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Abstract. In recert years, interseismic crustal velocities
and strains have been determined for a number of tectoni-
cally active areasthrough repeated measuremers using the
Global Positioning System. The terrain in such areasis often
remote and di cult, and the density of GPS measuremerts
relativ ely sparse. In principle, satellite radar interferometry
can be used to make millimetric-precision measuremers of
surface displacemert over large surface areas. In practice,
the small crustal deformation signal is dominated over short
time intervals by errors due to atmospheric, top ographic and
orbital e ects. Here we show that these e ects can be over-
come by stacking multiple interferograms, after screening
for atmospheric anomalies, e ectiv ely creating a new inter-
ferogram that covers a longer time interval. In this way,
we have isolated a 70 km wide region of crustal deforma-
tion acrossthe eastern end of the North Anatolian Fault,
Turkey. The distribution of deformation is consistert with
slip of 17{32 mm/yr below 5{33 km on the extension of the
surface fault at depth. If the GPS determined slip rate of
24 1 mmlyr is accepted, the locking depth is constrained
to 18 6 km.

Intro duction

The use of INSAR for the measuremen of large ground
movemerts assaiated with earthquakesis now a well es-
tablished technique [Massonnet et al., 1993; Massonnet and
Feigl, 1998; Burgmann et al., 2000]. Fault creep has also
beenmeasuredusing interferometry, e.g[Rosenet al., 1998];
the ground displacemerts causedby creepare discontin uous,
producing stepsin interferograms that are relativ ely easyto
detect. Interseismic crustal deformation, however, seldom
exceedsrates of a few 10's of millimetres per year distributed
over 30-150km (strain ratesof 3 10 8 {5 10 " yr 1)
and, to date, it has proved dicult to measureusing radar
interferometry. To overcomethe limited coherencebetween
SAR imagesover long intervals, and to enhancethe crustal
strain signal relative to atmospheric and orbital errors, we
combined multiple interferograms [Zebker et al., 1997], con-
structed from SAR imagesacquired by the ERS-1 and ERS-
2 satellites. In this way we create an interferogram corre-
sponding to a time interval longer than can be obtained
directly .
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The North Anatolian Fault Zone (Fig. 1a) is one of
the longest and most active strik e-slip fault zonesin the
world [Barka, 1996]. In comparison to the analogous San
Andreas Fault Zone in California, relatively little is known
about the North Anatolian Fault Zone. In particular,
few geadetic data exist along most of its length (east of
31 E) [McClusky et al., 2000], and the distribution of in-
terseismic strain there is unknown. It is a good target for
INSAR becauseof its east-west orientation and the semi-arid
climate in parts.

INSAR data

We analysed 12 interferometric pairs across the North
Anatolian Fault with temporal separations between1.2 and
3.8 yearsand altitudes of ambiguity (the magnitude of topo-
graphic error that will causea 2 phaseerror) greater than
250 m (Fig. 2). A 40 m-resolution digital elevation model
(DEM), constructed from ERS tandem pairs (Fig. 1a), was
usedto remove the topographic contribution to phase. The
tandem DEM was calibrated by comparisonto a 3-arcsecond
( 90 m) DEM from the US Department of Defence (be-
lieved to have elevation errors < 50 m). To minimise the
topographic errors arising from variations in atmospheric
water vapour, we constructed DEMs from 5 distinct tan-
dem pairs, and usedthe one with the smallest residuals rel-
ative to the 90 m DEM. The rms residual height of this
tandem DEM with respect to the existing DEM is 32 m:
0.7 radians of erroneous phasewith the smallest altitude of
ambiguity. In addition, the residual heights have short wave-
lengths (< 10 km), and would not give rise to the monotonic
variations in phaseexpected acrossthe fault. The signal-to-
noiseratio of eadh interferogram wasimproved by averaging
the phase,to create datasets with 160 m pixel spacing, and
by using a weighted power spectrum Iter [Goldstein and
Werner, 1998].

Four of the interferograms contained no usable interfero-
metric data becauseof a lack of coherence. Of the coherert
interferograms, four contained areasof high phasegradient,
often around top ographic features. Theseare likely to be at-
mospheric artefacts, arising from changesin the path length
due to dierent amounts of atmospheric water vapour in
the two images, e.g[Delacourt et al., 1998]. The remaining
four interferograms (Fig. 1b{e) have gertle gradients: the
1- variance of phasefor any one interferogram is lessthan
3 radians. These were unwrapped interactiv ely to remove
the 2 phaseambiguity and summed to create an interfero-
gram with an equivalent time span of 7.4 years (Fig. 1f).

The precise orbits from Delft University [Scharroo and
Visser, 1998] used in constructing the interferograms have
aradial precision of 7 cm. Uncertainties in the satellite po-
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Figure 1. a, Map of the eastern end of the North Anatolian Fault. The colored area shows the 40m resolution DEM that we derived
using ERS tandem images (trac k 35, frames 2801,2819, orbits 31586(ERS-1) and 11913(ERS-2)). Outside the coloured area, shaded
relief from GTOPO30 is plotted. Arrows are GPS-determined velocities relativ e to Eurasia [McClusky et al., 2000], and the North
Anatolian Fault is marked as a dashed, red line with the location of the 1992 Erzincan earthquake shown as a dashed black line. The
remainder of the fault in this area ruptured in the 1939 earthquak e [Barka, 1996]. The inset illustrates schematic plate con gurations

(Eur=Eurasia,Ar=Arabia,An=Anatolia). b{e , Individual interseismic interferograms (orbit numbers shown), generated using the
DIAP ASON interferometric software ( ¢ CNES), unwrapp ed and scaled by the time interval sothat ead is an estimate of the yearly
phase change (). f, Mean _, calculated by summing the individual unwrapp ed interferograms and dividing by the total time interval
(7.4 years). Positive —(warm colors) indicate a relativ e decreasein distance to the satellite. The rectangular box delimits data used
to construct the phase prole (Fig. 3a). Black lines are mapped faults [Saroglu et al., 1992] with the North Anatolian Fault shown in
bold.

sition are greater than those in the changein position over
200km of the satellite track, resulting in larger orbital phase

gradients perpendicular to the track than parallel to it. A
linear gradient perpendicular to the track wasremoved from
ead interferogram to atten the phase(Fig. 1b{e). A small
erroneous phase gradient parallel to the track may still be
presert in ead of the interferograms (0.5 fringes/100 km).

4689(E1) 942m 11202(E1) _Bcicaus_eth_eszte ti!ts are similéardt;)h thfe si%nalt _e>;pefcted from

interseismic strain, we extended the four bestinterferograms

22215;; Zisgr:]n 22?)056634((EEll)) for a further 100km to the south where the deformation sig-

nal should be small. In the nal stacked interferogram, we

6192(E1) -9416m 21065(E1) nd that any small orbital errors have cancelled such that,

9699(E1) 856m 21566(E1) farther than 50 km south of the fault, phaseis approxi-

10200(E1) -724m 1893(E2) mately constant, and in good agreemen with the few GPS
11202(E1) 409m 22067(E1) measuremernts available.

1392(E2) 2354m 20931(E2) The stacked interferogram (Fig. 1f) shows a strong phase

21566(E1) | |724m | 30584(El) change, of 15 radians, certred on the surface trace of the

21566(E1) = 554m | 31586(E1) North Anatolian FanF but distribyted over 70km. There

1893(E2) | -269m | 30584(E1) remains some variability (4 radians), correlat.ed over spa-

1893(E2)  -304m  31586(E1) tial wave_lengths of 20_{50km, that probably arisesfrom at-

. . . . . mospheric heterogeneities. To further enhancethe deforma-

1992 1994 1996 1998 2000 tion signal, assumingthat it variesslowly along the fault, we

created an averagedpro le covering a 50 km wide swath of

Figure 2. Interferometric data used. The ERS orbit numbers
are shown on either side of a bar whose length represerts the
temporal separation of the images that form the interferogram.
The scene-cerre altitude of ambiguity is given at the centre of
the bar. Only interferograms represented by solid bars were used
in the determination of crustal strain: those represerted by white
bars were incoherent, strong atmospheric artefacts were exhibited
in those with dashed bars. SAR data ( c ESA) are from track 35,
frames 2801/2819.

the more complete western half of the stacked interferogram
(Fig. 3a). Averagephasevalueswere calculated every 5 km
in 10 km bins along the pro le. Although ead value on the
pro le averagesover a large number of phase measuremeris
( 10{20,000), the spatial correlation of the atmospheric er-
rors over distances larger than the bin size meansthat the
formal uncertainties will underestimate the actual errors.
The phase variation within ead 10 by 50 km bin gives a



WRIGHT ET AL.: INTERSEISMIC STRAIN ACCUMULA TION FROM INSAR
2 Distance from Fault (km)
g “la  -150 -100 50 50 100 10
> _
2 ®
c —~
S 1t _ - - = 0% 3
g é -?)_
[0} 1 P 2
5 | I 2 E
? 1-20 o
S.aF — — N =
T 5|
< o)
? South North 173° - 10 15 20 25 30 35 40
) L L L L L Slip (mm/year)

Figure 3. a, Phase prole perpendicular to the North Anatolian

Fault. The thick grey bands delimit the 1- and 2- error bounds

on phase, measured in the box shown in Fig. 1f. Black bars are the GPS velocities and error bounds [McClusky et al., 2000] pro jected
onto the prole and converted into phase change. The conversion from phase change to relativ e velocity assumes pure horizontal
motion parallel to the North Anatolian Fault (vertical line). Velocities predicted by our best-tting slip model (22 mm/yr under a
14 km elastic lid) are plotted asa dashedline. b, Solution-space plot for the fault model. Contours show the rms mist (0.1 radians/yr

interval) to the unperturb ed phasepro le.

Circles are 100 best-t parameters from a Monte-Carlo simulation of 100 perturb ed pro les,
ead created by adding a dieren t perturbation prole to the observed phase pro le.

(T o account for correlated atmospheric errors,

the perturbation proles consisted of random phase values every L km, calculated using the standard error at that location, with
linear ramps in between. Because atmospheric errors are correlated on a 20{50 km wavelength in these interferograms, a dieren t
value of L was chosenrandomly from this range for each prole.) The errors of the model parameters are given by the distribution of
solutions. The 68% con dence limit (dashed ellipse) is found to correspond to a 0.12 radians/y ear rms mist to the observed phase
values. The vertical grey bar corresponds to the slip rate determined from GPS.

more realistic estimate of error becauseit includes the long-
wavelength, correlated phase signal from the atmosphere.

The section of the North Anatolian Fault covered by our
interferometric data last ruptured during an earthquake in
1939 [Barka, 1996]. Hence, any post-seismic deformation is
likely to be negligible, if current estimates of the time-scale
for post-seismic relaxation, e.g[Scholz, 1990], are correct.
However, in 1992,a M, =6.8 earthquake ruptured 30 km of
the North Anatolian Fault at Erzincan, 100 km east of our
phase prole (Fig. la; [Barka and Eyidogan, 1993]). Us-
ing a viscoelastic layered earth model [Yu et al., 1999], we
calculated a maximum post-seismic deformation from this
earthquake at our prole of 2.2 radians. Therefore, we con-
clude that the obserned phasechangerepresens the gradual
accumulation of interseismic strain.

Mo delling of interseismic strain
accumulation

To analysethe variation of phase(or displacemert) across
the fault, we usea simple model in which right-lateral aseis-
mic slip, s, occurs at depth on a vertical fault beneath a
locked upper crust of thicknessd. For buried faults, the dis-
placemerts, y, at distance x from the fault are equivalent
to those causedby an in nitely-long screwdislocation in an
elastic half-space (y = * tan ' %) [Savageand Burford,
1973]. The model assumespure right-lateral slip on a ver-
tical fault. Failure to meet these conditions would produce
an asymmetrical deformation pattern, which is not evident.
Additional data from ascendingsatellite passeswould enable
this to be tested, but few data are available for ascending
passesin this location.

The slip rate on the fault and the elasticlid thicknesswere
determined by minimising the mist betweenthe model dis-
placemernts, converted to phase changes, and the obsered
phasepro le (Fig. 3a), assumingthat slip at depth is coin-

cident with the surface trace of the North Anatolian Fault.
The best-t model has 22 mm/yr of slip beneath a 14 km
elastic lid. The t to this simple model is good up to dis-
tancesof 100 km away from the fault. Towards the southern
end of our prole the model divergesfrom the obsenations
where the prole crossesthe Ovacik Fault. It is tempting to
ascribe this to left-lateral slip of 5 mm/yr on that fault.
However, the sign of the phase change across the Ovacik
fault reversesin the eastern half of our interferogram, and
we cannot be con dent that this small signal is resolvable
above the atmospheric noise.

A-p osteriori errors on the slip rate and fault locking depth
are determined using a Monte-Carlo simulation technique
(Fig. 3b). There is a clear trade-o between the fault lock-
ing depth and slip rate that arisesbecauseof the tight con-
straint on phase gradient near the fault: larger slip rates
require deeper locking depths. Solutions within the 68%
con dence ellipse range in slip rate from 17 to 32 mml/y ear
and in locking depth from 5 to 33 km. If we usethe GPS-
determined slip rate of 24 1 mmly ear, the locking depth
is constrained to 18 6 km. The GPS slip rate is an upper
bound and assumesa constant slip rate for the whole North
Anatolian Fault, on a single fault strand. Nevertheless, it
provides a good t to the GPS points in this region.

Discussion

Strain accumulation across the North Anatolian Fault
is consistert with slip at depth on a single fault plane.
If the accumulated elastic strain acrossthe eastern North
Anatolian Fault is eventually releasedin earthquakes on
the locked, shallow part, then no permanent deformation
will result either side of the fault. This would explain the
lack of palaeomagnetic rotations along the North Anato-
lian Fault [Platzman et al., 1994], and the apparent plate-
like behaviour of Central Anatolia [Le Pichon et al., 1995].

2119



2120 WRIGHT ET AL.: INTERSEISMIC
The obsened distribution of deformation across the east-
ern end of the North Anatolian Fault clearly diers from
that seenin areas of distributed strik e-slip faulting like the
Marlb orough Fault Zone [Bourne et al., 1998]and Southern
California [Shen et al., 1996], which probably results from
distributed deformation at depth [Presott and Nur, 1981;
Bourne et al., 1998]. However, becausethe slip at depth
is Itered through the elastic upper crust, we cannot distin-
guish slip on a buried single fault from slip on a buried shear
zone narrower than 75 km [Savage 1990].

Conditions at the east end of the North Anatolian Fault
are optimal for using INSAR to determine interseismic strain
accumulation: relatively large rates, reasonable coherence
over intervals 2 years, and a fault orientation almost per-
pendicular to the ERS descendingground track. Nonethe-
less, the fact that interseismic strain can be isolated there
suggeststhat the same can be done elsewhere,even where
the rates are lower and viewing geometry poorer, provided a
su cien t number of suitable interferograms can be obtained.
Our attempts to determine crustal deformation further west
on the North Anatolian Fault failed due to the much poorer
coherencethat results, at the 56 mm, C-band wavelength of
ERS, from the heavier vegetation there. In arid and semi-
arid regions, however, coherencecan be maintained for up-
wards of 5 years. The method described in this paper should
therefore enable interseismic crustal deformation to be de-
termined in such regions using radar interferometry.
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