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ABSTRACT
The surface ruptures caused by the 26 December 2003 earthquake which affected the city of Bam (Kerman province,
southeast Iran) have already been mapped using interferometric coherence images from Envisat SAR images. The
clearly visible traces of these structures in the coherence images allow to prove that the Bam earthquake has been
caused by the displacement along a previously unknown fault. Besides the coherence, the SAR interferograms of the
ascending and descending orbits present a very complex deformation pattern especially north of Bam. Similar patterns
have been observed in two independent datasets (ascending and descending) avoiding misinterpretation as atmospheric
errors. Interferograms and derived deformation maps allow to interpret such structures in detail as a system of possible
fractures and small faults accompanying the main rupture. Geocoded interferograms allow to trace in detail the
direction of these structures, while deformation maps of ascending and descending passes allow the interpretation of
their relative movement. The obtained pattern together with the structures mapped from the coherence images gives an
opportunity to reconstruct the kinematics of the entire "Bam structure" and find its relation to the kinematics of the
major intracontinental strikeslip system of the Gowk fault.
1. INTRODUCTION
Iran is one of the most tectonically active areas worldwide. As the result of ArabiaEurasia convergence rightlateral
faults in central Iran accommodate 15 mm/yr rate of slip [1]. The main recent displacements occur in Eastern Iran along
the fault zones surrounding the DashteLut desert: the NaybandGowkSubzevaran fault system [2] in the West and the
Sistran suture zone in the East. North South shortening associated with convergence is compensated by leftlateral
movement along DashteBayaz, Doruneh, and Great Kavir faults [3] trending EW at the northern edge of DashteLut
area (Fig.1).

Fig. 1. Location map and tectonical setting of Bam area with the coverage of ASAR Envisat images

The city of Bam is located at the southwestern margin of the DasheLut desert, 50 km east of the Gowk fault (Fig.1). It
is a flat area of a partially cemented aluvial fan system developed northward from Jebal Barez mountains and feeds also
from the north, by the hilly area built by Eocene volcanics and Paleogene pyroclastics [4]. The only known tectonic
structure of the Bam area was the eastfacing fault scarp of 1520m high located 9 km southeast of the town. This
structure, mapped as blind reverse fault active in late Quaternary [4] has been further interpreted as a prominent splay
of the Gowk fault system [2]. The Mw ~ 6.6 disastrous 26/12/2003 earthquake which destroyed the city of Bam have
no associated large coseismic surface rupture zone. Preliminary studies suggest that the main slip associated with the
earthquake occurs along the Bam escarpment [5]. Field investigations and preliminary interferometric studies [6] show
that the earthquake occurred along a previously not known, blind fault extending some 12 km south from the center of
the city. Detailed studies of the surface displacements and source parameters shown that the rightlateral slip causing
the earthquake occurs along this unknown fault [7] or along the mentioned unknown fault and along the known Bam
fault of reverse rightlateral movement [8].
2. INTEFEROMETRIC PROCESSING OF SAR DATA
This study is focused on interpretation of features visible in interferograms north of Bam. These patterns have not yet
been analyzed because of their very small contribution to the main coseismic deformation which was interpreted in
previous studies of the Bam earthquake. In the case of individual interferogram analysis these patterns might be simply
misinterpreted as phase error of atmospheric of topographic origin. To ensure that only phase contribution due to
deformation is present in the interferograms all available inteferometric pairs combinations have been analyzed (Tab.1).
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The analyzed interferograms have been calculated based on a set of Envisat ASAR data which has been made available
by ESA for the scientific community. Short temporal baselines and high correlation due to arid climate allows the
generation of unique, very high quality interferograms despite of the long temporal or geometrical baseline.
Interferometric processing has been performed using Delft Object  Oriented Interferometric Software DORIS [9].
To remove topographic phase contribution from the interferograms two methods have been applied:
1. Threepass InSAR processing coseismic pairs using preseismic and postseismic interferograms
2. Correction with SRTM DEM. For project purposes the SRTM data have been carefully preprocessed with GRASS
(Geographic Resources Analysis Support system) software:
A) patching of neighboring SRTM sheets
B) filling the gap areas with interpolation by regularized spline with tension algorithm [10].
C) conversion of SRTM from geoidal (EGM96) heights to ellipsoidal (WGS84 used by SAR orbital geometry).
The calculation has been performed based on the geoid EGM96 model provided by GFZPotsdam.
The topographic contribution of preseismic and postseismic interferograms has then been examined with SRTM
DEM to exclude possible DEM errors. To test the possible atmospheric contribution the crosscomparison
of descending coseismic interferograms generated from different data sets has been performed. Similar patterns have
been found in all interferograms and thus this pattern is not related to atmospheric error [11].

The analysis of interferometric processing concluded with the observation that the identified patterns:
 appear in all processed coseismic interferograms in the same positions
 appear in both ascending and descending co seismic datasets
 do not appear on preseismic and postseismic interferograms
Based on these observations it might be concluded that the identified deformation pattern is directly related to co
seismic surface deformation and this is not caused by phase errors due to coregistration, atmosphere, topography or
DEM error.
3. DEFORMATION PATTERN ON SAR INTERFEROGRAMS
For further interpretation purposes the interferograms have been geocoded based on SRTMDEM to UTM projection
and then introduced to GRASS GIS database. The coregistration of interferograms with other data has been improved
up to 0.5 pixel based on a set of control points of topographic features visible in the SAR intensity images (e.g. roads,
airport, river meanders, rocks etc.). As the reference the Landsat7 ETM+ geocoded image acquired 01 Oct 1999 has
been used (courtesy of Global Land Cover Facility at Institute for Advanced Computer Studies).
Previously identified deformation patterns have been carefully mapped by visual inspection of the coseismic
interferograms. For detailed analysis two interferograms have been selected characterized by low temporal and
geometrical baselines (see Table1) and thus guaranteed highest quality interferograms.
The selected co seismic interferograms contain many fringes due to coseismic deformation  i.e. strike slip
displacement along the subsurface fault labeled here as coseismic fringes. In certain parts the gentle deformation
pattern is disturbed by a set of smallscale linear structures labeled here as linear structures which were the objectives
for this study. The interpretation and mapping follows certain detection criteria (Fig.2):
 parts of coseismic deformation fringes are shifted, interrupted, or discontinuated
 fringe displacement/interruption occurs along a sharp line
 the same linear structures appear in ascending and descending interferograms at the same location.

Fig.2. Example of the linear structures on descending interferogram detected for interpretation
According to these criteria many prominent structures are excluded from interpretation because they appear only in one
set of data. Once interpreted and mapped (Fig. 3), the structures have been checked against the geological map of the
Bam area and a Landsat ETM+ image to identify whether any structure is present on the geological map or if it can be
traced in the Landsat image. If the structure is found on other datasets it means that it reactivated during earthquake.

Fig. 3. Descending (left) and ascending (right) geocoded interferograms subjected to detailed analysis (see Tab.1) and
interpreted linear structures.
4. MODELING AND INTERPRETATION OF SURFACE MOVEMENT
Strike slip faults are commonly surrounded by secondorder structures that result from the initiation and the
propagation of slip along the fault [12,13]. Second order faults and fractures form the socalled fault damage zone
around a fault surface. Detailed studies of the damage zone allows the determination oft the type of slip and its
conditions [14]. According to standard geological models the secondorder structures should also be initiated or
activated during a seismic event caused by slip along the main fault. Thus based on highly coherent coseismic
interferograms, it should be possible to indicate which accompanying structures were active during the earthquake. This
concept explains the presence of the linear structures in the ASAR interferograms of the Bam earthquake.
To follow this concept the recognized pattern of linear structures has been first tested against the geophysical models, to
verify if similar structures could be simulated according to the model of rectangular dislocation in an elastic half space
[15]. To make the modeling more realistic the surficial effect of the main strike slip co seismic dislocation of the Bam
earthquake with addition of secondaryorder faults has been simulated. The parameters of the main earthquake
displacement are applied following Funning et al. [8] which explains the deformation by applying two subparalell faults
and a single blind fault proposed by Stramondo et al. [7]. The secondaryorder structure has been simulated by a small
scale rightlateral surface fault of 2 cm slip and 5 km of maximal depth. The resulting synthetic interferogram (Fig. 4)
presents very similar disrupted fringe pattern to real Envisat interferograms (Figs. 4, 2, 3).

Fig. 4. Simulated interferogram of coseismic deformation and surface faults

5. THE KINEMATICS AND PRELIMINARY 3DIMENSIONAL MODEL OF BAM STRUCTURE
According to structural models of strike slip faults, the interpreted deformation structures of the Bam earthquake
present an association of lowangle R (Riedel) shears and Pshears [12, 16]. The Bam earthquake has no clear evidence
of surface dislocation which may directly be associated with the main fault. The location of main strikeslip fault has
been deducted based on results of displacement and source parameters studies [6, 7, 8] which identify the main faults as
an unknown blind fault extending some 12 km southward from the city. According to all bestfit model solutions this
fault terminates 2 km below the surface. The only surface expression of the fault is the enechelon association of
ruptures identified on interferometric coherence maps [17]. In our structural model this enechelon pattern represents
Rtype cracks. Assuming a known location of the main fault and secondaryorder R and P shears we tried to reconstruct
the entire Bam structure in three dimensions. We used classical models of strike slip fault of Naylor et al. [12] which
describe the geometrical relation between R shears and single basement fault at depth, where each shear has a
helicoidal or 'ploughshape'. This observation is then linked with the model of the development of strikeslip duplexes
by Woodcock and Fisher [16] which describes the inwarddipping geometry of so called flower structures.
In case of the Bam earthquake deformation the detected structures were active only during the very short displacement
event so the geometry of the stress field associated with the slip is equal to the earthquake focal mechanism. By
applying focal mechanisms for analysis of the distribution of damage zones along the main fault it is possible to explain
its asymmetry which is related to the location of extension in the NE and SW quadrants and compression in the NW
and SE quadrants. According to this model the majority of identified linear structures is located in extension zones and
the previously mapped inverse fault SE of Bam in area of compression. Field observations and displacement models [8]
confirm that the inverse fault was active during the earthquake as strikeslip with inverse component.
Applying the Woodcock and Fisher [16] flower structure model to the Bam structure, the northeastern damage zone
located in an extensional quadrant could be explained as an extensional duplex of negative flower structure ('tulip
structure' – Fig.5) where the southern part of the Bam structure fits to the model of contractional duplex representing a
positive flower structure ('palm tree structure' – Fig. 5). The presented model of the Bam structure is very general and
needs to be studied further in detail. It is also not clear if the detected structures have been created by the earthquake or
only reactivated. In the Bam area the deposition rate of growing alluvial fans seems to be much faster than motion
along the faults. However, the thickness of alluvial deposits appears to be much smaller north of Bam where the
basement volcanic rocks are more often exposed at the surface and thus the tectonical structures are welldeveloped.
The lack of similarly well developed damage zones in the SW extensional quadrant can be explained by the higher
thickness of alluvial deposits which resulted that small scale shears were not able to fully penetrate the partially
cemented desert pavement.

a)

b)
Fig. 5. Structural interpretation of Bam structure as extensional (a) and contractional (b) flower structures

6. CONCLUSIONS
We presented the activity of secondorder structures associated with earthquake slip along the main fault as interpreted
from high quality SAR interferograms. SAR interferometry proves its high sensitivity for detection of surface
movement along the subtle structures which might be almost undetectable in the field. The detailed interpretation of
secondaryorder structures may help understand the kinematics, origin, and extent of the entire Bam structure and give
contribution for interpretation of its future development. The obtained results might also be useful for evaluation of
hazard for e.g. future investment and safety in the area north of Bam and might also contribute to future field research
of seismic risk evaluation. The Bam interferograms are beneficial for structural geological analysis because despite of
experiments with physical models (sandbox, clay etc.) it has never been observed in nature which secondary order
structures were active at the same time.
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