Available online at www.sciencedirect.com

corencn gomeor EPSL

ok RGeS
ELSEVIER Earth and Planetary Science Letters 235 (2005) 632—640

www.elsevier.com/locate/epsl

Lessons on the calculation of static stress loading from
the 2003 Bingol, Turkey earthquake

Suleyman S. Nalbant, John McCloskey, Sandy Steacy

School of Environmental Sciences, University of Ulster, Coleraine, Co. Derry, BT52 1SA, N. Ireland, UK

Received 3 November 2004; received in revised form 19 March 2005; accepted 27 April 2005
Available online 15 June 2005
Editor: B. Wood

Abstract

The 2003 Bingol earthquake (M,,=6.4) occurred very close to a region along the east Anatolian fault zone which was
identified in 2002 as posing a particularly high seismic risk. This damaging earthquake occurred on a conjugate right-lateral
blind fault that was inconsistent with the stress-change field calculated for preceding large earthquakes in the region. In this
paper, four reasons which might be responsible for this stress discrepancy are identified and investigated individually. Firstly,
co-seismic stress changes are considered. The time frame of the previous stress calculations is extended to include the large
earthquakes in the 1780s which were not included in the earlier study. A sensitivity analysis is then conducted on the more
recent events since 1822 to examine the effect of errors in their location and sizes. The possibility of the occurrence of a small
magnitude event close to the 2003 epicentre is considered. We argue that, barring the occurrence of a low-probability,
unmodelled local event, the Bingol earthquake was unlikely to have been triggered by co-seismic stress transfer from any
known sequence of previous earthquakes. Finally we examine and modify the secular loading model used in the 2002 study and
show that loading which is properly constrained by regional GPS data produces a positive stress change on the 2003 rupture. As
a result of our examination of the stressing history of the Bingol hypocentre we argue that it is through a combination of
historical seismology, guided and constrained by structural geology, directed paleoseismology in which the locations and extent
of historical events are confirmed, and stress modelling which has been informed by detailed GPS data, that an integrated
seismic hazard program might have the best chance of success.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction positive correlation between the stress field caused by
preceding events and the location of the subsequent

There is a growing body of literature suggesting events [3—10].
that neighbouring earthquakes interact elastically by Earthquake triggering has been extensively studied
influencing the occurrence time and location of sub- in Turkey and in many cases a correlation between
sequent earthquakes [1,2]. Most of the studies report a positive Coulomb stress and the location of subse-
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quent events has been observed. Stein et al. [6], for
example, studied large earthquakes that occurred
along the NAF between 1939 and 1992 and showed
that 9 out of 10 consecutive earthquakes were set up
by the preceding events. After studying 29 earth-
quakes mostly occurring on the western extensions
of the North Anatolian Fault (NAF) in the Marmara
and North Aegean Sea regions in the last century,
Nalbant et al. [8] concluded that the occurrence of 24
of them could be explained by stress loading due to
their predecessors. They also highlighted that certain
areas having active faults and positive stress loads
should be regarded as posing particularly high seis-
mic risk. The deadly 1999 Izmit earthquake occurred
in one of these areas showing the importance of
incorporating the stress calculations in seismic hazard
studies.

This success prompted an investigation of seismic
risk along the East Anatolian Fault Zone (EAFZ) by

39.66° 1822 - 2001

taking a similar but more refined approach (i.e. [10],
here referred to as EAFZ02). The Coulomb stress
perturbation due to the most reliable historical earth-
quakes and instrumentally recorded events since
1822 was combined with tectonic loading to produce
a 180-yr stress change model for the region; this
model was then resolved onto known active struc-
tures to produce a seismic hazard map. The tectonic
load was calculated using the deep dislocation tech-
nique in which dislocation surfaces are introduced
below the seismogenic layer and moved proportional
to tectonic loading rates. The authors of that study
found that the occurrence of 9 out of 10 events in the
historical catalogue could be explained by advance-
to-failure due to the stress interactions with previous
events. The results also clearly indicated two highly
loaded areas which were of particular concern: the
first extended along the EAFZ between the cities of
Kahraman Maras and Malatya and the second was
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Fig. 1. Coulomb stress change along the East Anatolian fault zone (EAFZ) due to the large earthquakes and tectonic loading since 1822. This
figure is modified from [10] and shows their main conclusions. The calculations were carried out on the digitised active faults. The rupture
lengths of events are indicated by dashed rectangles labelled with their years of occurrence. The stress changes are mapped mid-crustal depth,
6.5 km. An average value, 0.4, of the effective coefficient of friction is used in the calculations. Hot colours, representing positive stress change,
indicate tendency toward failure while cold colours show less likelihood to failure. Two areas were identified in 2002 as posing particularly high
seismic risk; the KM and EB regions. The 2003 Bingol earthquake (solid star, epicentral location 39.01° N, 40.51° E) occurred very close to the
EB region with a pure strike—slip focal mechanism solution (USGS-NEIC). The important cities along the EAFZ are A, Antakya; K, Kahraman
Maras; M, Malatya; E, Elazig; B, Bingol and V, Varto. NAF stands for the North Anatolian fault.
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located on an inferred extension of the EAFZ be-
tween the cities of Elazig and Bingol (Fig. 1).

The 1 May, 2003 Bingol earthquake (M, =6.4)
occurred within this second area with a focal mecha-
nism which was consistent with left lateral rupture of
a buried segment of the EAFZ, prompting suggestions
that this represented a success for the idea of using
Coulomb stress modelling to identify fault segments
posing short term seismic risk (Fig. 1). This “success”,
however, depended on confirmation of the orientation
of the causitive fault. One of the authors visited
Turkey within 2 days of the event to attempt to
confirm the mechanism by measuring the orientation
of any surface ruptures. None existed. Furthermore,
the first 2 days of the aftershock distribution which
were poorly located did not clearly identify the orien-
tation of actual rupture plane (pers. comm., Omer
Emre), [11]. The aftershock distribution of the first
several days recorded by a temporary local network
was published on the internet 10 days after the main-
shock [12] and unambiguously showed that the event
was a right lateral failure on an unmapped structure
conjugate to the EAFZ [see also 13]. Resolution of the
EAFZ02 stress-change model onto the identified Bin-

gol fault showed a negative stress load (Fig. 2); the
2003 Bingol earthquake was not consistent with the
stress field modelled in the 2002 study.

Here we revisit the 2002 calculations and attempt
to identify the reasons for the discrepancy between
the EAFZ02 stress model and the occurrence of the
Bingol earthquake. Specifically we investigate the
effect of four elements of EAFZ02 which could be
problematic with a view to developing more effec-
tive protocols for future hazard assessments. Firstly,
older historical earthquakes which were not included
in the previous study may have significantly affected
the stress field, these are included and discussed.
Secondly, the historical earthquakes used in the
2002 study may have been incorrectly modelled
due to uncertainties in magnitude and location.
Thirdly, smaller earthquakes (4.0<M<6.0) located
very close to the 2003 hypocentre, and whose stress
perturbations were not modelled in 2002, may have
had a significant, local effect on the stress field; we
examine instrumental catalogues in the region to
elucidate this possibility. Finally, we examine the
method of calculating the secular stress used to
load the faults and suggest that the use of regional
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Fig. 2. A closer look at all the active faults in the vicinity of the 2003 event. Even though the 2003 fault was not mapped before and did not
break the surface, we have inferred the rupture length of the event from magnitude-fault length empiric relations [14], and digitised it to show
stress change on it. The total Coulomb stress change is plotted at a time just before the 2003 Bingol event resulting from all earthquakes and
tectonic loading since 1822, using the same methodology as in [10]. The stress ranges along the 2003 fault from —2.1 bars at the NW to —13.6

at the SE tip.
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GPS data might be important in the modelling of
secular tectonic loading.

2. Possible causes for explanation of the occurrence
of the 2003 event

Stress modelling studies inherently, and necessarily,
assume a zero-stress baseline at some arbitrary time in
the past and that stress changes since that time will
dominate the total stress field. To be able to get the
most correct stress picture on a fault, one has to start
the calculations as far back in time as possible. In
practice this starting time is controlled by the data
quality requirements of the modelling in terms of
location, magnitude and rupture geometry. As dis-
cussed in EAFZ02, the quality of the historical earth-
quake data along the EAFZ becomes suspect prior to
the 1822 event. For this reason, two large earthquakes
that occurred in 1784 and 1789 [14] were excluded
from that study. Here we test whether including our
best understanding of these two earthquakes in our
calculations significantly changes the stress changed
modelled on the 2003 hypocentre. As the events are
poorly located, we assign them to the closest mapped
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active faults in the area that can support them. To do
this take into account the damage to known habitation
centres [14,15]. The town of Palu (Fig. 2), for exam-
ple, was heavily damaged during the 1789 earthquake
and aftershocks were strongly felt in that area [15]. The
damage distribution due to the 1784 event was very
close to the North Anatolian fault, so it is most likely
that it occurred on it. Fig. 3 shows the result of
including these events, beginning the tectonic loading
in 1784, and employing the same computer code and
methodology (homogeneous elastic half space,
1=0.4) as in the EAFZ02 paper. As the figure clearly
shows, most of the 2003 fault plane, including the
hypocentral area, experiences negative stress with pos-
itive stress (0.9 bars) only at the SE tip. The inclusion
of these events hence cannot explain the occurrence of
the Bingol earthquake and since there are no other
significant large earthquakes in the area in recent
historical times it is unlikely that missing large earth-
quakes are important. Note that these results are in-
sensitive to the coefficient of friction. Since the high
angle between conjugate faults of about 90° implies
that the effective coefficient of friction in the area is
very low, we check our results by computing only
shear stress changes on the hypocentre (i.e. u=0.)
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Fig. 3. Same as in Fig. 2 including older historical events and starting secular stress loading from 1784. Possible epicentres of the older historical
events from [15] and [14] (solid stars) that are not modelled by Nalbant et al. [10] are also shown. Note that after inclusions of these events the

stress change along the most of the 2003 rupture plane is negative.
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and find that the shear stress at the hypocentre is
negative with either the 1784 or 1822 baseline.

Significant uncertainties can arise in the estimation
of location and magnitude of earthquakes using his-
torical observations of intensity. These uncertainties,
of course, imply corresponding uncertainties in the
stress perturbations arising from the events. Addition-
ally, intermediate sized earthquakes are rarely present
in historical data yet such events may also influence
the stress field.

Testing the importance of small (4.0<M<6.0)
events is difficult as reliable event locations are only
available from 1975. The closest event with respect to
the epicentre of the 2003 earthquake is approximately
20 km distant which produces a very small stress
change (10~ * bars) at the hypocentre of the Bingol
earthquake. We cannot exclude the possibility, howev-
er, that an earlier intermediate size event may have
occurred very close to the 2003 Bingol hypocentre
and influenced its occurrence. This problem of our
inability to model the stress due to small earthquakes
near a future hypocentre is potentially important since it
is known that large earthquakes can be triggered by
small stress changes, and it is likely that dynamic
stresses can propagate ruptures through regions of
relatively low stress. The error in the hazard assessment
is likely to be low, however, since the wavelength of the
perturbation will be short and its propagation will not
be common.

S.S. Nalbant et al. / Earth and Planetary Science Letters 235 (2005) 632—640

There are clearly some uncertainties involved in
assessing the magnitude and faulting parameters of
the historical earthquakes in the EAFZ02 study.
Considering magnitudes 0.3 smaller and larger,
which are the error limits involved in estimation of
the magnitudes by Ambraseys [15], and adjusting the
fault lengths and slip amounts accordingly, we find
no significant changes around the hypocentral area
(Fig. 4).

From the above, and not withstanding the small
possibility of significant effect of an unmodelled and
(very) local intermediate event, we can conclude that
no reasonable change in the earthquakes in the 2002
study is likely to produce a significant change in the
co-seismic part of the stress accumulated on the Bin-
gol fault in the last 200 yrs. We therefore turn to the
calculation of the secular component to explain the
stress discrepancy.

The EAFZ02 study used the deep dislocation tech-
nique [16] to estimate the secular stressing increment
for sections of the EAFZ. It is clear that this method,
which seems to give good results for simple strike—
slip geometries, has limitations, which might be se-
vere, in regions of complex geometries such as the
eastern terminus of the EAFZ against the NAF. In this
tectonically complex corner, the left-lateral movement
of the EAFZ is transferred to right-lateral movement
mainly on the NAF and the area is cut by a complex
network of conjugate faults which have been mapped
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Fig. 4. Coulomb stress along the 2003 Bingol rupture at hypocentral (10 km) depth due to earthquakes and tectonic loading along the EAFZ
since 1822. Diamonds show the values of stress computed using the methodology employed in the EAFZ02 study. Error bars indicate upper and
lower limits of Coulomb stress changes due to perturbing fault length and slip of historical earthquakes within given magnitude uncertainty

limits (£0.3) [15]. Star indicates the location of the Bingol hypocentre.
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at all scales. If, for example, the interaction between
the NAF and EAFZ were to produce mechanical rota-
tion thus complicating the strain distribution through-
out the region that, the deep dislocation method
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modelling deterministic displacements on a few se-
lected faults would be unlikely to model the stress
accumulation accurately. We, therefore, investigate
the effect of applying a different tectonic loading
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Fig. 5. The orientation of the far-field regional stress consistent with the principal strain direction and amplitudes obtained from GPS
measurements [18,19]. Every fault in the diagram receives strain loading depending on its orientation. The end member stress values on the

2003 rupture plane from NW to SE are marked. Coulomb stress chang
change along the plane is positive in contrast to case shown in Figs. 2
tectonic loading and bring the fault to failure state.

es since 1822 (a), and since 1784 (b). Note that in both cases the stress
and 3. Stress decreases due to the co-seismic effects are erased by the
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technique, the far field loading method, in which the
entire region considered as a volume which is dis-
torted in the directions of the principal strain axes at
rates proportional to that obtained from regional GPS
measurements. This loads all the faults in the study
area based on their geometry and sense of slip.
According to the Coulomb failure criteria, faults
aligned near the critical angle to the principle loading
axis will accumulate larger strain (and experiences
larger strain rates) than those at unfavourable orienta-
tions. In earlier applications, this technique was used
to find the geometry of the optimally oriented slip
planes for failure [3,17]. Here, we employ the princi-
pal strain directions obtained from GPS data analysis
[18,19]; the area is compressed in the direction of N—S
and extended in E-W at average strain rates of 97 and
50 nstrain/yr respectively.

Note that InNSAR modelling of deformation along
the much simpler segment of the eastern North Ana-
tolian Fault located 100 km NW of the Bingol area
shows that the strain accumulates only along this
single branch [20]. However dense GPS measurement
results from California shows that deformation rates
between the Pacific and North American plates are
partioned among a number of parallel faults [21]. The
total deformation rate in a complicated tectonic envi-
ronment such as the Bingol area is also likely to be
portioned along the small faults. To determine the
actual deformation rate along these faults one has to
measure the deformation from a GPS network in
which the station separations are proportional to the
fault lengths. In other words a denser GPS network
would be necessary. Unfortunately, as is discussed in
next section, the GPS network in our study area is
sparse hence the strain rates calculated as above may
slightly over estimate the loading on smaller faults
(<30 km in length).

Fig. 5a shows the stress perturbation on the faults
due to both co-seismic and tectonic loading since
1822. With this modified tectonic loading model the
2003 fault receives more pronounced strain/stress
loading than from the deep dislocation method. The
average tectonic load on the fault is approximately
0.0376 bars/yr. The stress change on the 2003 fault
with this loading is positive and ranges from 0.3 bars
at the NW tip to 2.8 bars at the SE. The stress at the
2003 hypocentre is approximately 0.26 bars at the
time of the Bingol earthquake. During this time peri-

od, accumulation of secular stress loading is about 6.8
bars, but the fault receives negative stress changes due
to the co-seismic slip which is about —6.54 bars. If
we include the earlier historical events and start the
tectonic loading in 1784, the stress change along the
2003 fault ranges from 2.4 at the NW tip and 3.6 bars
at the SE. The stress change at the hypocentre is now
about 1.75 bars, which consists of 8.23 bars tectonic
loading during the 219 yrs and — 6.48 bars co-seismic
stress change. It thus appears that the stress accumu-
lation on the 2003 rupture plane is due to tectonic
loading.

3. Conclusions and discussion

In this paper we have explored four possible
explanations for the discrepancy between the stress
field modelled by EAFZ02 and the occurrence of the
Bingol 2003 earthquake. We have shown that, at
least in this case, no reasonable change to the pre-
vious earthquakes used to calculate the co-seismic
component of loading, which is consistent with pres-
ent understanding of the seismic history of the re-
gion, makes a significant difference to the stress
accumulation on the Bingol Fault. In particular we
have shown that the locations of large historical
earthquakes occurring in the region during the
1780s are constrained by the known active structure
to occur in locations which cannot significantly
stress the 2003 fault. Secondly, while the occurrence
of a pre-instrumental intermediate sized very local
event might change the co-seismic load, any reason-
able change to the locations or magnitudes of the
events modelled in the 2002 study are unlikely to
have had any significant effect. In summary, our
findings show that the 2003 Bingol earthquake is
unlikely to have been triggered by previous earth-
quakes at least of a scale which can be modelled
using currently available data. Note that a similar
study [13] claimed that the 2003 earthquake was
loaded towards failure by co-seismic stress due to
the earlier events in the area. Their work differs from
ours in that they started their calculation from the
year 1874 and hence neglected a nearby event
(Ms=17.2) that occurred in 1866 on the Bingol-Kar-
liova segment of the EAFZ. Most of the stress
shadow on the 2003 rupture plane is caused by the
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1866 and 1971 earthquakes, therefore the lack of
inclusion of this event strongly affects their results.

In general, this work has underlined the importance
of accurate modelling of the co-seismic stress pertur-
bation field in regional seismic hazard studies based
on historical seismicity. It is clear from, for example,
Fig. 3 that while incorrect locations of previous events
had little effect on the modelled stress on the Bingol
fault, this is not the case in many important areas. We
therefore suggest that some independent support for
the predictions of historical seismology be employed
better to constrain the predicted stress perturbations.
Paleoseismology, as it is currently used, aims at the
reconstruction of the event history of a particular fault
segment; the questions it addresses relate to the timing
of previous earthquakes on a known fault. The infor-
mation required for seismic hazard assessment, how-
ever, might be obtained by directed paleoseismology
in which the geometry of earthquakes whose timing is
accurately known from historical studies is confirmed
by mapping their surface ruptures. These geometries
can then be used accurately to calculate resulting
stress perturbations. Such investigations, together
with accurate, high resolution structural geology to
identify the active faults on which the resulting stress
perturbations might be resolved will radically improve
our computation of the hazard distribution.

Finally, we have shown that the technique used in
EAFZ02 to compute the secular loading on the Bingol
fault was probably inappropriate given the complexity
of the structure in the Bingol area and that a more
reasonable estimate of the incremental secular stres-
sing which is consistent with regional GPS measure-
ments results in significant positive loading on the
Bingol hypocentre. This, we believe, is an important
conclusion and it calls for detailed GPS surveying of
seismically active areas so that the tectonic loading on
identified active faults might better be estimated. We
note with interest the current deployment of such a
GPS network (pers. comm. Haluk Ozener) in precise-
ly the area of this study. A cautionary note, however,
might be useful.

It is now widely accepted that many features of the
space, time and energy distributions observed in the
earth’s crust are fractal exhibiting power—law proba-
bility functions. An important feature of power—law
functions is the absence of a characteristic scale. Thus
fractal fracture sets do not have a characteristic frac-

ture length or spacing and fractal earthquake catalo-
gues do not have any characteristic recurrence time. In
such populations, up-scaling, the extrapolation of
large scale properties from small scale observations,
is not possible; equally true though less commonly
discussed, these distributions also preclude down-
scaling, the interpolation of small scale properties
from large scale observations. Thus networks with
apertures of 100 km or so might be appropriate to
define secular loading increments for magnitude 7
earthquakes but could fail correctly to model strain
heterogeneity which loads small faults to produce
magnitude 6 earthquakes such as the 2003 Bingol
event. More work is clearly required to investigate
the scaling of deformation. In particular, models
which predict fractal scaling in space also frequently
predict fractal scaling in time. While sufficient reso-
lution over sufficiently long periods is not yet avail-
able in GPS data, strain meters have measured long
time series which might also be expected to show
fractal scaling. Photogrammetry of sandbox models
and examination of numerical simulations might also
be useful.
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