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Triggered slip: observations of the 17 August 1999
Izmit (T urk ey) earthquak e using radar interferometry

Tim Wright, Eric Fielding?, Barry Parsons

Department of Earth Sciences, Univ ersity of Oxford, Parks Road, Oxford, UK.

Abstract. We use Synthetic Aperture Radar interferome-
try (INSAR) to map the displacemert eld of the 17 August
1999 Izmit earthquake, which largely conforms to that pre-
dicted for an elastic upper crust. We determine the earth-
guake source parameters and show that slip contin ues far-
ther west than the mapped fault ruptures. We also show
that additional sub-surface displacemerts occurred on par-
allel strands of the North Anatolian Fault Zone. We argue
that this was caused by changesin static stress accompa-
nying the mainshock, or by the dynamic releaseof regional
stresses.

Intro duction

The North Anatolian Fault Zone accommadates the west-
ward motion of Turkey relative to Eurasia by right-lateral
shearand regularly generateslarge earthquakes[Ambraseys
1970; Barka, 1996] of which the Izmit earthquake was the
largestin 60 years. The surfacerupture (Fig. 1) was mapped
for 100 km from Dezcein the eastto the Gulf of Izmit. No
rupture was observed on or west of the prominent Hersek
delta (29.5° E) [Barka, 1999], but aftershocks contin ue for
another 50 km beyond it. Estimates of future seismic haz-
ard [Parsons et al., 2000] in the Sea of Marmara depend
crucially on the fault location and magnitude of slip in the
Gulf of Izmit, becauseif little slip occurred west of Hersek,
faults there were brought closerto failure.

Source parameters from InSAR

We have constructed interferograms using ERS1 and
ERS2 35-day pairs spanning the earthquake (Fig. 2, Ta-
ble 1a,b), as well as two other interferograms on adjacent
tracks with longer temporal separations (Table 1c,d). The
35-day interferograms cover essetially the sameinterval and
we would expect the range changesobsered in both to be
identical. There are, however, dierences of 50 mm of
range change, probably resulting from changing atmospheric
conditions, with a possible small (less than 30 mm) contri-
bution from orbital errors. The other interferograms are
less coherert but provide valuable information about the
lateral extent of faulting. In particular, the combination of
descendinginterferogram c¢ with ascendinga or b givesmea-
suremerts in two dierent look directions, and hence two
componernts of the displacement vector at the western end
of the rupture.
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Procedures for determining earthquake source parame-
ters from radar interferometric data are well established
[Massonnet and Feigl, 1998; Burgmann et al., 2000]. We
use a hybrid Monte-Carlo, downhill simplex inversion pro-
cedure [Wright et al., 1999]to determine best- tting model
parameters. This procedure minimises the mist between
our interferometric measuremers of range change, sampled
at discrete locations, and those predicted by an elastic dis-
location model[Okada, 1985] of the earthquake. We x the
fault plane location to coincide with the surfacerupture on-
shore, solving for the o shore location. We aim to t the
data with as simple a model as possible, becausethe reduc-
tion in mist obtained from more complex models is small.
We perform the inversion procedure twice, rst using inter-
ferograms a,c,d and a secondtime using b,c,d. The dier-
encebetweenthe two inversion results givesus an indication
of the errors in our model parameters (Table 2) resulting
from atmospheric and orbital e ects: slip magnitudes agree
to within 15%, with the ratio of horizontal to vertical dis-
placemens (rake) being almost identical. The maximum
depth is 20 km in the two cases.
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Figure 1. Topographic and tectonic map showing the extent of
the 17 August 1999 Izmit earthquake rupture. Seismic activit y
(Kandilli Obs.) in the interval between our radar image acquisi-
tions (13 August to 16 September) is shown as black dots with
events larger than M4 4.5 depicted by circles. The star indicates
the epicentral location (Kandilli Obs.) with focal mechanism from
the Harvard CMT solution. Arrows show the GPS-determined
interseismic velocities relativ e to Eurasia[Reilinger et al., 1997].
The inclined boxes delimit the coverage of our interferograms
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Figure 2. a, Radar interferogram for the Izmit earthquake (data copyright ESA) revealing the surface displacements, measured in
the satellite's line-of-sight, in the 35-day period between the two image acquisitions (T able 1a). Each interference fringe is equivalent
to 28 mm of displacement in the satellite line-of-sight, or approximately 70 mm if caused by pure horizontal motion. A correction
for the small topographic contribution was made with a DEM constructed from ERS tandem interferograms and GTOPO30 data
[Fielding et al., 1999] and the interferogram was smoothed using a power spectrum ltering algorithm [Goldstein and Werner , 1998].
Red lines are the mapped surface rupture [Barka, 1999] and the dashed lines are previously mapped segmerts of the North Anatolian
Fault [Saroglu et al., 1992]. b, Synthetic interferogram calculated using the elastic dislocation model described in the text that
intersects the surface at the location shown by the thick black lines. ¢, Residual interferogram, obtained after subtracting b from a.

Our fault model (Table 2, Fig. 2) shows the western limit
of rupture to be 15km west of the HersekDelta, where over
1.5m of slip is required to obtain agood t to the interfero-
grams. The rupture location passesjust north of the delta,
although the absenceof data near the fault meanswe cannot
be certain of this location to better than a few kilometres.
Slip was a maximum of 4.5{(6 m on the segmen north of
Golcuk and over 4 m between Izmit and Lake Sapanca, but
is only 1.5{2 m where the rupture is 5{10 km north of seg-
ments that ruptured in 1967. The overall residual phase
falls within the level of noise caused by atmospheric and

orbital error evident in the dierences betweenthe 35-day
interferograms. An exception to this is in one region near
Izmit where a large aftershock (13/9/99, My 5.8, Kandilli
Obs.) occurred within the time span of the interferograms,
contaminating the signal of the 17 August evert.

Triggered Slip

By removing our model of coseismicdeformation from the
interferogram, we are able to detect small deformation sig-
nals assaiated with faulting away from the lzmit rupture.
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Figure 3. Evidence for triggered fault slip on Mudurn u Valley (a-c) and Iznik (d-f) faults. a,d, Static shear stress changes (vertical,
E-W faults) calculated from our best-tting elastic dislocation model of the Izmit earthquake, which intersects the surface at the red

lines. Negative shear stress changes imply left-lateral shear, with

shading from the DEM. Dashed lines are mapped segmerts of the

North Anatolian Fault [Saroglu et al., 1992]. b,e Residual interferogram (Fig. 2). The tight color gradients at the center of pro les
B{B', C{C' coincide with the location of active faults. c,f Range change proles along B{B'( c), C-C'(f). Red line corresponds to the

residual interferogram shown in b,e (ERS2 to ERS2, linear trend

removed from e); Blue { residual of ERS1 interferogram; Black {

range change calculated using an elastic dislocation model. The dislocation models shown assume pure horizontal (i.e. left-lateral)

slip (Table 3).
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Table 1. Details of ERS SAR data ( ¢ ESA).

ERS Track/F rame? Date 1/2 Orbit 1/2 ¢ ha®
a) 157/815,797(A) 13-8-99/17-9-99 22556(2)/23057(2) 1680
b) 157/815,797(A) 12-8-99/16-9-99 42229(1)/42730(1) 560
c) 64/2786(D) 20-3-99/15-10-99  20459(2)/43138(1) 1270
d) 386/810(A) 9-8-98/3-10-99 17274(2)/23286(2) 348

a Ascending(A)/descending(D) pass; ° Orbit numbers for ERS-1 (1)
or ERS-2 (2); “Scene center altitude of ambiguit y (metres).

Generally, the residual interferogram (Fig. 2) varies very
smoothly. However, acrossthe Mudurnu Valley and east
of Lake Iznik, strong phase gradients remain in the residu-
als that are coincident with mapped active faults (Fig. 3).
Thesesignalsare very similar in both 35-day interferograms,
but could not be obserned in the other datasets due to tem-
poral decorrelation. Proles of range change constructed
acrossthe Mudurn u Valley and Iznik faults (Fig. 3c,f) show
that there is a range change decreaseof 20{25 mm from
south to north acrossboth faults.

These apparent range changesare unlikely to be the re-
sult of atmospheric artefacts becauseof the spatial coin-
cidence with active faults, and becauseatmospheric phase
variations obsened in the di erence betweenthe 35-day in-
terferograms have longer wavelengths. Satellite geometry
rules out topographic artefacts: topographic errors of over
4800m (ERS2) and 660m (ERS1) in the Mudurnu Valley,
and 850m/300m on the Iznik strand, are required to gener-
ate 20 mm of range change.

We model the displacemerts on the Mudurn u Valley and
Iznik faults using elastic models to determine best- tting
fault parameters. In both cases,continuity of the phase
acrossthe faults implies that slip was subsurface. INSAR
detects only the component of displacemert in the satellite
line-of-sight, hence a variety of fault rakescan produce the
obsered range change. Solutions include pure left-lateral
strik e-slip, pure vertical (upthrown to north) and right-
lateral with somevertical (Table 3), but the range changes
could not have beencausedby pure right-lateral slip. If the
slip is left-lateral, its depth is shallow (0.6{1 km in Mudurnu
Valley). Lessslip is required for the purely vertical solutions,
but over a larger depth range (0.6{3.5 km in Mudurnu Val-
ley). Oblique right-lateral slip is also possible, provided that
the vertical displacemert causesa greater range changethan

1081

Table 3. Triggered slip fault parameters [0° rake = left-lat;
90° = vertical; 150,16(° = oblique right-lat]

Rake Slip Depth Range M o (Nm)
Mudurn u Valley 0° 10cm  0.6{1 km 1.7 10%
(Str. 280°, Dip 50°, 90° 1.9cm  0.6{3.5 km 2.4 10%
Len. 10 km) 150°  7cm 0.6{15 km 45 10Y
Iznik  Fault 0° 20cm 2.5{(3.5 km 2.0 10Y
(Str. 260°, Dip 90°,  90° l4cm  2.5{125 km 1.4 10Y
Len. 30 km) 160°  8cm 2.5{20 km 1.4 10%

the right-lateral slip. By varying the rake we nd that, to
produce the obsened range change, rakesmust be lessthan
165’ and 155 at the Iznik and Mudurn u Valley respectively,
and slip must extend over most of the seismogeniclayer.
Our interferograms do not distinguish between slip oc-
curring in aftershocks and aseismic triggered slip up to a
month after the earthquake. However, earthquakes larger
than My,' 4.7{5 would be required to causesu cien t defor-
mation and there are no aftershocks, in theselocations, that
are su cien tly large (Fig. 1). In addition, the deformation
hasaratio of fault slip to length of 5 10 ° or less,an or-
der of magnitude smaller than the typical ratio for seismic
events [Pegler and Das, 1996]. This suggeststhat, unless
this slip occurred preseismically or at the sametime asthe
mainshock, it was the result of aseismictriggered slip.

Discussion and Conclusions

There are seweral explanations for triggered slip. Coseis-
mic movemert during the 17 August mainshock changedthe
static stressin the area [Parsons et al., 2000] by an amount
that we can calculate using our slip model (Fig. 3a,d). At the
locations of our pro les, left-lateral shear stressincreasesof
2.0 and 0.8 bars occurred on the Mudurn u Valley and Iznik
faults. For theseto create left-lateral slip, they would have
to be larger than the right-lateral stressesaccumulated in-
terseismically. While this is possiblefor the Mudurn u Valley
fault, which ruptured in 1967,it seemsunlik ely on the Iznik
fault which has been seismically quiescen for the last 500
years[Ambraseysand Jackson, 2000]. However, it is possible
that interseismic stressis releasedby contin uous deforma-
tion in weak shallow layers. Any stress changesdue to the
Izmit event would then dominate and causeleft-lateral slip.

Table 2. Source parameters of the Izmit Earthquak e from InSAR. Where two parameter values appear, they are the result of
separate inversions on interferograms a,c,d and b,c,d (Table 1). Other parameters are held xed.

Seismic ? Geodetic (6 segments, starting from West)

Scarp Latitude 41.01° ® 40.730° 40.744° 40.739° 40.726° 40.708° 40.728°
Scarp Longitude 29.97° ° 29.450° 29.630° 29.812° 30.039° 30.347° 30.813°
Length / km | 20.1 10.5 20.3 18.2 34.2 32.8

Total Length = 136.1
Mg /10 B Nm®© 288 Total Mo = 265,253
Slip% m | 1716 () ¢ 2523 () 4.9,4.7 () 46,44 (3-4)¢ 21,18 (0.5-4.5) 1.7,1.4 (1.5)
Strik e 91° 84,264° 91,271° 96,96° 277,97° 276,96° 249,249°
Dip 87° 88,84° 86,88° 86,87° 88,88° 81,85° 61,81°
Rake 164° 174,-174° 171,-167° 178,178° -178,177° -164,162° -168,-166 °
dmin / km 17.0° 0 0 0 0 0 0
dmax / km 20.0,21.6

aHarvard CMT solution; °Centroid Location; °Assuming Lam e elastic constants = 3:43 10°Pa, = 3:22 10%Pa; YFigures in brackets

refer to geological observations of surface slip [Barka , 1999];°*An impro ved t is obtained if slip is only 3.7m in the top 2 km
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If the slip is predominantly right-lateral and occurs over
most of the seismogeniclayer thickness, then it cannot be
causedby the change in static stressfrom the Izmit earth-
quake but instead is likely to be the result of releaseof tec-
tonic stressaccumulating in the North Anatolian Fault Zone
due to the westward movemert of certral Turkey with re-
spect to Eurasia (Fig. 1). These stressescan be releasedby
transient dynamic unclamping due to the passageof seismic
surface wavesfrom the mainshock [Bodin et al., 1994]. How-
ever, right-lateral slip requires the release of signi cantly
more seismic moment (Table 3) than left-lateral or vertical
slip solutions and, in the absenceof other other data, the
smaller Mg solutions are preferred.

Although triggered slip has beenobsered in only a lim-
ited number of cases[Sylvester, 1986; Bodin et al., 1994;
Price and Sandwel, 1998],it may well be a common occur-
rence. Most of the previous obsenations have been of small
surface ruptures. In these examples, however, the interfer-
ometric fringes can be traced contin uously acrossthe faults
showing that slip doesnot break the surface. Although the
triggered slip is small compared to that in the main Izmit
evert, it is not a negligible part of the strain budget. For
example, if slip is right-lateral with a magnitude of 10cm,
it would represert 10 yearsof strain accumulation, assum-
ing a 2 cm/yr slip rate partitioned equally onto two faults.
In future, it may be possible to use INSAR to determine
displacemerts for triggered slip events using a number of
dierent lines of sight, henceresolving the ambiguity in the
slip mechanism.
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