involved in the two shocks. Slight differences
in the two signals are to be expected as the two rupture histories
likely differ, such as the location where rupture initiates on the
patch. These considerations may seem to be details, but they are

important as they may lead to two different mechanics of foreshock
generation. In the cascade model of Ellsworth & Bulut (2018),
rupture of a fault patch loads an adjacent fault patch causing it
to break. What we observe here is not the break of two separate
patches, even adjacent, but the repeated break, 8 min apart, of what
is mostly the same patch of fault. The repeating rupture of the same
patch at a few minutes interval supports that the fault is locally
slipping aseismically and that this slip is reloading the asperity.
The hypocentral location at ~17 km depth places this aseismic slip
at the bottom of the seismogenic crust, near the ductile-to-brittle
transition zone.

The foreshock pattern of the Izmit earthquake—the repeated slip
of the same patch of fault—may seem unusually simple in com-
parison to foreshocks observed in many earthquakes. However, this
pattern is similar to the one which has long been observed in rock
mechanics experiments, going back to the pioneering work of Brace
& Byerlee (1966). It is the well-known stick-and-slip phenomenon
which takes place during frictional sliding when two bodies in con-
tact are forced to slip past each other (Burridge & Knopoft 1967).
In the rock experiments the sample is pre-cut along a plane. At the
scale of the sample, friction conditions along the contact are nearly
uniform. As the load exerted on the sample by outside forces (the
press) is continuously and regularly increased, slip occurs through
a succession of repeated bursts. At Izmit, nucleation took place on
what has been repeatedly described by field geologists as a very
simple fault segment. Analyzing the satellite images of rupture in
this zone, Michel & Avouac (2002) write ‘The surface ruptures as-
sociated with the Izmit earthquake seem remarkably simple’. The
very linear geometry of the fault (Fig. 5a) and the narrow con-
tinuous trace of its rupture scar are strong indications that friction
conditions are remarkably homogeneous on the nucleation segment.
These characteristics that will lead to the supershear rupture of this
segment (Bouchon ez al. 2001) also imply that few frictional asperi-
ties were present. This absence of strong asperities is also supported
by the geographic distribution of aftershocks which cluster on off-
the-fault secondary structures (Fig. 5b) rather than on the fault itself
as would be expected if asperities were present (Bouchon & Karab-
ulut 2008). This is also mechanically consistent with the remarkable
observation that this whole segment kept creeping at a high rate for
more than a decade after the earthquake (Cakir et al. 2012) and is
still creeping 20 yr later (Aslan et al. 2019). The presence of a very
planar fault and of particularly homogeneous friction conditions
make the analogy with the stick-slip lab experiments logical. Other
analogies with natural phenomena involving frictional sliding exist:
The rapid stick-slip of the same interface patch has been observed
during the down-sliding of glaciers (Danesi et al. 2007; Zoet et al.
2012; Helmstetter et al. 2015); seismic foreshocks preceding land-
slide failure have been interpreted as repeated stick-slip of the same
patch (Yamada et al. 2016).

THE LOCATION OF THE DUZCE
EPICENTRE

The M 7.1 Diizce earthquake occurred nearly three months after
the Izmit earthquake and extended the Izmit rupture eastward by
~40 km (Fig. 6). Although the two ruptures lay closely contigu-
ous, the earthquake began ~20 km away from the end of the Izmit
rupture, near the middle of the new broken segment. Three sets of
observations help understand why rupture began there rather than
next to the previously broken segment, where static and dynamic
stresses were higher. The first one comes from the rupture velocity:
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Figure 9. Compared time evolutions of aftershocks. (a) Evolution of the number of aftershocks (A > 2.8) of the Izmit earthquake during the 87 d between
the two earthquakes. Two segments of the NAF are considered: the Izmit segment which had just ruptured (in blue) and the adjacent Diizce segment which
was about to rupture (red). (b) Compared evolutions of the number of aftershocks on the Diizce segment: (1) following the Izmit earthquake which loaded this
segment (red) and (2) following the Diizce earthquake which ruptured it (blue). M > 2.8 events are in lighter colour, M > 3 events in darker colour.

While rupture propagated westward on the segment between the
new epicentre and the end of the previous Izmit rupture at sub-
Rayleigh velocity, it propagated eastward on the other segment at
supershear speed (Bouchon et al. 2001; Bouin et al. 2004; Konca
etal. 2010). The second observation comes from the morphology of
the Diizce rupture (Pucci et al. 2006a,b). Citing Pucci et al: ‘Over-
all, we recognized two different sections of the Diizce segment: a
western section where the coseismic fault trace has a staircase tra-
jectory; an eastern section, where the coseismic fault trace shows
a straight trajectory’. The third observation comes from the loca-
tion of the Izmit aftershocks which occurred in the Diizce region
in the period between the two earthquakes and shows a remarkable
contrast between a western segment densely illuminated and an east-
ern segment devoid of aftershocks (Milkereit ef al. 2000; Gorgiin
et al. 2009). These three observations combined on Fig. 6 are con-
sistent with each other and show the existence of a remarkable
contrast in geometry and mechanics between the two segments of
the Diizce rupture. The complex geometry of the western segment,
adjacent to the Izmit rupture, implies a very heterogeneous state
of stress and friction, with a mix of strong and weak zones. While
weak zones will easily break in aftershocks, the strong zones will
tend to prevent any event to become very large. On the opposite
the simple geometry of the eastern segment suggests a relatively
homogeneous state of friction on this part of the fault. This type
of strike-slip segment is prone to supershear rupture (Archuleta
1984; Bouchon et al. 2001; Robinson et al. 2010) and the ab-
sence of zones where friction is weak makes it unlikely to host
aftershocks.

The location of the Diizce epicentre is precisely at the juncture
between these two segments. It lies at the very location where the
simple segment is the closest to the Izmit rupture and therefore
where this simple segment was the most loaded in stress by the
Izmit earthquake. Once rupture began on this simple segment of
relatively homogeneous friction, no strong asperity was there to
arrest the rupture. In a way, as seen remarkably on the maps of
Milkereit et al. (2000) and Gorgiin et al. (2009, Figs 6 and 7),
Diizce was the first significant aftershock of Izmit to occur on the
simple (supershear) segment of the fault. One question remains:
Why did it take three months to load this edge of the simple
segment?

THE 3 MONTHS DELAY BETWEEN THE
TWO EARTHQUAKES

A straightforward calculation shows that the [zmit earthquake pro-
duced a peak dynamic stress load of about 30 bars at the Diizce
hypocentre and increased the static Coulomb stress there by about
3 bars (Fig. 8).

Within a few hours of the Izmit earthquake, three of its largest
aftershocks (M > 4) occurred on the complex western segment
of the Diizce fault (Aktar & Orgiilii 2001), consistent with the
large dynamic stress load magnified there by the directivity effect
of the propagating rupture. After this rapid activation, a diffused
pattern of activity emerged with aftershocks spread surprisingly
evenly throughout the whole western segment (Milkereit ez al. 2000;
Gorglin et al. 2009). This geographic pattern stayed basically un-
changed for 3 months and no clear migration of seismicity was
observed (Gorgiin et al. 2009).

The comparison of the evolutions of [zmit aftershock activity on
this yet unruptured Diizce segment and on the ruptured Izmit seg-
ment itself (Fig. 9a) shows that while the broken Izmit segment un-
derwent a classical Omori type relaxation with activity progressively
tapering off, activity stayed more sustained on the Diizce segment
and had not tapered off 3 months after the Izmit earthquake. This
supports that something more complex than elastic stress relaxation
was occurring on the Diizce segment. The remarkable correlation
observed by Perfettini & Avouac (2004, 2007) between the afterslip
of several well-recorded earthquakes and their aftershock decay led
them to propose that afterslip is the motor of aftershocks. Applying
their model here would indicate that while afterslip was relaxing as
expected on and below the ruptured Izmit segment, some amount
of slow slip was still loading the Diizce segment 3 months after the
Izmit earthquake.

The comparison with the evolution of aftershock activity on this
segment after its November rupture (Fig. 9b) supports, we believe,
this interpretation. The very rapid aftershock decay which took
place after its rupture is in contrast to the slow decay of activity
which followed the Izmit loading. This comparison shows that what
controls the Omori parameters of aftershock decay is not an intrinsic
property of a fault. Applying Perfettini and Avouac model, the rapid
decay which followed this segment rupture suggests that little slow
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slip occurred on and below the fault after it ruptured. In contrast, the
slow decay observed after the Izmit loading supports the presence
during this interearthquake period of a lasting phase of slow slip.
This would explain the surprising observation that 2 months after
the Izmit break, the Diizce fault was the seat of more aftershocks
than it was 2 months after its own breaking (Fig. 9b).

Inversion of GPS data shows that in the weeks following the [zmit
earthquake, large afterslip occurred on the easternmost segment of
the Izmit rupture (Reilinger 2000; Biirgmann et al. 2002). After-
slip on this segment, known as the Karadere segment, was not in
the shallow crust where rupture had occurred but down-dip from
it, below the seismogenic crust (Reilinger 2000; Blirgmann e? al.
2002). In their study of Izmit afterslip Blirgmann et al. say: ‘The
highest slip is inferred below the Karadere fault segment immedi-
ately west of the eventual Diizce rupture’. Their inversion shows
that the entire length (~30 km) of this easternmost segment was
slipping below the seismogenic zone. Citing them further they say:
‘Shallow afterslip decayed rapidly within about 1 month, whereas
slip deep below the rupture continued until the time of the Diizce
event’. The presence or not of some afterslip on the Diizce segment
itself after the Izmit earthquake is difficult to assess because, citing
Hearn et al. (2002): ‘Neither of these possibilities may be ruled out
by GPS data from east of the Izmit rupture: there are too few reliable
measurements to adequately constrain the distribution of afterslip
in this area’. The presence of some afterslip there would however
be consistent with inversion results of Ergintav et al. (2009). The
rapid decay we observe of rupture zone aftershocks after the Diizce
earthquake and its interpretation in terms of no or little afterslip
following the earthquake is in agreement with the InSar study of
Cakir et al. (2003) who write: ‘in contrast to the 17 August 1999
Izmit event, a fast dynamic after-slip does not seem to have occurred
following the Diizce earthquake’.

DISCUSSION

The seismic activities which took place before, during, and after the
two well-instrumented 1999 earthquakes shed some light on some
of the mechanical aspects of the nucleation sequence. A schematic
description of the rupture chronology of the NAF in 1999 may be
attempted: (1) the location of the Izmit epicentre was constrained
by the localization there of nearly north—south crustal extension
releasing the normal stress on the east-west running strike-slip
NAF. (2) Because at this location the fault geometry is remarkably
planar, indicative of near-homogeneous friction conditions, the nu-
cleation phase could be seen relatively clearly. Its seismic signature
was the repeated sliding of what was basically one asperity, in a
way similar to the frictional sliding behaviour observed in ideally-
simple laboratory friction conditions. (3) This stick-slip accelerated
in time, irregularly, for 45 min, supporting the concomitant pres-
ence of slowly accelerating aseismic slip around the asperity. (4)
Once nucleated, rupture propagated at supershear speed on this
straight homogeneous segment. (5) Reaching the end of this simple
segment, rupture velocity diminishes to sub-Rayleigh velocity. The
arrest of rupture to the east occurred when encountering a ~20-km-
long segment with a ~20° change in strike and a very complicated
(‘stair-case’ like) geometry. (6) Aftershock activity suggests that
the loading of this complex segment continued at depth during the
3 months period separating the two earthquakes. (7) The restart of
rupture then occurred at the junction between this complex seg-
ment and the straight segment adjacent to it. (8) Once slip began on

this straight segment, rupture propagated again at supershear speed,
stopping only when reaching the end of this branch of the NAF.

The location of the Izmit epicentre near a cluster of extensional
events is reminiscent of the epicentre locations of the 1943 and
1944 earthquakes, two major events in the western migration of
large ruptures along the NAF (Dewey 1976; Toksoz et al. 1979;
Stein ef al. 1997). Like Izmit, these two earthquakes nucleated near
one of the most active extensional clusters present along the NAF
(Durand et al. 2010). As the roll-back of the hellenic subduction
is the motor of Aegean—Anatolia extension (McKenzie 1978; Le
Pichon & Angelier 1979), this observation supports that this roll-
back, occurring ~1000 km away, indirectly controlled the location
of the epicentres of three of the major earthquakes in the 1939-1999
sequence.

CONCLUSION

We have tried to show through the study of the nucleation of these
two large well-recorded earthquakes that a nucleation process which
obeys some mechanical logic is at work before the catastrophic
rupture occurs. Elements of this logic can be retrieved from different
domains of study, here field geology, seismicity, rupture dynamics,
space geodesy and tectonics. When present, foreshocks are just one
particular signature of a larger physical process. When considered
alone, they rarely allow a distinct identification of a nucleation
phase. In many ways the reason that we so often attribute to hazard
the occurrence of an earthquake at a particular place and time,
dismissing any hope to ever predict, may simply hide our present
lack of knowledge and understanding of the physical processes
involved.
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