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Abstract

Deformation models used to explain the triggering mechanism often assume pure elastic behaviour for the crust and upper
mantle. In reality however, the mantle and possibly the lower crust behave viscoelastically, particularly over longer time scales.
Consequently, the stress field of an earthquake is in general time-dependent. In addition, if the elastic stress increase were enough
to trigger a later earthquake, this triggered event should occur instantaneously and not many years after the triggering event. Hence,
it is appropriate to include inelastic behaviour when analysing stress transfer and earthquake interaction.

In this work, we analyse a sequence of 10 magnitudeMs>6.5 events along the North Anatolian Fault between 1939 and 1999 to
study the evolution of the regional Coulomb stress field. We investigate the triggering of these events by stress transfer, taking
viscoelastic relaxation into account. We evaluate the contribution of elastic stress changes, of post-seismic viscoelastic relaxation in
the lower crust and mantle, and of steady tectonic loading to the total Coulomb stress field. We analyse the evolution of stress in the
region under study, as well as on the rupture surfaces of the considered events and their epicentres. We study the state of the
Coulomb stress field before the 1999 İzmit and Düzce earthquakes, as well as in the Marmara Sea region.

In general, the Coulomb stress failure criterion offers a plausible explanation for the location of these events. However, we show
that using a purely elastic model disregards an important part of the actual stress increase/decrease. In several cases, post-seismic
relaxation effects are important and greater in magnitude than the stress changes due to steady tectonic loading. Consequently,
viscoelastic relaxation should be considered in any study dealing with Coulomb stress changes.

According to our study, and assuming that an important part of the rupture surface must be stressed for an earthquake to occur,
the most likely value for the viscosity of the lower crust or mantle in this region is 5 ·1017–1018 Pa · s. Our results cannot rule out
the possibility of other time-dependent processes involved in the triggering of the 1999 Düzce event. However, the stress increase
due to viscoelastic relaxation brought 22% of the 1999 Düzce rupture area over the threshold value of Δσc≥0.01 MPa (0.1 bar),
and took the whole surface closer to failure by an average of 0.2 MPa. Finally, we argue that the Marmara Sea region is currently
being loaded with positive Coulomb stresses at a much faster rate than would arise exclusively from steady tectonic loading on the
North Anatolian Fault.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The North Anatolian Fault zone (NAF) is an almost
pure dextral 1500 km long fault zone running along the
north of Turkey (Fig. 1). During the last century, several
strong earthquakes have taken place along the NAF.
These events or subsets of them have been the subject of
numerous studies (Mogi, 1968; Toksöz et al., 1979;
Purcaru and Berckhemer, 1982; Roth, 1988; Stein et al.,
1997). There are several reasons for the interest: first,
the events provide an unequalled possibility to analyse
how the occurrence of an earthquake may trigger
additional shocks. Second, the number of field inves-
tigations provides a valuable and still increasing amount
of information. Third, recent events appear to be
propagating westwards, with the Mw=7.4 İzmit and
the Mw=7.1 Düzce earthquakes in 1999 as the most
recent and westernmost events. If this sense of
propagation continues, a strong shock west of the
İzmit–Düzce rupture can be expected (Hubert-Ferrari et
al., 2000; Parsons et al., 2000; Parsons, 2004). This
region would be the Marmara Sea, just south of Istanbul,
a mega-city with 12 million inhabitants. A strong
earthquake in this region would therefore have cata-
Fig. 1. Map showing the major tectonic elements of Turkey. Anatolia is forced
and East Anatolian faults. The box shows our study area.
strophic consequences, both in loss of life and monetary
costs.

The triggering of earthquakes by stress transfer has
been analysed by numerous authors (Healy et al., 1968;
Raleigh et al., 1972; Harris, 1998; Belardinelli et al.,
1999; King and Cocco, 2001; Belardinelli et al., 2003;
Hardebeck, 2004; Freed, 2005; Steacy et al., 2005).
Previous deformation models often assume purely
elastic behaviour for the crust and upper mantle, and
therefore the crust instantaneously responds to the
motion on the rupture. When using the elastic approach,
any time dependence of the deformation might be
attributed to time-dependent fault slip (Kasahara, 1975;
Linde and Silver, 1989; Barrientos et al., 1992). Several
studies have shown good correlation between calculated
positive elastic (coseismic) stress change and the
location of aftershocks (Reasenberg and Simpson,
1992; Stein et al., 1992; King et al., 1994; Nalbant et
al., 1996; Toda et al., 1998; Deng et al., 1999; Ma et al.,
2005; Nostro et al., 2005), as well as the triggering of
moderate to large earthquakes (King et al., 1994; Stein
et al., 1994; Harris et al., 1995; Stein et al., 1997;
Nalbant et al., 1998; Stein, 1999; Nalbant et al., 2002;
McCloskey et al., 2005; Nalbant et al., 2005b).
to move towards the Aegean subduction zone, moving along the North
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However, in the real Earth, the mantle and possibly
the lower crust behave as an inelastic body, that is, any
imposed stress will relax with time. The crust will first
deform as an elastic body, but later deformation will
continue because of stress relaxation (Thatcher and
Rundle, 1984). Since inelastic stress relaxation also
leads to redistribution of the stress, it is necessary to
include inelastic behaviour when analysing stress
transfer and earthquake interaction. Also, an important
limitation of the elastic/coseismic stress change ap-
proach is that it cannot explain time delays of the
triggered events. Post-seismic stress changes due to
viscous relaxation in the lower crust and/or upper
mantle have also been successfully used to explain
aftershock distribution and the triggering of later events
(Deng et al., 1999; Freed and Lin, 2001; Zeng, 2001;
Pollitz and Sacks, 2002). However, only pairs of events
have been considered so far to analyse whether, and
how, the Coulomb stress is increased by post-seismic
relaxation.

In the present study, we investigated a sequence of 10
magnitudeMs>6.5 earthquakes (Table 1 and Fig. 2) that
have occurred on the NAF since 1939. In contrast to
Roth (1988), the geographical region considered here
brackets the area from the Marmara Sea in the west to
east of Erzincan. We also took into account the details in
orientation and geometry of the different ruptures. In
addition, further studies carried out in the last few years
have allowed us to consider more realistic values than
those from Roth (1988) for the medium properties and
stratification, as well as for the stress build-up due to
plate motion on the NAF.
Table 1
Parameters of the sequence of earthquakes used

Date GMT Lat. (°N) Lon. (°E)

1939 26 Dec 23:57 39.80 39.38
1942 20 Dec 14:03 40.66 36.35
1943 26 Nov 22:20 41.05 33.72
1944 01 Feb 03:23 41.00 33.22
1951 13 Aug 18:33 40.86 32.68
1957 26 May 06:33 40.58 31.00
1967 22 Jul 16:56 40.57 30.80
1992 13 Mar 17:19 39.71 39.60
1999 17 Aug 00:01 40.70 29.91
1999 12 Nov 16:57 40.818 30.198

Epicentral coordinates are from Dewey (1976) until 1967, with the exception
be too far East (Ambraseys, 1970; Alsan et al., 1976; Saroglu et al., 1992). Fo
by the Earthquake Research Directorate (ERD), Seismological Division, Turke
and slip distribution used in the present work, comparable to those of Stein et
Zatopek, 1969; (3) Ambraseys, 1970; (4) Dewey, 1976; (5) Barka and Kadinsk
1996; (9) Nalbant et al., 1996; (10) Grosser et al., 1998; (11) Ayhan et al., 2001
(15) Muller et al., 2003; (16) Utkucu et al., 2003; and (17) Umutlu et al., 20
The last strong events before 1939 in this region took
place in the 18th century (Ambraseys and Finkel, 1995;
Sengör et al., 2005). We can assume therefore that the
1939 event was the first in a new seismic cycle, and that
the stress field in the region has been homogenized by
steady tectonic loading. Moderate events may have a
locally important influence on the stress field. However,
information about their location and effects is usually
not accurate enough, especially for older events and/or
on the centre and eastern part of the NAF. Assuming
1939 as a start for the calculations and Ms>6.5 as the
magnitude threshold is a good compromise to consider a
significantly long seismic series and information reliable
enough for the correct modelling of the considered
earthquakes. We studied the changes in the Coulomb
stress field from the beginning of the sequence to the
present day. Previous similar works (Stein et al., 1997;
Cakir et al., 2003; Muller et al., 2003) considered the
instantaneous response to the events and the effects of
stress change due to tectonic loading from steady slip
beneath the NAF. In the present study, we additionally
take into account the effect of viscoelastic relaxation in
the lower crust and upper mantle. We evaluated the
importance of the three processes on the total stress
field.

We also analysed the time evolution of the Coulomb
stress at the epicentres of the shocks, as well as the state
on the rupture surfaces immediately before the earth-
quakes, under different assumptions. We considered the
current situation in the Marmara Sea and extrapolated it
to the year 2010 to evaluate the rate at which viscoelastic
relaxation is increasing the stresses in the region,
Ms Mo (Nm) References

8.0 4.11·1020 (3), (4), (6), (8)
7.3 1.74·1019 (3), (4), (6), (8)
7.6 2.51·1020 (3), (4), (6), (8)
7.6 1.48·1020 (3), (4), (6), (8)
6.7 2.12·1019 (1), (4), (5)
7.2 1.35·1019 (3), (4), (6), (8)
7.3 2.82·1019 (2), (3), (4), (6), (8), (14)
6.9 1.14·1019 (6), (7), (9), (10)
7.8 2.15·1020 (12), (13), (14)
7.3 4.67·1019 (11), (12), (16), (17)

of the 1943 event, for which Dewey's epicentral coordinates appear to
r this event and the more recent ones, we used the coordinates provided
y.Ms values are from the USGS.Mo values correspond to the geometry
al. (1997). The references used are: (1) Pinar, 1953; (2) Ambraseys and
y-Cade, 1988; (6) Saroglu et al., 1992; (7) Pinar et al., 1994; (8) Barka,
; (12) Tibi et al., 2001; (13) Wright et al., 2001; (14) Barka et al., 2002;
04.



Fig. 2. Space–time migration of the 10 considered Ms>6.5 earthquakes along the NAF during the period 1939 to 1999. Thick lines in (a) and (b)
display the events. Stars indicate the epicentres of the shocks in the sequence (Dewey, 1976, ERD Turkey, USGS). Lines in (c) represents the
geometry of the North Anatolian Fault used in the calculations. The values are the amount of slip/year on the segments in mm/a (Armijo et al., 2003;
Flerit et al., 2003, 2004).
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information that may be useful for seismic-hazard
assessment in this region.

2. Tectonic setting

The tectonic setting of the study region is
dominated by the collision of the Arabian and African
plates against the Eurasian and Anatolian ones (Fig. 1).
The Arabian and African plates move approximately
northward against the relatively stable Eurasian plate,
causing the Anatolian block to move westwards from
the East Anatolian Convergence Zone onto the oceanic
lithosphere of the Eastern Mediterranean Sea (Sengör
et al., 1985; Sengör et al., 2005). This movement
changes its direction to southwest in West Anatolia and
the Aegean Sea, so that the large scale result is a
counter-clockwise rotation of the Anatolian Plate
(McKenzie, 1972; Jackson and McKenzie, 1988;
McClusky et al., 2000). This relative westward
movement of the Anatolian Plate generates strike slip
on both the NAF and the East Anatolian Fault zone
(EAF). Along most of the NAF, the right-lateral slip
has a rate of 24±1 mm/a (McClusky et al., 2000; Flerit
et al., 2004).

The NAF splits into three different branches at its
westernmost part. About 80% of the total slip
accommodates on the northern branch and the
remaining 20% is distributed between the other two
(Flerit et al., 2003). The northern branch crosses the
Marmara Sea, linking the İzmit segment in the east
with the Ganos fault in the west (Le Pichon et al.,
2001; Gokasan et al., 2003; Armijo et al., 2005). The
NAF in the Marmara Sea consists of two main parts: a
western one, about 120 km long and striking N265°E,
and a 50 km long eastern segment, striking N280°E.
These two segments were the probable location of
several strong and damaging historical earthquakes,
the latter of which took place in 1754, 1766 and 1894
(Ambraseys and Finkel, 1991; Ambraseys, 2002;
Parsons, 2004). The Marmara Sea region has also
been identified as a seismic gap (Hubert-Ferrari et al.,
2000).
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3. Methodology

During the last decade, Coulomb stress modelling
has become a popular and accepted tool to analyse the
conditions under which earthquakes occur (King et al.,
1994; Stein et al., 1997; Zeng, 2001; Muller et al.,
2003; Lin and Stein, 2004). In this study, we computed
stress field produced by dislocation sources embedded
in a mixed elastic/inelastic layered half-space (Wang et
al., 2003, 2006). We use the elastic–viscoelastic
correspondence principle (Christensen, 1982), which
states that a linear viscoelastic boundary-value problem
can be solved by adopting the associated elastic
solutions where the elastic moduli are replaced by the
Laplace or Fourier transformed complex moduli. The
time-domain solutions are then obtained using the
inverse Fast Fourier Transform. A comparison between
the method used here and the one published by
Fernández et al. (1996) can be found in Wang (2005).
Most significantly, Wang's approach corrects an
inconsistency in the former formulation when including
gravity effects to calculate the deformation (Fernández
and Rundle, 2004; Wang, 2005; Wang et al., 2006).
Another tool has been developed by Pollitz (1992,
1997), for the calculation of gravitational viscoelastic
post-seismic relaxation on a layered spherical Earth.
Some differences between results by both his and
Wang's approach can be found at the late post-seismic
period (Wang, 2005), but they are not relevant for the
present study.

Once the components of the stress tensor have been
calculated, the Coulomb stress change (Δσc) is given
by:

Drc ¼ Dsþ l VDrN; ð1Þ

where τ is the shear stress, σN is the normal stress and μ′
is the effective (or apparent) coefficient of friction.
When Coulomb stresses surpass a certain critical value,
failure occurs. Normal and shear stresses are positive
when the fault is unclamped and in the corresponding
slip direction respectively, so that both positive normal
and shear stresses encourage failure. The orientation of a
known fault can be used to define the reference system
to calculate normal and shear stresses. When no target
fault is considered, Coulomb stresses can be calculated
on so called “optimally oriented fault planes”, obtaining
the direction in which Coulomb stress is at its
maximum. This approach is useful to analyse the
correlation between Coulomb stress changes and
aftershock distribution, since it can be assumed that a
sufficient number of small faults with all orientations
exist, and that the faults optimally oriented for failure
will be most likely to slip in small earthquakes. The
calculation of the optimum directions, however, implies
knowledge of the pre-existing regional stress field (King
et al., 1994).

The effective coefficient of friction is often assumed
to be constant in a given area, and it is utilized to include
the unknown effects of pore-fluid pressure in the crust
(Harris, 1998). This parameter is not a material constant,
as often implicitly assumed, and its relationship with
pore pressure is not simple (Beeler et al., 2000; Cocco
and Rice, 2002). A common simplification is to assume
that the change in pore pressure is proportional to the
normal stress. Under this assumption, μ′ is related to the
friction coefficient μ through the Skempton coefficient
B as follows:

l V¼ lð1−BÞ; ð2Þ
where B describes the presence of fluids in rock, with
B =0 for completely drained rocks and B =1 for the
maximum possible presence of fluids. A coefficient of
friction of μ=0.85 from laboratory values (Byerlee,
1978) and a moderate pore pressure (B∼0.5) lead to a
value of μ′=0.4. However, if fluids are expelled from
the fault zone, the value for μ′ will increase up to that
of μ.
4. Model parameters

The layered model used for our calculations is
described by the rock parameters summarised in Fig. 3
(Milkereit et al., 2000; Milkereit et al., 2004). We
considered a Poisson's ration of 0.25. Concerning the
rheological properties, we first considered a medium
with a strong viscoelastic lower crust and a weak
viscoelastic mantle (hereinafter Model 1). However,
although other authors have favoured similar stratifica-
tion for their studies (e.g. Freed and Lin, 2001; Pollitz
and Sacks, 2002), there is also the possibility that the
most appropriate description of the medium is the
opposite, with a weak lower crust and a strong mantle
(Deng et al., 1998; Deng et al., 1999; Zeng, 2001), or
that the lithosphere should be considered elastic over its
whole depth (Casarotti and Piersanti, 2003). For this
reason, we also considered two models incorporating
these options (respectively Model 2 and Model 3). In all
the cases, viscoelastic layers are modelled as Maxwell
bodies. According to recent studies, other rheological
models could be more adequate to analyse post-seismic
relaxation processes, like the Standard Linear Solid
rheology (Cohen, 1982; Pollitz et al., 1998) or power-



Fig. 3. Parameters of the horizontally stratified medium. The same
stratification values have been applied for different tectonically active
areas along the NAF (Milkereit et al., 2000, 2004, thick line). Results
from other studies are also shown for comparison (Karahan et al.,
2001; Horasan et al., 2002; Kaypak and Eyidogan, 2005). The lower
crust and the mantle have variable viscosities ηlc and ηm, respectively.
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law, non-linear rheologies (Pollitz et al., 2001; Freed
and Bürgmann, 2004). However, from the present data
we are not able to discern among different rheologies.
For this reason, we prefer to use the simplest and most
used linear Maxwell rheology, instead of more compli-
cated models that would add additional unknowns to our
analysis.

Fault rupture locations and geometry, as well as slip
distribution, were obtained from tectonic and geological
maps and published field observations (see Table 1). We
modelled the tectonic stress loading with steady slip
over the depth range 17 to 100 km, using the deep
dislocation technique proposed by Savage (1983). The
slip increases from zero at 17 km depth to its full
magnitude at a depth of 35 km. The magnitude of the
slip on the NAF was taken from GPS interpretations
(Flerit et al., 2003; Flerit et al., 2004). Fig. 2c displays
the exact amount of annual fault slip used to model the
different segments of the NAF.
Fig. 4. Evolution of the Coulomb stress field since 1939. Calculations were m
evaluated for 10 km depth. Black thick lines represent all segments used to
segments and red lines unruptured segments, immediately before their activat
of the panels display the situation at different points in time: (b) immediately
(e) after the 1992 event; (f) effect of viscoelastic relaxation from 1939 to 1992
(i) effect of viscoelastic relaxation from 1939 to 2005.
With these parameters, we carried out calculations
for a grid of 81×501 points, with a spacing of
approximately 2 km, covering the study region outlined
in Fig. 1. We also calculated Coulomb stress changes at
a 2 km spacing along the segments. For these
computations, we considered the full geometry for
each rupture segments. However, only horizontal stress
components were used for the calculations. Since the
most important deformation along the NAF is horizon-
tal, this is a reasonable simplification.

5. Results

Fig. 4 illustrates the evolution of the cumulative
Coulomb stress changes on vertical fault planes
striking in E–W direction. We choose a fixed strike
direction for these calculations instead of using
optimally oriented fault planes to facilitate the
comparison between different snapshots. For these
calculations we used Model 1, with μ′=0.4 and lower
crust and mantle viscosities of 5 ·1019 Pa · s and
1018 Pa · s, respectively. Since most of the large
earthquakes along the NAF have an hypocentral
depth of 10–15 km (e.g. Sengör et al., 2005),
Coulomb stresses were calculated at 10 km depth,
regarding this as a realistic depth for earthquake
nucleation. Fig. 4a shows the effect of the steady
tectonic stress loading over 10 years, to illustrate the
influence of this process on the total field. The state of
the stress field at the beginning of the sequence is
shown in Fig. 4b, where only the elastic response of
the medium to the 1939 event is present. The
evolution in time is then shown, with snapshots
immediately before and after the 1943 event (Fig. 4c
and d) and after the 1992 event (Fig. 4e). Fig. 4f
displays the stress changes due exclusively to
viscoelastic relaxation between 1939 and 1992, to
demonstrate the effect this process has on the total
stress field. Values near the NAF typically range from
0.3 to 0.5 MPa, greater in magnitude than those
corresponding to steady tectonic loading for the same
period. After both 1999 events, the situation is the one
displayed in Fig. 4g, and the evolution of the field
until the present time is shown in Fig. 4h (total stress
field) and Fig. 4i (only the viscoelastic relaxation
effect).
ade for fault planes striking in an E–W direction, and the results were
model the tectonic loading at the NAF. White lines display ruptured
ion. (a) shows the effect of 10 years of steady tectonic loading. The rest
after the 1939 event; (c) before the 1942 event; (d) after the 1942 event;
; (g) after the 1999b event; (h) current state of the Coulomb stress field;
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Table 2
Maximum and average Coulomb stress changes (Δσc) on the ruptures immediately before each event

Viscosity 1942 1943 1944 1951 1957 1967 1992 1999a 1999b

∞ 0.07 −0.67 0.11 0.04 13.37 0.36 −1.52 −3.30 4.52 0.86 0.89 −0.31 3.40 1.29 0.98 0.33 0.57 0.26
5 ·1017 Pa · s 0.17 −0.48 0.23 0.07 13.40 0.37 −1.23 −2.92 4.74 1.00 1.12 −0.16 4.22 1.80 1.14 0.44 0.80 0.50
1018 Pa · s 0.15 −0.53 0.20 0.07 13.38 0.37 −1.27 −2.99 4.69 0.97 1.06 −0.20 3.98 1.64 1.10 0.41 0.76 0.46
5 ·1018 Pa · s 0.09 −0.64 0.13 0.05 13.37 0.36 −1.41 −3.18 4.61 0.92 0.98 −0.25 3.68 1.46 1.05 0.39 0.71 0.41
1019 Pa · s 0.08 −0.66 0.12 0.05 13.37 0.36 −1.46 −3.24 4.57 0.90 0.94 −0.27 3.63 1.43 1.03 0.37 0.68 0.39
From tect.
loading

0.04 0.05 0.05 0.10 0.11 0.22 0.64 0.46 0.56

Values are for a purely elastic model (infinite viscosity) and for 4 different mantle viscosities, ηm. The ratio with the lower crust viscosity is kept
constant at ηlc/ηm=50. The last line displays the fraction of the results produced by steady tectonic loading. Results are for Model 1 (see text), and an
effective coefficient of friction of 0.4.
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5.1. Coulomb stress on the rupture surfaces

We calculated the Coulomb stress change on the
rupture surfaces of the events posterior to 1939 and
separately assessed the influence of tectonic, elastic and
viscoelastic loading. We regarded positive stress values
below 0.01 MPa as not significant, since steady tectonic
loading can cause such amounts of stress over a very
short period of time (Stein et al., 1997). Table 2
compiles values for the maximum and average change
stress at the rupture surfaces, while Table 3 displays the
percentage of the rupture length with σc≥0.01 MPa.
The values in both tables display the state immediately
before the corresponding event. The values were
calculated for Model 1, including results with and
without steady tectonic loading, as well as for elastic and
viscoelastic media. For the latter, mantle viscosity
values from ηm=5 ·10

17 to 1019 Pa · s were considered.
We maintained a constant ratio with the lower crust
viscosity of ηlc/ηm=50 to simplify the analysis.
Previous works dealing with southern California
propose ratios ranging from 3 to 100 (Deng et al.,
1998; Deng et al., 1999; Freed and Lin, 2001; Zeng,
2001; Pollitz and Sacks, 2002), although there is no
Table 3
Percentage of fault rupture showing Δσc≥0.01 MPa

Viscosity 1942 1943 1944

With tectonic loading ∞ 14 93 95
5 ·1017 Pa · s 29 96 100
1018 Pa · s 21 95 100
5 ·1018 Pa · s 18 93 95
1019 Pa · s 14 93 95

Without tectonic loading ∞ 11 20 52
5 ·1017 Pa · s 21 59 67
1018 Pa · s 21 44 57
5 ·1018 Pa · s 14 21 54
1019 Pa · s 11 21 53

Values when including the effects of steady tectonic loading (upper five lines)
in Table 2.
agreement on whether weak-lower-crust or weak-mantle
models are more appropriate.

The joint effect of tectonic, elastic and viscoelastic
loading produces positive average Coulomb stress
changes on most of the rupture surfaces. The percentage
of the rupture surfaces over the threshold value is at its
maximum for ηm=5·10

17–1018 Pa · s. Three of the
ruptures (1942, 1951 and 1967) show negative average
Coulomb stress change regardless of the model
assumed.

The entire length of the 1951 rupture is in a stress
shadow, with the whole surface stressed by less than
0.01 MPa (Table 3). By contrast, the 1957 event shows,
independent of the model assumptions, values above
this threshold for all its length. The percentage of
rupture surface above the threshold for the remaining 7
events depends on the contributions considered for the
stress loading, as well as the value of the viscosity when
viscoelastic models are used. In general, the influence of
viscoelastic relaxation is comparable to that of tectonic
loading.

We also carried out calculations using an effective
coefficient of friction of 0.6 (Table 4a). This value
accounts for a situation where most of the fluids are
1951 1957 1967 1992 1999a 1999b

0 100 75 100 85 100
0 100 78 100 93 100
0 100 78 100 91 100
0 100 75 100 88 100
0 100 75 100 88 100
0 100 70 94 49 7
0 100 75 100 81 29
0 100 73 100 81 29
0 100 73 94 81 21
0 100 73 94 81 21

and when excluding this effects (lower five lines). Model parameters as



Table 4
Percentage of fault rupture with Δσc≥0.01 MPa

1942 1943 1944 1951 1957 1967 1992 1999a 1999b

a With tectonic loading Elas. 14 94 89 0 100 75 100 88 93
Visc. 29 98 89 0 100 80 100 93 100

Without tectonic loading Elas. 11 21 51 0 100 68 94 57 7
Visc. 21 35 55 0 100 75 100 81 21

b With tectonic loading Visc. 39 94 95 0 100 83 100 94 100
Without tectonic loading Visc. 36 33 55 0 100 78 100 78 29

c With tectonic loading Visc. 21 95 99 0 100 75 100 88 100
Without tectonic loading Visc. 18 33 55 0 100 73 94 81 21

Values for Model 1 with μ′=0.6 (a), for Model 2 with μ′=0.4 (b), and for Model 3 with μ′=0.4 (c). Both elastic and viscoelastic media are
considered. The viscosities used are ηm=10

18 Pa · s and ηlc/ηm=50 for (a) and (c), and ηlc=10
18 Pa · s with ηm/ηlc=50 for (b).
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expelled from the fault zone. The results differ slightly
from those presented above, although changes are not
systematic. Most notably, when the total stress field on
the 1944 rupture surface is considered, the stressed
surface decreases from 100% for μ′=0.4 to 89% for
μ′=0.6. The total stress field on the 1942 rupture
surface increases, so that the considered percentage
increases from 21% for μ′=0.4 to 29% for μ′=0.6.
The elastic contribution to the 1999a event is notably
larger, increasing the stressed surface from 49% for
μ′=0.4 to 57% for μ′=0.6. The viscoelastic
contribution to the 1943 event decreases, with the
stressed surface decreasing from 44% for μ′=0.4 to
35% for μ′=0.

Results for Model 2 and Model 3 (Table 4b and c)
also show localized differences. Most notably, the
stressed area on the rupture surfaces of the 1942 and
1967 events increases to 36% and 78%, respectively, for
Model 2. In general, the effect of viscoelastic relaxation
is smaller for Model 3, as it would expected. The
stressed surface of the 1943 rupture decreases to 33%
for both Model 2 and Model 3. In the latter model, the
stressed surface for the 1943, 1992 and 1999b events
decreases in 11%, 6% and 8%, respectively.

5.2. Coulomb stress at the epicentres

Fig. 5 displays the time evolution of the Coulomb
stress at the epicentres of the events posterior to 1939.
For the 9 epicentres, the effect of the corresponding
rupture is a stress release. Also, the epicentres of 8 out of
9 earthquakes are stressed with high Δσc values,
although there are differences regarding its magnitude.
Epicentres of the events on the central and eastern part
of the NAF (1942, 1943 and 1944) were loaded by about
0.1 MPa before the rupture took place. The epicentres
for 1957 and 1967, on the other hand, stored stresses up
to values around 0.3 MPa, and up to 0.5 MPa for the
1999a and 1999b epicentres, before the earthquakes
occurred. The 1992 epicentre was loaded with more than
0.9 MPa immediately before the shock took place.

In general, it can be observed that the increase in
magnitude of Δσc due to viscoelastic relaxation is
comparable, and in some cases larger, than that due to
steady tectonic loading (compare the thin dashed and
solid lines, Fig. 5).

The location of epicentres, especially the earlier ones,
are subject to considerable inaccuracy. Fig. 6 shows the
variation in the magnitude of Δσc immediately before
each event when a realistic 0.1° inaccuracy is consid-
ered. In general, the sensitivity of Coulomb stress
change to the location of the epicentre is not too strong,
with the exceptions of the 1944 and 1951 events.

5.3. The 1999 I
.
zmit and Düzce events

The most recent earthquakes of the westwards
migrating sequence were the 1999 Mw=7.4 İzmit/
Kocaeli (1999a) and Mw=7.1 Düzce (1999b) events.
Fig. 7 shows the state of the total cumulative Δσc field
for optimally oriented fault planes, as well as the stress
load on the rupture surfaces, immediately before both
events. We assumed a 10 MPa uniaxial compression
N120°E oriented regional stress field for the calculation
of the optimally oriented fault planes (Stein et al., 1997;
Hubert-Ferrari et al., 2000; Pinar et al., 2001). Most of
the surface of the faults involved in the 1999a event
were subjected to high Coulomb stresses at the moment
of the earthquake (Fig. 7a). With the exception of the
Sapanca–Akyazi segment, the rest of the rupture length
were loaded with stress values over 0.1 MPa. Moreover,
the İzmit–Sapanca Lake segment, were the epicentre
was located, as well as its surroundings, were subjected
to stresses over 0.3 MPa. The 1999b rupture was also
mostly loaded, although the Coulomb stresses in this
area were partially released by the 1944, 1957 and 1967
events. The stress changes caused by the 1999a shock
induced important changes on the 1999b rupture.



Fig. 5. Time-evolution of Coulomb stress on the epicentres of the considered events (Table 1). Vertical dotted lines mark the timing of each event
considered. The thick solid line shows the stress development when elastic and viscoelastic stress changes, as well as tectonic loading, are considered.
The thin solid line shows the development when the effect from viscoelastic relaxation is not considered. The thin dashed line displays the case where
viscoelastic relaxation is considered but tectonic loading is not. The white dot marks the moment and state of stress at the epicentre when the rupture
occurs. The value marked close to the dot is the Coulomb stress at that moment, in MPa.
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Stresses on the later rupture were larger than before the
1999a shock took place (Fig. 7b), including at the
event's epicentre (Fig. 5).

The localM≥2 seismicity (KOERI, 2005) correlated
with the state of the Δσc field before the 1999a event
(Fig. 7a). In addition, there was an important cluster of
activity in the place where the epicentre of the 1999a
event was going to take place. After this event and
before the 1999b event the correlation is less apparent
(Fig. 7b). It should be noted that the displayed seismicity
ranges from 0 to 17 km depth. For deeper regions, the
calculated Δσc field may not be representative.

5.4. The Marmara Sea region

The current situation in the Marmara Sea region
according to our computations is displayed in Fig. 8a,
for optimally oriented fault planes and for the two
segments of the NAF in the region. We assumed a
10 MPa uniaxial compression N120°E oriented regional
stress field. The effect of the Ms=6.4 1963 Cinarcik
event (Ambraseys and Jackson, 2000) was taken into
account, since its influence in the region may not be
negligible.

Most of the region shows high stress values. The
effect of tectonic loading (Fig. 8b, for 10 years), is not as
important as the stress changes induced by post-seismic
stress relaxation. Fig. 8c and d, respectively 5 and
10 years after the last event of the sequence, show that
the viscoelastic relaxation increases the stresses in the
region at a faster rate than steady tectonic loading.

The local M ≥2 seismicity between 0 and 17 km
deep (KOERI, 2005) correlates with the calculated
Coulomb stress change, with high activity rates



Fig. 7. Coulomb stress change at 10 km depth on optimally oriented fault planes (colour field, 10 MPa uniaxial compression, N120°E oriented
regional stress field) and on given faults (filled circles). (a) shows the situation before the August 17th, 1999 event (1999a), and (b) before the
November 12th, 1999 shock (1999b). White lines are already ruptured segments. Red stars display the location of the epicentres. Small white dots
show the localM≥2 seismicity at depths between 0 and 17 km over six months before the 1999a event (a) and for the period between the 1999a and
1999b shocks (b). Green squares display the location of the Kandilli Observatory and Earthquake Research Institute (KOERI) seismic stations.

Fig. 6. Variation of the Coulomb stress changes when possible inaccuracies in the epicentral location are considered. The circle shows the Δσc value
for the epicentral location provided by the corresponding catalogue (see Table 1). The grey line displays the variation when this location is changed by
0.1° in any direction.
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Fig. 8. Coulomb stress change at 10 km depth on optimally oriented fault planes (colour field, 10 MPa uniaxial compression, N120°E oriented
regional stress field), and on given faults (filled circles). The 1963 Ms=6.4 Cinarcik earthquake rupture surface is marked in (b), south west of the
Prince Islands. The total stress field is displayed in (a); (b) shows the change in Coulomb stresses due to 10 years of steady tectonic loading; (c) and
(d) show the cumulative effect of viscoelastic relaxation, for the present time and in 2010, respectively. The white line displays the western end of the
1999a rupture. Small white dots in (a) show the local M≥2 seismicity for the period 2000–2004 at depths between 0 and 17 km. Green squares
display the location of the Kandilli Observatory and Earthquake Research Institute (KOERI) seismic stations. The inset in (c) shows the totalΔσc for
the Prince Islands segment in 2005 (black thick line), when the 1963 Cinarcik event is not considered (grey thick line), the coseismic contribution
from the 1999 İzmit shock (black thin line), the contribution from viscoelastic relaxation (red line) and the changes corresponding to 10 years of
tectonic loading (blue line).
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associated with the lobe of large Δσc values at the
western end of the 1999a rupture (Δσc≥0.3 MPa), and
more activity, in general, for areas with Δσc≥0.1 MPa.

6. Discussion

6.1. Coulomb stress on the rupture surfaces and at the
epicentres

In general, the Coulomb stress criterion explains the
triggering of subsequent earthquakes by preceding ones.
Almost all rupture surfaces, or a large percentage of
them, and/or their epicentres, were strongly stressed at
the moment of the shock (Table 3 and Fig. 5). The
results for the epicentres are stable with respect to the
possible inaccuracies in their location (Fig. 6), with the
exception of the 1944 and 1951 earthquakes. The 1944
epicentre was located very close to previous ruptures
(1943, which took place only 2 months before the 1944).
Close to the rupture, the stress change gradient is very
high, hence the position of the epicentre plays a major
role. At the epicentre of the 1951 event, Δσc is strongly
negative, independent of variation in its location.

It should be noted that only the ruptures of the 1944,
1957, 1992 and 1999b events were stressed over their
whole surfaces under certain conditions (Table 3). For
most of the events, the rest of the surface was probably
dynamically activated during the shock, as described by
the general asperity model (Lay and Kanamori, 1981).
With the exception of the 1942 earthquake, over 75% of
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the events' ruptures was stressed before the event. This
coincide with the results of Steacy and McCloskey
(1998), according to which large events only occur
when the entire fault is highly stressed relative to its
strength. In general, the percentage of stressed surface
does not change drastically with the viscosity chosen,
and values lower than 1018 Pa · s for the weak layer do
not lead to noteworthy improvements.

The rupture of the 1992 event was strongly stressed
over its whole surface, independently of the model
assumptions. The stress at the epicentre reached
0.91 MPa before the shock. However, a potentially
important factor is the seismicity further to the east, and
on the EAF, south of the 1992 shock. At least 3 strong
events took place in these areas between 1939 and
1992, in 1949, 1966 and 1971 (Dewey, 1976), and they
may have had a significant influence on the Coulomb
stress on the 1992 rupture surface. In addition, recent
studies show that fault distribution in the region east of
the 1992 event might be more complex than the one
traditionally assumed (Milkereit et al., 2004). Other
authors suggest that deep steady slip may not be
adequate to estimate the stress changes due to steady
tectonic loading in this region (Nalbant et al., 2005a,b).
For these reasons, it is unlikely that we would improve
our understanding of this region by broadening our
study area further to the east. Other than this, it would
introduce several additional unknown parameters into
our study. Measurements and estimates of the slip on
the surface of the 1939 event are insufficient (Barka,
1996), and the 1992 event did not provide surface
expressions of the rupture (Grosser et al., 1998), so that
the present results about the 1992 event should be
treated carefully. A more detailed study, similar to the
one carried out by Nalbant et al. (2005a,b), would be
necessary to better understand the influence of
viscoelastic relaxation in this area.

We observed that tectonic loading and viscoelastic
relaxation increased the stressed surface by a compara-
ble percentage, with the exception of the 1943, 1944 and
1999b events (Table 3). For these three earthquakes, the
effect of steady tectonic loading is much more important
than that from viscoelastic relaxation. For the 1943 and
1944 events, this is due to two factors: first, the time
interval between these shocks and earlier events in the
sequence is too short for viscoelastic relaxation to have a
more important effect (Fig. 5); second, the rupture
surfaces of these earthquakes were notable long, with
mainly their easternmost ends loaded by the previous
ruptures. For these two events, as well as for the 1939
earthquake, the steady tectonic loading during the
preceding centuries seems to be the determining factor
for the extension of the rupture surface, rather than the
calculated Coulomb stress changes. The case of the
1999b earthquake appears to be different. For this event,
the elastic/coseismic stress changes only manage to
stress 7% of the rupture surface. The effect of
viscoelastic relaxation since 1939 is about 0.3 MPa
(see Fig. 4). When combined with the viscoelastic stress
changes only 21–29% of the rupture surface overcomes
the threshold value of 0.01 MPa (Table 3). The tectonic
loading, on the contrary, rises the percentage of stressed
surface from 7% to 100%.

The 1951 event presents a rupture surface that is
totally unloaded, independent of the assumptions made.
This, together with the results for the 1951 epicentre,
indicates that the Coulomb stress change approach, as
applied in this study, cannot offer a plausible explana-
tion for the occurrence of this event. Some authors
model this shock as a reverse slip event (Stein et al.,
1997), striking parallel to the NAF. We could not find
any evidence in the literature to support this possibility.
On the contrary, the fault plane solution for this event is
that of a strike–slip event (McKenzie, 1972; Sengör et
al., 2005), and the studies of the surface expression of
the rupture also deny the existence of significant reverse
slip (Pinar, 1953; Barka and Kadinsky-Cade, 1988). In
addition to the poorly known geometry and mechanism
of the 1951 shock, it is possible that creep occurring on
part of the 1944 rupture (Ambraseys, 1970; Kondo et al.,
2005) may have played a role in the triggering of the
1951 event.

We tested the stability of our results by comparing
different models. The role of the effective coefficient of
friction is not trivial, as it modulates the contribution of
the normal stress to the Coulomb stress. For most of the
earthquakes studied in this work, the influence of the
value for μ′ is very limited (Table 4a), with the
exception of the 1942, 1943 and both 1999 events, for
which some model assumptions cause noteworthy
changes. The reason for this is the relative location of
the rupture surfaces. At the centre of the study region,
the events in the sequence fall in line along the NAF,
with each event's rupture adjacent to the previous ones.
Normal stresses are small in this direction, hence
Coulomb stress change is basically governed by shear
stress change, and the influence of μ′ disappears. Other
than this, the westernmost part of the 1939 rupture
occurred south from the main NAF (Barka, 1996), as
well as south from the future 1943 and 1944 ruptures.
Similarly, the 1999 events took place in a region where
the geometry of the NAF is more complicated and
shocks did not line up along the same main fault.
Normal stress field gains importance when calculating
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Δσc in this circumstances, and the choice for the value
of μ′ has a consequence on the results.

Changes in the properties of the medium (Table 4b
and c) also led to punctual changes in the results. Results
for Model 3 are lower than those for Model 1, although
not drastically, while Model 2 gave results that differ
significantly from those of Model 1. However, the
percentage of the stressed area on the rupture surfaces
does not systematically increase or decrease between the
models, so that we cannot extract information about the
rheological stratification of the region from the analysis
of the Coulomb stress changes.

6.2. The 1999 I
.
zmit and Düzce events

If we assume that an important part of the rupture
surface must be stressed for an earthquake to take place,
then Model 2 with ηlc=10

18 Pa · s or Model 1 with
ηm=5·10

17–1018 Pa · s are the favoured models to
explain the triggering of the 1999a event. In these cases,
91–94% of the rupture is stressed (Tables 3 and 4).
However, the difference in the results from among the
models and viscosity values is not strong. When tectonic
loading is considered in addition to the earthquake
related coseismic changes, the stressed surface increases
from 49% to 85%. A similar increase takes place when
relaxation is taken into account, with the result of 81%
of the surface being stressed.

When only the coseismic stress change due to
previous events is considered, only 7% of the 1999b
rupture surface is brought over the threshold value of
Δσc≥0.01 MPa (Table 3). When the effects of
viscoelastic relaxation are also considered, the Coulomb
stress change increases by an average of 0.2 MPa, and
the percentage of the stressed surface raises to 29%. This
increase in the Coulomb stress is comparable to 20 years
of tectonic loading.

Other time-dependent processes, such as afterslip,
ductile creep at depth or poroelastic diffusion processes,
may have played an important role in the triggering of
the 1999b event (Bürgmann et al., 2002; Hearn et al.,
2002). Hearn et al. (2002) analysed the observed post-
seismic GPS deformation between the 1999a and 1999b
earthquakes to evaluate which process could better
explain the occurrence of the 1999b shock. They
conclude that the most likely explanation is velocity-
strengthening frictional afterslip, and favour this
possibility against viscoelastic lower crust relaxation.
The viscosity for the lower crust needed to reproduce the
fit obtained by means of frictional afterslip models is
η=1017 Pa · s. The authors argue that this value is much
lower than most previous estimates of crustal viscosity.
However, they do not consider the effects of viscoelastic
relaxation in lower layers, although they point out that
similar horizontal displacements are obtained when the
ratio between viscosity and layer thickness is kept
constant and the top of the viscoelastic layer unchanged.
Our analysis of the stress field shows that the effect of a
viscoelastic half-space (not only a viscoelastic layer)
underlying the elastic layers is not negligible. A similar
result can be expected for the surface displacement field
(Lorenzo-Martín et al., 2006), hence it appears more
realistic to include the viscoelastic behaviour of lower
regions of the crust and upper mantle when modelling
these displacements.

Using an elastic medium and vertical fault planes,
Bürgmann et al. (2002) interpreted the post-seismic
deformation with afterslip on the 1999a rupture and its
prolongation in the E–W direction and with depth.
According to their results, rapid slip took place at depth
below the eastern part of the 1999a rupture. This would
create additional stress on the future 1999b rupture
surface, being therefore a potential explanation for the
time delay between both 1999 events. Also, poroelastic
rebound has proven to have an important role in the first
months after an earthquake (Peltzer et al., 1998; Jonsson
et al., 2003). Given the short time interval between the
1999a and 1999b events, it might be necessary to
consider its influence. However, Hearn et al. (2002)
showed that the deformation caused by poroelastic
rebound alone cannot explain the measured deforma-
tion. From these previous works and the results
presented here, it is most likely that the time delay
between the 1999 İzmit and the 1999 Düzce events, as
well as the time evolution of the observed deformation
can only be explained as a combination of several
different time-dependent processes.

Utkucu et al. (2003) carried out an analysis of the
Coulomb stress state on the 1999 Düzce rupture surface
under different conditions. Using an elastic half-space
model, they found that the 1999 İzmit event increased
the stress on most of the future 1999 Düzce rupture
surface, with values for Δσc over 1.2 MPa, with most of
the rupture surface stressed between 0 and 0.4 MPa.
According to our results, the Coulomb stress increase
ranges between 0.25 and 0.05 MPa, from west to east on
the 1999 Düzce rupture surface. The difference is due to
the different rupture segments used by Utkucu et al.
(2003) and in the present study. Utkucu et al. (2003)
considered a small eastern segment striking E–Wat the
end of the 1999 İzmit rupture. However, the observed
slip in that area is very small (Barka et al., 2002), and it
may be a secondary effect of the 1999 İzmit shock. We
used the geometry obtained from the inversion of
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InSAR data (Wright et al., 2001), that fitted the observed
deformation field without the need of an eastern E–W
striking segment.

When the effect of previous events is also consid-
ered, we find that the stressed surface decreases notably,
in accordance with the results of Utkucu et al. (2003).
However, the influence of tectonic loading is very
different. This is due to the different elements used to
model the tectonic movements. Utkucu et al. (2003)
consider a simplified geometry for the long-term
tectonic loading model, whereas we used the more
detailed results from Flerit et al. (2003, 2004), based on
GPS velocity vectors compiled by McClusky et al.
(2000). Utkucu et al. (2003) model uses a plate rate of
24 mm/a along the Mudurnu Valley, where the 1967
earthquake took place. According to Flerit et al. (2003,
2004), it is more appropriate to split the 24 mm/a in this
area into two branches with 12 mm/a each (Fig. 2c), the
northernmost of which runs below the 1999b Düzce
fault.

6.3. The Marmara Sea region

The local seismicity in the Marmara Sea region
correlates with the Coulomb stress change (Fig 7a). A
purely elastic approach when calculating the state of the
stress field neglects the important stress changes due to
viscoelastic relaxation. These process loaded the eastern
part of the Marmara Sea region with stresses over
0.1 MPa (Fig. 8c). Also, the viscoelastic effect is
comparable or even larger than the stress increase due to
10 years of tectonic loading (compare Fig. 8b and c).
Both processes generate stress changes that differ in
their pattern: the influence of viscoelastic relaxation is
more important to the east of the Marmara Sea region,
whereas tectonic loading increases σc in a more
homogeneous way. The eastern segment of the NAF
in the Marmara Sea, which was already strongly stressed
(Δσc≥0.3 MPa, Fig. 8a), is currently being loaded at a
much faster rate than would be expected due to tectonic
loading alone (Fig. 8c and d). Accordingly, stress
changes due to viscoelastic relaxation should be taken
into account in studies focusing on the state of the
Coulomb stress field in this region.

Most of the NAF in the Marmara Sea is currently
strongly loaded (Δσc≥0.3 MPa), and the whole region
displays Δσc values up to 1 MPa. These results agree
with those of Hubert-Ferrari et al. (2000). Their study
also shows that aftershocks immediately after the 1999
İzmit event are absent in the area where the 1963
Cinarcik earthquake released stress. We find that the
combined effect of the 1999 İzmit earthquake, tectonic
loading and viscoelastic relaxation erased in the mean
time any possible stress shadow around the area where
the 1963 Cinarcik event took place (Fig. 8a). The fact
that local seismicity between 2000 and 2004 does not
show any noticeable decrease in this area reflects this
change in the Coulomb stress field between 1999 and
the present date.

When the effects of the 1963 event are not
considered, Coulomb stress changes on the Prince
Islands segment range from 0.73 to 2.68 MPa (Fig. 8,
inset). Coseismic stress changes due to the 1999 İzmit
earthquake range from 0.08 to 1.93 MPa, which is
higher in the eastern end than the values estimated by
Hubert-Ferrari et al. (2000, 0–0.5 MPa) or Parsons
(2004, 0.02–0.760 MPa). Hubert-Ferrari et al. (2000)
considered a 1999 İzmit rupture surface shorter to the
west than that suggested by later studies (Reilinger et al.,
2000; Wright et al., 2001). Parsons (2004) considered
different slip distributions for the 1999 İzmit rupture
surface, other than the one used in the present study
(Wright et al., 2001). More detailed slip distributions
(Reilinger et al., 2000; Delouis et al., 2002) suggest less
slip to the western end of the 1999 İzmit rupture, so that
Coulomb stress change in the immediacy of the fault's
end would also be proportionally smaller. However,
there is still no agreement on the slip distribution of the
1999 İzmit earthquake (Reilinger et al., 2000; Bouchon
et al., 2002; Delouis et al., 2002). In addition, the effect
from details of the slip distribution vanish with distance
from the rupture. Pollitz and Sacks (2002) found that the
static stress pattern around the 1992 Landers rupture was
sensitive to the choice of the slip model, but the post-
seismic stress change depended little on this choice. The
use of a simple slip model for the present study is
therefore justified.

Ten years of tectonic loading causes a stress increase
of 0.08 MPa along the Prince Islands segment (Fig. 8,
inset, blue line). Sixty six years of tectonic loading plus
the coseismic effect of the 1999 İzmit earthquake create
0.52–2.37 MPa, which is comparable to the 0.5–1 MPa
obtained by Utkucu et al. (2003) using the slip
distribution model of Delouis et al. (2002). The
contribution due to the post-seismic viscoelastic relax-
ation between 1999 and 2005 (Fig. 8, inset, red line)
ranges from 0.12 to 0.27 MPa, equivalent to 15 to
35 years of tectonic loading.

7. Conclusions

Our analysis presents several improvements in
relation to previous works. We consider a whole
sequence of earthquakes instead of single pairs of
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events, we used a horizontally stratified medium and
include the time-dependent effects of viscoelastic
relaxation. Our results show that the effects of the latter
are comparable or even greater in magnitude than the
stress changes induced by steady tectonic loading
during the interseismic phase of the earthquake cycle
(Figs. 4, 5 and 8). Viscoelastic relaxation should
therefore not be neglected.

The Coulomb stress failure criterion provides good
results in this area and for this sequence of events, but
considering only elastic stress changes can neglect an
important part of the actual stress increase/decrease. For
the case of the Marmara Sea region, the current rate of
stress loading is governed by viscoelastic relaxation
rather than tectonic loading. Accordingly, this result
should be taken into account by seismic-hazard
assessment studies in this region.

There is the possibility that our modelling approach
is still too coarse for these events or this region, and that
a more exhaustive analyses should be carried out, taking
into account a more detailed geometry and slip
distribution for the events and/or additional information
about the rheological properties of the lower crust and
upper mantle in the area. Nevertheless, it is improbable
that the importance of the viscoelastic relaxation shown
here would decrease considerably when including more
detailed model parameters. The viscoelastic relaxation
process should therefore be considered when analysing
time-dependent deformation-related data.
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