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SUMMARY

The catastrophic 2003 M ,, 6.6 Bam earthquake in southern Iran attracted much attention, and
has been studied with an abundance of observations from synthetic aperture radar, teleseismic
seismology, aftershock studies, strong ground motion, geomorphology, remote sensing and
surface field work. Many reports have focused on the details of one or other data type, producing
interpretations that either conflict with other data or leave questions unanswered. This paper is
an attempt to look at all the available data types together, to produce a coherent picture of the
coseismic faulting in 2003 and to examine its consequences for active tectonics and continuing
seismic hazard in the region. We conclude that more than 80 per cent of the moment release
in the main shock occurred on a near-vertical right-lateral strike-slip fault extending from
the city of Bam southwards for about 15 km, with slip of up to 2 m but mostly restricted to
the depth range 2—7 km. Analysis of the strong ground motion record at Bam is consistent
with this view, and indicates that the extreme damage in the city can be attributed, at least in
part, to the enhancement of ground motion in Bam because of its position at the end of the
northward-propagating rupture. Little of the slip in the main shock reached the Earth’s surface
and, more importantly, aftershocks reveal that ~12 km vertical extent of a deeper part of the
fault system remained unruptured beneath the coseismic rupture plane, at depths of 820 km.
This may represent a substantial remaining seismic hazard to the reconstructed city of Bam.
We believe that some oblique-reverse slip (up to 2 m, and less than 20 per cent of the released
seismic moment) occurred at a restricted depth of 5—7 km on a blind west-dipping fault that
projects to the surface at the Bam-Baravat escarpment, an asymmetric anticline ridge that is the
most prominent geomorphological feature in the area. This fault did not rupture significantly
at shallow levels in 2003, and it may also represent a continuing seismic hazard. Widespread
distributed surface ruptures north of the city are apparently unrelated to substantial slip at
depth, and may be the result of enhanced ground motion related to northward propagation of
the rupture. The faulting at Bam may be in the early stages of a spatial separation (“partitioning’)
between the reverse and strike-slip components of an oblique convergence across the zone.
Such a separation is common on the continents, though in this case the slip vectors between the
two faults differ only by ~20° as a substantial strike-slip component remains on the oblique-
reverse fault. The Bam earthquake is one in a series of large earthquakes involving faulting
along the western edge of the Lut desert. In addition to the unruptured parts of the faults near
Bam itself, continuing and substantial hazard is represented by unruptured neighbouring faults,
particularly blind thrusts along the Jebel Barez mountains to the south and strike-slip faulting
at Sarvestan to the west.
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1 INTRODUCTION

The Bam earthquake of 2003 December 26, in the Kerman province
of south-central Iran, was a catastrophe. It effectively destroyed the
ancient city of Bam, with a population of around 150 000. The num-
ber of deaths will perhaps never be known exactly, but is thought to
be between 26 000 (the official figure) and 40 000 (Berberian 2005).
Even in the long and terrible earthquake history of Iran, where
events of this nature are not rare (the last comparable one, again
killing ~40000 people, occurred in Rudbar 1990; see Berberian
et al. 1992), the Bam earthquake was especially destructive.

The earthquake also attracted much scientific attention. It pro-
duced a series of enigmatic coseismic surface fractures and cracks,
which were mapped and recorded by several groups, but which were
small for a shallow event of this size (M ,, 6.6). It was the first major
destructive earthquake for which both pre- and post-seismic Envisat
ASAR (Advanced Synthetic Aperture Radar) data were available,
and spectacularly coherent radar images were obtained in the vir-
tually vegetation-free desert surrounding the destroyed city itself.
These images were sufficiently clear to observe the coseismic sur-
face ruptures themselves, through the decorrelation, or lack of co-
herence, between pre- and post-seismic images observed along the
fractures. The deformation of the surface, observed in radar inter-
ferograms, was used to infer the location and distribution of the
coseismic faulting at depth. The earthquake was recorded by many
stations of the Global Digital Seismograph Network (GDSN) and
the seismic waveforms were also used to infer fault and rupture ge-
ometry. More than one dense local network of seismographs was
installed to obtain aftershock locations and focal mechanisms, and
in Bam itself a strong ground motion instrument recorded local ac-
celerations approaching 100 per cent on both horizontal and vertical
components in the main shock itself, with a strong directivity effect
related to rupture propagation. Most of these different studies have
now been published in some form, but there has been no attempt
to bring them all together to provide a coherent overview of the
coseismic faulting in this event that uses all these sources of infor-
mation, and considers the extent to which they are compatible. That
is one of the goals of this paper, and is worth doing, not just because
we owe it to the memory of those who perished to find out what
happened, but because that knowledge contains lessons for seismic
hazard evaluation in Bam and elsewhere. In particular, we suggest,
though it is not certain, that a substantial seismic hazard may remain
at Bam, associated with unruptured parts of the active fault system
that moved in 2003.

In 2003, the Bam earthquake was also the latest in a sequence of
destructive earthquakes, beginning in 1980, that occurred along a
system of N—S right-lateral strike-slip faults bordering the west side
of the Dasht-e-Lut desert in SE Iran. (Another has occurred subse-
quently, at Dahuiyeh near Zarand, 280 km NW of Bam; Talebian
et al. 2006). A review of what is known of the historical seismicity
of the region is given by Berberian (2005). The question of what
other active faults are nearby, which may be part of the same system
and may themselves be reactivated in the near future, is thus also
pressing and relevant. The tectonic context of the earthquake fault-
ing at Bam, and its relation to other active faults that surround it, is
therefore of more than academic interest, and is also commented on
in this paper.

2 TECTONIC SETTING

The Bam region is on the west side of the Dasht-e-Lut, a flat,
low-lying, aseismic, and probably undeforming, desert in SE Iran
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(Fig. 1). The Lut is bounded on both east and west sides by systems
of N-S right-lateral strike-slip faults that together accommodate
~13-16 mm yr~' of N=S right-lateral shear between central Iran
and western Afghanistan, which is part of rigid Eurasia (Vernant
et al. 2004; Walker & Jackson 2004; Regard et al. 2005). There is
insufficient GPS coverage in Iran to assess the relative importance
of the two strike-slip systems directly, but limited dating of Quater-
nary offsets, together with estimates of the total cumulative offsets
suggests that the faults bounding the west side of the northern Lut
account for a relatively small part of the total N-S shear; in the
region of 1-2 mm yr~' (Walker & Jackson 2002, 2004).

The fault system bounding the west side of the Lut begins in the
north at ~33°N, continuing south for about 250 km as the Nayband
Fault (Fig. 1b, top), which is remarkable for its linearity and the
small relief across it, both of which are thought to indicate a nearly
pure strike-slip nature. In spite of numerous clear Late Quaternary
offsets across the Nayband Fault, it is associated with no known
historical or instrumentally recorded earthquakes, though it must be
regarded as capable of generating events of M, > 7.5 (Berberian &
Yeats 1999; Walker & Jackson 2002). Limited dating of Quaternary
offsets suggests that the slip rate on the Nayband Fault is in the region
of 1-2 mm yr~! (Walker & Jackson 2002, 2004). Between 30.5°N
and 29.5°N the fault system changes strike to NNW—-SSE (Fig. 1b),
following the Gowk valley between Chahar Farsakh and Golbaf and
acquiring an overall component of convergence. Destructive earth-
quakes occurred along this section, known as the Gowk Fault, in
1981 (M, 6.6 and 7.0; Berberian et al. 1984, 2001), 1989 (M,
5.8; Berberian & Qorashi 1994) and 1998 (M ,, 6.6; Berberian et al.
2001). The coseismic surface ruptures and focal mechanisms of
these earthquakes, together with their associated geomorphology,
indicate the kinematics of the active faulting in the Gowk Fault
zone. The evidence, reviewed by Berberian et al. (2001), Walker
& Jackson (2002) and Fielding et al. (2004), particularly from the
coseismic InSAR interferograms of the 1998 earthquake, suggests
that the oblique right-lateral convergence is spatially separated, or
‘partitioned’, into its orthogonal pure strike-slip and thrusting com-
ponents, with the strike-slip part being accommodated in the Gowk
valley and the thrusting in the Shahdad fold-and-thrust belt to the
NE, adjacent to the Lut. A small normal component in the Gowk val-
ley itself is consistent with a ramp-and-flat geometry on the master
thrust fault at depth.

South of the Gowk Valley, the faulting again resumes a N—S trend,
continuing through Sarvestan (Fig. 1b), west of Bam, to ~29°N,
where it joins a series of thrusts along the northern flank of the Jebel
Barez mountains. South of the Jebel Barez, at ~28.75°N, the N-S
faulting reappears as the Sabzevaran fault system, running south
through Jiroft and eventually stepping right to the N—S Minab fault
system on the east side of the Gulf of Oman, which separates the
Makran from the Zagros (Berberian & Yeats 1999; Regard et al.
2004, 2005). The slip rate on the southern part of the Sabzevaran-
Jiroft fault system is estimated to be 6.2 & 0.7 mm yr~! (Regard
etal. 2005), but how much of this continues north into the Sarvestan-
Gowk fault system is unknown. No large historical earthquakes are
known from the Sarvestan or Sabzevaran faults, or from the faults
near Bam discussed below, but, as in the case of the Nayband fault,
the historical data are of questionable quality and almost certainly
incomplete in those remote regions (Ambraseys & Melville 1982;
Berberian & Yeats 1999; Berberian 2005).

As we will show, the system of faults near Bam also involves
both N-S strike-slip and a component of thrusting, but occurs
50 km east of the main Gowk-Sarvestan-Sabzevaran faults, which
are much clearer, longer and better developed. Walker & Jackson
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Figure 1. (a) Yellow circles are earthquakes in the period 1964-2002 from the catalogue of Engdahl ef al. (1998) and subsequent updates. Red arrows are
velocities (in mm yr~!) of points in Iran relative to stable Eurasia, measured by GPS from Vernant ef al. 2004). The green circle is the epicentre of the 2003
Bam earthquake. (b) A mosaic of LANDSAT-7 TM images (bands 531-RGB) of the region around Bam with known active faults in black. The dotted black
line running SSE from Bam and Baravat is the possible SSE extension of the Bam fault zone, discussed in Section 7.3. The red focal mechanism of the 2003
Bam earthquake is located at the teleseismically determined location, and is probably misplaced 15 km to the SW. Focal mechanisms further north are from
earlier destructive earthquakes on the Gowk fault system, discussed in the text. The thick white line is the coseismic rupture trace of the 1998 March 4 Fandoqa
earthquake.

Figure 2. (a) Shaded topographic image, from 90m SRTM data, of the Bam-Sarvestan valley. (b) LANDSAT-7 image (bands 742-RGB) of the same region.
Note the principal drainage systems, merging in the middle of the valley, and then flowing east into the Dasht-e-Lut. The green colour of the Bam and Baravat
oases is mostly from date-palm plantations.

(2002) provide evidence for a total strike-slip offset of ~12 km on
the Gowk-Sarvestan faults, which is probably much greater than
that at Bam. Bam itself lies in a valley between two massifs of pre-
dominantly Eocene volcanic rocks; the Kafut mountains to the north
and the Jebel Barez to the south (Fig. 2). Drainage into the valley
from these two massifs is diverted east to a low playa SE of Bam, or
into the Posht river (Fig. 3), which flows through Bam, ultimately to
end in the southern Dasht-e-Lut. The surface of the Bam-Sarvestan
valley consists of mixed fluvial-alluvial gravels, which can be quite
coarse. Bam itself is a desert oasis, famous for the cultivation of
date palms, most of which grow in the adjoining region of Baravat
to the east (Fig. 3). Running for 10 km SSE from Bam, and sep-
arating it from Baravat, is a low (~30 m high) ridge of generally
finer-grained silts, marls and sands of presumed Quaternary age,

uplifted through the Recent gravels by a blind fault with a reverse
component (discussed later).

There is little direct evidence for the age of initiation of these
various faults. Allen et al. (2004) and Walker & Jackson (2004)
point out that the main fault systems both sides of the Lut are capable
of achieving their observed total offsets in about 5 + 2 Ma at their
present-day inferred slip rates (1-2 mm yr~! on the western and
10-15 mm yr~! on the eastern sides).

3 COSEISMIC SURFACE RUPTURES

Coseismic cracks and fissures were observed following the earth-
quake in several areas north and south of the city of Bam. They
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Figure 3. LANDSAT-7 image (bands 321-RGB) of the epicentral region of the 2003 Bam earthquake. Boxes outline the areas shown in Figs 4 and 16. Small
black arrows mark the lineation picked out by (green) springs extending SSE from Baravat that is the possible extension of the Bam fault system discussed in
Section 7.3. The lineation marks the truncation of fans draining NE (on the west) by a larger fan draining N (on the east), marked by the large white arrow.

are described briefly here, as their significance and relative impor-
tance only became clear after analysis of the InSAR interferograms
and seismic waveforms. The radar data are discussed in detail in
the next section, but in this section we use one aspect of the radar
data, the decorrelation (or correlation decrease), to display the lo-
cation of the observed ground ruptures on maps (Figs 4a and c).
Two radar images, one taken before and one taken after the earth-
quake, are used to produce interferograms. At the same time another
quantity, the radar correlation or coherence between the images, is
derived, which provides a measure of changes in the ground surface
(e.g. Fielding et al. 2005). High coherence (correlation values close
to 1 in Figs 4a and c) indicate that there has been little modification
to the ground surface in the time interval between the acquisitions
of the two images. Poor coherence (small values of correlation in
Figs 4a and c) suggest there have been significant changes to the
scattering properties of the ground at these locations.

The main point to emphasize, which was recognized in the im-
mediate aftermath of the earthquake, is that none of the ruptures de-
scribed below indicate surface faulting sufficient to have generated
the earthquake. Through the normal scaling relations (e.g. Scholz
1982), the observed seismic moment of 9 x 10'* N m (M,, 6.6)
should be associated with a fault 10-20 km long, with an average
slip of about one metre. It is clear that the bulk of the faulting did
not reach the surface.

To aid future trenching or palacoseismological investigations, the
GPS locations of all the coseismic ruptures observed in the field, and
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marked by red circles in Figs 4(a) and (c), are given in Table Al in
the Appendix.

3.1 North of Bam

The area north of Bam and the Posht river (Figs 3, 4a and b) consists
of low-lying volcanic rocks and alluvial fans, the surfaces of which
form a hard, pebbly, encrusted desert pavement, cemented by salt
and carbonate. For about 2 km north of'the river, and distributed over
about 2 km E-W, were numerous minor cracks and fissures, mostly
discontinuous hair-cracks with openings of 1-2 cm at most, and lit-
tle direct evidence of the sense of lateral slip. Individual fractures
could typically be followed for about 50-100 m with a N-S trend
(e.g. at 29° 08.289'N 58° 21.997E; location A in Fig. 4a). A little
further east in the same area, cracks ran for about 400 m with a trend
of 300°NW from 29° 08.482'N 58° 22.731'E (location E in Fig. 4a),
and were clearly parallel to bedding in steeply dipping red shales
exposed in places beneath the encrusted desert surface. These partic-
ular NW-trending fractures consisted of ‘pop-ups’ in the cemented
pavement, separated by N-S trending, left-stepping en-echelon ten-
sion cracks, consistent with oblique right-lateral bedding-plane slip
in the underlying shales. In the same general area, polygonal patterns
of cracks were observed on the 2—-3 m scale, similar to mud desic-
cation cracks but on larger scale and in the cemented pebbly desert
surface. The most prominent set of fractures, continuous for 2 km
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Figure 4. Satellite images (b, d) and radar decorrelation images (a, ¢) for regions north (a, b) and south (¢, d) of Bam. The big yellow arrows are to indicate
that the panels are linked vertically. Boxes outlining the regions are indicated in Fig. 3. (b) and (d) are both ASTER images (bands 321-RGB). The red areas
in (b) are cultivated regions north of Bam. (c) and (d) are both made from ENVISAT descending track 120 images acquired on 2003 December 3 and 2004
February 11. (a) Correlation map for the region north of Bam. Black shows a correlation decrease during interval straddling the earthquake. Red circles are
GPS locations of surface ruptures observed in the field (see Appendix), with locations A—E discussed in the text. (b) ASTER image of the area in (a). (c)
Correlation map, as in (a), for the region south of Bam. The red inset box is a repeat of the central part of the image with the GPS locations of ruptures in the
field (e.g. Figs 5d—f) marked by red circles. Note that fault segments F-I are all well picked out by the correlation decrease.

with a 170° trend, ran south from 29° 09.242'N 58° 23.142'E, and
are marked B in Fig. 4(a). At their northern end, they consisted of
small pop-up ridges a few cm high, generally in a right-stepping en
echelon pattern (Figs 5a and b), consistent with the right-lateral slip.
Adjacent to these fractures (location C in Fig. 4b) was a stone that
had been ejected about 10 cm from its socket in the cemented gravel
(Fig. 5c); a possible indication of the high surface accelerations that
were recorded in Bam itself (discussed later).

An obvious N-S fault is visible in the ASTER satellite image,
marked D in Fig. 4(a), following an escarpment bounding black
volcanic rocks to the west. Along the base of this scarp were small,

discontinuous hair-cracks between 29° 09.50" and 29° 10.53'N, but
no signs of reactivation further north.

Although the fractures described in this section were among the
first to be discovered after the earthquake, it is clear from the InNSAR
data, discussed later, that they were not the site of the principal
coseismic slip at depth.

3.2 South of Bam
Following the acquisition of the coseismic interferogram, discussed

in Section 4, it became clear that the principal fault slip at depth must
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Figure 5. Field photographs of coseismic surface ruptures. (a) North of Bam at 29° 8.93'N 58° 23.16'E; location B in Fig. 4(a). View is north. The rupture
trace cuts the cemented desert pavement. (b) Detail looking south at the same location as (a), showing minor pop-up features in the buckled, cemented desert
crust. (c) A stone dislodged from the cemented surface and thrown about 10 cm, at location C in Fig. 4a, north of Bam. (d) View south towards the Jebel Barez
mountains along the main rupture trace south of Bam, at 29° 01.390'N 58° 21.565'E, on segment G in Fig. 4(c). (e) Detail of the rupture trace at 29° 01.623'N
58° 21.628'E showing the left-stepping tension fractures indicative of right-lateral slip. (f) A vertical offset on segment I of Fig. 4(c), showing the cemented

upper few cm of the desert pavement.

have occurred south of Bam (Talebian et al. 2004) in a region that
was unvisited in the immediate aftermath of the earthquake (Figs 3,
4c and d). The region is an almost flat, featureless cemented bajada,
sloping gently east (Fig. 5d). Guided by the decorrelation images
from radar (Fig. 4c; Fielding ez al. 2005), three of us (MT, HN, MG)
mapped 8 km of ruptures along a N-S trend consisting, in detail,
of four left-stepping en echelon segments, with clear evidence of
right-lateral slip (Figs 5d and e). The northern segments F—H showed
right-lateral horizontal offsets of typically less than 10 cm, reaching
amaximum of 20 cm in one place, with no systematic vertical offset.
The southern segment (I) had a different strike of 050—060°, a right-
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lateral offset of 5 cm and a systematic vertical component of ~12 cm
down to the SE (Fig. 5f). Localized surface fractures comparable
to those in segments F-I could not be traced north of 29° 03.50'N,
where cracks became distributed, smaller, and discontinuous, before
being lost in the disturbed outskirts of the built-up area.

As the InSAR data (discussed later) show, these ruptures south of
Bam are the surface expression of the principal rupture surface in the
earthquake, which was mostly blind (i.e. confined below ground).
They are remarkable because they occur in a place where there is no
apparent indication of earlier movement at the surface, or even the
existence of a fault all, in either the topography, the geomorphology,
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Figure 6. Field photos of the Bam-Baravat ridge. (a) View west at 29° 4.2’ N 58° 23.9'E, showing the eastern face of the ridge, about 15 m high, and a gully
incised through it. (b) View north along the ridge at 29° 4.4'N 58° 23.9'E. Note the folded easterly dip of the young, fine-grained sediments of the ridge. Baravat
is in the distance. (c) A typical gully incised through the uplifted ridge, at 29° 5.1'N 58° 23.9'E, looking west. (d) An abandoned, uplifted, dry valley on the

crest of the ridge near its southern end, looking west.

the soil development or vegetation. With effectively no vertical com-
ponent of slip, we suspect all traces of earlier movement are simply
removed by outwash flowing over the bajada surface in occasional
floods, leaving the subdued drainage channels visible in Fig. 5(d).
It is difficult to see how the location of an important seismogenic
fault could have been discovered here before the earthquake, other
than by some chance excavation.

3.3 The Bam-Baravat escarpment

The most obvious fault in the area is the escarpment running for
~12km south from the Posht river, between Bam and Baravat.
It is clearly visible in satellite imagery (Fig. 3) and in the field
(Fig. 6), and is mentioned in several earlier publications on the area
(e.g. Berberian 1976; Walker & Jackson 2002). In form, the escarp-
ment is an asymmetric fold with a steep eastern side and an almost-
flat top (Fig. 6b), uplifting and exposing relatively fine-grained
alluvium, marls and sands through the encrusted desert pavement.
The relief at the eastern edge of the escarpment is almost constant
at ~30 m along much of'its length, dying away at both ends (Fig. 7).
It has all the characteristics of a fold above a blind, west-dipping re-
verse fault (e.g. Berberian et al. 2000), with incised drainage cutting
through the escarpment (Figs 6a and c), or abandoned as dry val-
leys on the ridge crest (Fig. 6d), or diverted around its southern end
(Fig. 8). It is probable, however, that the fault also has a substantial
right-lateral strike-slip component (discussed later).

After the earthquake, hairline cracks could be followed discontin-
uously along most of the length of the escarpment, close to its base.
These were mostly in the form of open fissures less than one cm
wide, with no consistent or reliable indication of strike-slip motion.
Some cracks and fissures were also found in the steeper topogra-

phy of the east-facing slope of the escarpment, many of which were
caused or accentuated by landsliding.

The fold ridge is crossed by numerous W-to-E flowing under-
ground water channels, called ganats (see Section 7.4), marked at
the surface by lines of vertical shafts typically 10—20 m apart. These
qanats tap an uplifted aquifer beneath the fold, in the hanging wall
of'the blind oblique-reverse fault, to bring water to the date-growing
region of Baravat in the east. Indeed, the fold, and its uplifted aquifer,
provide the main source of water for agricultural purposes, and to-
gether indicate the reason for the location of the Bam oasis and
its agriculture (see Section 7.5). The lines of the qanats are shown
in Fig. 8. Many of them follow incised ephemeral or dry stream
valleys (as this requires less digging for the vertical shafts). Some
of these streams, and hence qanats, are deflected south a few me-
tres west of the frontal escarpment. This was noticed by Hessami
et al. (2004), who interpreted this to indicate right-lateral offsets of
originally straight qanats. On a larger scale, however, much of the
drainage sweeping E or SE across the bajada west of the escarpment
is deflected south, particularly at the southern end of the escarpment
(Fig. 8), where the relief dies out. This deflection is characteristic of
the propagating ends of hanging wall anticlines (e.g. at Sefidabeh
in eastern Iran; Berberian ef al. 2000), and several streams are bent
round to the south even within the fold itself, perhaps testifying to a
tip that has steadily propagated south. For this reason we are doubt-
ful whether the deflections described by Hessami et al. (2004) are
the result of historic strike-slip faulting. By contrast, there is little
doubt that the main morphology of the fold escarpment is caused
by a reverse faulting component at depth. The association between
active reverse faulting, uplifted aquifers providing a water supply,
and the locations of settlements, is common in the desert regions of
Iran (Berberian et al. 2000; Jackson 2006), and is discussed later
(Section 7.5)
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Figure 7. (a) SRTM topography of the Bam-Baravat ridge illuminated from the NE. The steep eastern face of the ridge is marked by black arrows. The overall
slope in this region is to the SE. (b) Three E-W profiles across the ridge along lines shown in (a), showing that the change in height across the ridge is constant
for much of its length at about 15-20 m. (c¢) North-south profiles along the lines shown in (a), along the top of the ridge (west) and about 1 km east of the ridge
at its base (east). The 15 m height difference between the profiles at the ends of the profiles is caused by the SE regional slope: the height difference increases

rapidly from 15 to 30 m within 2 km at each end of the ridge.

4 RADAR INTERFEROMETRY

4.1 Dislocation modelling

The earthquake gave rise to exceptionally clear interferograms made
from ENVISAT ASAR data, largely because of the excellent coher-
ence between the pre- and post-earthquake images. Various groups
have looked at interferograms from these images, and from them
inferred source parameters of the coseismic faulting. The earliest
study, by Talebian ef al. (2004) used just the descending interfer-
ogram, whereas later ones by Wang et al. (2004), Funning ef al.
(2005), Fialko et al. (2005) and Motagh et al. (2006) used both
ascending and descending tracks, thereby considerably reducing
trade-offs between parameters. In addition, Funning et al. (2005)
and Fialko ef al. (2005) calculated azimuth offsets for both ascend-
ing and descending tracks, and when these were combined with
ascending and descending interferograms, were able to recover all
three components (east, north and vertical) of the 3-D displacement
field of the surface around Bam. Source parameters of the faulting
were then obtained by comparing the observed interferograms or
ground displacements with those calculated from elastic disloca-
tion models.

The studies of Wang et al. (2004), Funning et al. (2005), Fialko
et al. (2005) and Motagh et al. (2006) differ in detail, but are agreed
on the main features. All agree that the bulk (>80 per cent) of
the moment was released by almost vertical, nearly pure strike-slip
faulting beneath the ruptures described south of Bam in Section 3.2,
with the main slip occurring over a distance of about 12 km running
from the southern limit of the observed surface ruptures in Fig. 4(c)
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northwards into Bam itself. The maximum slip was about 2.7 m
at a depth of about 5 km, dying away downwards at 10—-12 km
depth and upwards at 1-2 km beneath the surface. The lack of slip
shallower than 1-2 km depth on the fault is also consistent with the
terrestrial levelling data of Motagh et al. (2006) along the main Bam-
Baravat road south of Bam. Wang et al. (2004) infer a small amount
of slip on faults through and north of Bam (roughly beneath the
faulting described in Section 3.1), which was not thought necessary
by Funning et al. (2005) or Fialko ez al. (2005).

More significantly, Funning et al. (2005) claimed that a substan-
tial (~25 cm) eastward and upward component of motion they had
detected in the SE quadrant of the main strike-slip rupture could only
be modelled by additional slip with a reverse component of motion
on a fault dipping west. They were able to reproduce this signal with
oblique-reverse slip on a fault dipping 64°W and striking parallel
to, and east of, the main strike-slip fault. They also show that the
rms misfit of observed-to-calculated ground displacements reduce
from 2.5 cm (for uniform slip) and 1.9 cm (for variable slip/rake)
in their best one-fault models to 1.7 cm (uniform slip) and 1.3 cm
(variable slip) in their best two-fault models; in other words, that
the misfit is reduced by a third in both uniform- and variable-slip
models. A test to argue that this improvement is statistically signifi-
cant is given in the Appendix. The feature in the interferograms that
requires something other than a simple, pure strike-slip rupture is
the teardrop-shaped pattern in the SE quadrant of the main strike-
slip fault (Fig. 9a), which has the same sign in both ascending and
descending interferograms, and must therefore be a vertical signal.
Other published InSAR studies (e.g. Wang et al. 2004; Fialko et al.
2005) also model this feature with a dip-slip component though not,
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Figure 8. Geomorphic map of the southern end of the Bam-Baravat ridge.
The red line is at the base of the steep eastern face of the escarpment. Blue
lines and shading mark active drainage courses, thick dotted lines are dry
valleys and drainage courses. Thin dotted lines are traces of underground
irrigation tunnels (‘qanats’). The five black circles are areas of intense gqanat
building and repair, with many generations of qanats built over one another,
of unknown age. All of these are near the frontal scarp though the reasons for
this increased engineering activity are unknown, and not necessarily related
to creep on the fault.

as Funning et al. (2005) do, with slip on a separate fault: that aspect
of their models is perhaps less obvious than in Funning et al.’s, since
Wang et al. (2004) do not show their dip-slip displacements at all,
and Fialko er al. (2005) scale their rake arrows with slip magnitude,
so that the dip-slip component, being small, is difficult to see on their
plot. Another significant difference between these various studies
is that Wang et al. (2004) and Motagh et al. (2006) used the ESA
(European Space Agency) SLC (single look complex) version of the
ENVISAT ascending track data, which misses out much of the de-
formation pattern west of the Bam-Baravat escarpment, and barely
images the important teardrop-shaped signal in the SE quadrant of
the main fault (see Fig. 9a). As a result, their claim that they can
rule out slip on the deeper part of the fault beneath the Bam-Baravat
escarpment is not secure. By contrast, Funning et al. (2005) and
Fialko et al. (2005) processed the raw SAR data themselves, extend-
ing the InSAR signal another 15 km to the west to provide much

more complete coverage of the coseismic deformation on the as-
cending track. The roughly E-W terrestrial levelling line of Motagh
et al. (20006) is too far north to be sensitive to the teardrop-shaped
uplift feature in the SE.

The second fault suggested by Funning ez al. (2005) would project
to the surface at the Bam-Baravat fold escarpment (Section 3.3), but
they required it to slip only in a small patch at its base, close to its
intersection with the main strike-slip fault. Funning et al. (2005)
produced two models (Table 1): one in which the slip was uniform
over the two fault surfaces, and another, with the same fault orien-
tations and positions, that allowed slip to vary spatially over those
surfaces. Their variable slip model and an observed and synthetic
interferogram are shown in Fig. 9. Of particular importance, in the
light of the aftershock data discussed below in Section 5.2, is the
confidence with which we can say that the InSAR data rule out sig-
nificant slip below 8-10 km depth. Although spatial resolution of
slip on the fault plane degrades with depth, the detection of slip
itself at depths of 8-10 km is good at the 15 cm one-sigma level on
the main strike-slip fault and at 7 cm one-sigma level on the oblique
reverse fault (Funning et al. 2005). There is thus little doubt that
the majority of the slip responsible for the observed interferograms
occurred above 8—10 km.

Several features of Fig. 9 need emphasizing. Both modelled faults
are ‘blind’, in that nearly all the slip is beneath the surface, and the
principal offset on both faults is strike-slip, with the rake values
being 178° and 150°. The more oblique slip on the parallel west-
dipping fault is so concentrated at its base, and so close to the main
strike-slip fault, that it is unlikely the model presented here is unique.
It is possible that a more complicated strike-slip fault geometry,
involving a twisted surface that acquires a westward dip and a change
in slip vector (to acquire a reverse-slip component) at its southern
end, would also produce a satisfactory fit to the interferograms and
surface displacement field. Wang er al. (2004) and Fialko et al.
(2005) attempted to model the vertical component of ground motion
in the SE quadrant of the main strike-slip fault by varying the rake
on a single fault of constant orientation, but Funning et al. (2005)
argue that the misfit from such a model is worse than for a two-fault
model (see also the Appendix to this paper). The virtues of Funning
et al.’s two-fault model in Fig. 9(c) are:

(1) it is simple, in that there is no change of rake on a fault or
fault curvature;

(2) there is no doubt that a parallel west-dipping fault with a
reverse component does exist beneath the Bam-Baravat anticline,
and the cracking along the scarp suggests it may have moved at
depth;

(3) it is therefore consistent with the observed geology and

(4) itis also consistent with the teleseismic waveform data (Sec-
tion 5.1).

Although Funning et al. (2005) allow their fault surfaces to con-
tinue south of the observed ruptures south of Bam and south of the
southern end of the Bam-Baravat escarpment, the patches of sig-
nificant slip in their model on both surfaces are confined beneath
the observed surface ruptures or project to the topographic expres-
sion of the ridge. As we will see in the seismic waveform analy-
sis, the seismograms cannot be reproduced by a single strike-slip
rupture alone, and also require a subevent with a reverse-faulting
component. The slip of the oblique-reverse fault in Funning ef al.’s
model contributes only 15 per cent to the total moment release
(Table 1).
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Figure 9. A summary of the coseismic interferogram dislocation modelling by Funning ez al. (2005). (a) The observed wrapped ascending interferogram,
with one colour cycle representing 28 mm line-of-sight change between the satellite and the ground. (b) Model ascending interferogram for the two-fault,
variable-slip model of the Bam earthquake (Table 1). The thick black lines in (a) and (b) show the length of the modelled main strike-slip fault (west) and the
reverse fault (right) projected to the surface. (c) The distribution of slip on the main strike-slip fault (left) and on both faults (right). Viewing position is from
the NE. More details of the modelling and the interferograms are given in Funning ez al. (2005).

Table 1. Source parameters of the Bam earthquake used for dislocation (Fig. 9) and teleseismic waveform modelling (Fig. 10); see Funning et al. (2005).
Latitude and longitude are of the centre of the fault plane projected to the surface. Depths are centroid depths. The slip value is the peak slip. In the variable-slip
model, the fault length and width are the dimensions of the area enclosed by the slip contour within which 95 per cent of the fault slip occurred. Funning et al.
(2005) give, and discuss, values for the errors in the uniform-slip model, which was obtained by an inversion procedure. In the variable-slip model, only the

spatial distribution and amount of slip on the surfaces were allowed to vary.

Fault Lat. Long. Depth Strike Dip Rake Slip Length Width Moment
deg deg km ° ° e m km km x 10" N'm
Uniform slip 1 29.038 58.357 5.5 354.6 85.5 —177.8 2.14 12.0 8.6 7.6
2 28.988 58.406 6.7 180.0 63.9 149.5 2.04 14.8 1.4 1.4
Variable slip 1 29.040 58.356 6.4 354.6 85.5 —177.8 2.69 20.0 15.0 9.1
2 28.988 58.406 5.9 180.0 63.9 149.5 2.04 18.0 6.0 1.6

4.2 Decorrelation imaging

An extraordinary feature of the Envisat ASAR data at Bam was the
contrast between the exceptional coherence of successive images in
the surrounding desert and the decorrelation of those images along
the ruptures south of Bam (Fig. 4c). This contrast was so extreme
and clear that the ruptures themselves were visible in the correlation
image (Fig. 4c) and this guided us to their previously undiscovered
surface location a month after the earthquake (reported in Talebian
et al. 2004). The high coherence is likely to result from the almost-
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rigid encrusted desert pavement, into which pebbles are cemented
by carbonate or salt, as can be seen in Figs 5(c) and (f). Broad
zones of decorrelation around fault ruptures have been observed
elsewhere (Simons et al. 2002), but the level of detail seen at Bam
is remarkable. This relation between the surface ruptures and the
InSAR decorrelation has been studied in detail by Fielding et al.
(2005). One result they highlight is the contrast between the clarity
of the decorrelated discrete ruptures south of Bam (Fig. 4¢) and the
more dispersed decorrelation associated with the distributed rup-
tures north of Bam (Fig. 4a). They attribute this contrast to an E-W
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shortening across the fault zone in the north, leading to a distributed
pattern of cracking, and an E-W extension across the fault-zone
in the south leading to a simpler, discrete set of fractures. We note
that the ruptures in the north (Section 3.1) do, indeed, show numer-
ous ‘pop-up’ features and en-echelon mole tracks, indicative of a
shortening component, and that an E-W extension in the south is
expected at the surface above a buried thrust. The linear decorrela-
tion feature marked X in Fig. 4(a) corresponds to the location of the
northern fault inferred from the InNSAR data by Wang et al. (2004).
Fielding et al. (2005) show that it coincides with a step of about
5—7 cm in E-W shortening, though the localized uplift component
shows that any slip is very shallow. There may also be some strike-
slip displacement at this feature, not resolved (or confused with the
vertical component) in the InSAR analysis, due to its low sensitivity
to N—S motion. No significant surface faulting was found at site
X, though there were some minor ground cracks (Fielding et al.
2005).

The correlation images used to produce Figs 4(a) and (c) are
from a descending track pair (2003 December—2004 February) with
amuch shorter baseline (roughly 10 m) than the pair used in Fielding
et al. (2005), but the computational technique employed is the same
as the phase-sigma technique of that paper. Fielding et al. (2005)
were also able to use the change in correlation before and after the
earthquake to map the damage distribution to buildings in the city
of Bam itself.

5 SEISMOLOGICAL INFORMATION

5.1 Teleseismic waveform analysis

In the supplementary on-line material that accompanied their initial
report on the Bam earthquake, Talebian ez al. (2004) pointed out that
the long-period P and SH waveforms of the main shock could not be
explained by a single centroid source with a strike-slip mechanism.
They suggested that the main shock consisted of two discrete pulses,
alarger (M, 6.5) N=S right-lateral strike-slip rupture, followed 9.5s
later by a smaller (M, 6.0) thrust rupture on a N-S striking plane
dipping 30° W. This analysis of the seismograms, and particularly
the inclusion of the second smaller subevent, was influenced by
(a) the minor surface ruptures observed along the Bam-Baravat es-
carpment and (b) the need for such a second pulse to explain the
InSAR interferograms. With the much more detailed InSAR analy-
sis now available (Funning et al. 2005; Fialko et al. 2005), including
both ascending and descending tracks and azimuth-offset data, a re-
analysis of the body waveforms is justified. Of particular interest is
whether the waveforms can be explained by coseismic faulting with
the same geometry as that inferred from the InSAR data by Funning
et al. (2005) in Fig. 9.

We selected 25 P and 25 SH waveforms from the GDSN broad-
band network, which recorded the earthquake with good azimuthal
coverage (Fig. 10). We first convolved the records from stations in
the teleseismic distance range of 30-90° with a filter that reproduces
the bandwidth of the old WWSSN 15-100 long-period instruments.
For earthquakes of M, 6.5 at these wavelengths, the source appears
as a point source in space (the centroid) with a finite rupture time,
and the resulting seismograms are sensitive to the source parameters
of the centroid while relatively insensitive to the details of geolog-
ical structure. We then used the MTS5 version (Zwick et al. 1994)
of McCaffrey & Abers’s (1988) and McCaffrey et al.’s (1991) al-
gorithm, which inverts the P and SH waveform data to obtain the
strike, dip, rake, centroid depth, seismic moment and the source time

function, which is parametrized by a series of isosceles triangle el-
ements of half-duration 1.0 s. The source was always constrained
to be a double-couple. Details of the program, algorithm and ap-
proach we used are described in detail elsewhere (e.g. Nabélek 1984;
McCaffrey & Nabélek 1987; Molnar & Lyon-Caen 1989; Taymaz
etal 1991).

We first generated synthetic seismograms for the main strike-slip
rupture determined from InSAR data, using the same strike, dip, rake
and moment as that in the uniform-slip model determined by InSAR
(Table 1). We assumed a centroid depth of 5.5 km, close to the centre
of slip distribution pattern in Fig. 9(c). We then allowed the inversion
to determine the only remaining unknown source parameter, which
is the source time function. The resulting waveforms are shown in
Fig. 10(a), and reproduce the shape and amplitude of P and SH at
most stations reasonably well. However, there are two obvious areas
of the focal sphere where the fit is bad. The P waveforms at stations
in the east and southeast (INCN, ENH, GUMO, MBWA, NWAO)
are close to a P nodal plane and have small calculated waveforms,
even though the observed waveforms are clear and impulsive. A
similar effect is observed in the SH waveforms at southwest stations
(LBTB, LSZ), which are also close to a nodal plane and have small
calculated amplitudes, even though the observed onsets are large
and clear. These deficiencies at these stations are inevitable given the
orientation of the main strike-slip rupture, which is well constrained
by the InSAR data.

The fits of synthetic to observed seismograms at these stations is
improved by the addition of a second oblique-thrust subevent, with
exactly the same strike, dip, rake and moment as used in the uniform-
slip model determined by InSAR analysis (Table 1). We assumed
a centroid depth of 6.7 km, close to the centre of the slip distribu-
tion for the second (oblique-reverse) rupture plane in Fig. 9(b), and
thus the only parameters left undetermined were the source time
function and its origin-time delay relative to the first subevent. We
found the best fit occurred with a short time function delayed only
1 second after the onset of the first subevent (Fig. 10b). For this
second subevent, those P stations in the east and SH stations in the
southwest mentioned above are further from the nodal planes, and
have substantial onsets. In particular, the increased dip-slip com-
ponent of the rake in the second subevent introduces, through SV
and sP, a relatively large amplitude to the P waves at stations in the
east and southeast, even though the moment is five times smaller
than in the first subevent. The comparison between waveforms from
the one-source and two-source models at these stations is shown in
Fig. 11. The fit at most other stations is much the same, or improved,
by the addition of the second pulse. Only at DBIC (in the west) is
the P waveform nodal for both subevents, and therefore small in the
synthetics, even though it has an observed waveform of substantial
amplitude. We suspect that this is because it is sensitive to small
changes in the orientation of the nodal planes, and note that the SH
fit at this station is good.

We conclude that the seismograms can be fit reasonably well
with a two-source model which is the same as that deduced from
the InSAR analysis by Funning et al. (2005). The delay between
the two pulses is only 1 s, and we could not resolve any spatial
separation of the centroids. Clearly, given the long-period nature of
the waveforms, we cannot distinguish between a model with two
simple discrete subevents separated in time on surfaces of different
orientations (as shown here) and a more complicated fault geometry
involving propagating rupture on a single distorted rupture surface
that acquires a more westward dip and a greater thrust component
to its slip vector at one end. The same point was made regarding the
interpretation of the InSAR interferograms in the previous section.

© 2006 The Authors, GJI, 166, 1270-1292
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Figure 10. Long-period P and SH body wave modelling of the 2003 Bam mainshock, with the same fault parameters as those used in the uniform-slip InNSAR
modelling by Funning et al. (2005), shown in Fig. 9 and Table 1. (a) Seismograms for the strike-slip fault alone, with only the source time function (STF) free
in the inversion. The event header shows the strike, dip, rake, centroid depth and scalar seismic moment (in Nm) of the minimum misfit solution. The top focal
sphere shows the lower hemisphere stereographic projection of the P waveform nodal planes, and the positions of the seismic stations used in the modelling
routine. The lower focal sphere shows the SH nodal planes. Capital letters next to the station codes correspond to the position on the focal sphere. These are
ordered clockwise by azimuth, starting at north. The solid lines are the observed waveforms, and the dashed lines the synthetics. The inversion window is
marked by vertical lines on each waveform. The source time function (STF) is shown, along with the timescale for the waveforms. The P and T axes within the
P waveform focal sphere are shown by a solid and an open circle respectively. Note that the fit of P waves is particularly poor in the E and SE, and for SH in the
SW. Waveforms at some of these stations, highlighted in yellow, are shown in more detail in Fig. 11. (b) Seismograms for the two-source model, incorporating
the second fault, with an oblique thrust mechanism (green focal sphere) used in the InNSAR modelling.
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Figure 11. A comparison between the one-source and two-source models at stations highlighted in yellow in Fig. 10(a). The top line shows observed (solid)
and synthetic (dashed) P waveforms at INCN, GUMO, MBWA and NWAO and SH waveforms at LBTB and LSZ for the two-source model. Numbers beneath
station codes are station azimuths from the epicentre. The bottom line shows waveforms for at the same stations for the single strike-slip source alone.

The important conclusions from this section are (a) that the seismo-
grams can be interpreted in a way that is consistent with the InNSAR
interpretation, and (b) that both require a dip-slip component in ad-
dition to the nearly pure strike-slip component that is responsible
for the bulk of the signal in both cases.

© 2006 The Authors, GJI, 166, 1270-1292
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5.2 Aftershock locations and mechanisms

For the period 3-35 days after the earthquake a dense seismic net-
work of 23 stations was operated in the epicentral region to record
aftershocks, and the details of this experiment are reported by Tatar
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Figure 12. Aftershock locations for the 2003 Bam earthquake, determined by Tatar ez al. (2005). (a) Locations of the best-located 286 aftershocks. The solid
red lines south of Bam are the traces of the main strike-slip rupture observed in the field (segments F-I in Fig. 4c). The dashed red line in the north is the
minor surface fault rupture marked B in Fig. 4(a). The solid black line is the edge of the Bam-Baravat escarpment. The green square is the location of the Bam
strong ground motion instrument. (b) Cross-section along the line W—E in (a), using locations within 8 km either side of the line. Solid red line is the main
rupture surface determined from InSAR modelling (Funning et al. 2005). The solid black line joins the base of this rupture to the Bam-Baravat escarpment at
the surface; the bottom 2 km of this oblique-reverse fault is thought to have ruptured in the main shock. The blue line is a projected downward continuation of

the faulting, beneath the lowest extent of rupture in the main shock.

et al. (2005). A number of important conclusions are worth noting
here, to compare them with those from other data.

Firstly, the aftershock distribution delineates an intense N—S zone
of activity (Fig. 12a) running through Bam and along the coseismic
ruptures south of the city that were observed both in the radar decor-
relation and on the ground (Talebian ez al. 2004; Fielding et al. 2005)
and which were clearly along the line of the fault responsible for
the main InSAR interferogram signal (Talebian et al. 2004; Funning
et al. 2005; Fialko et al. 2005). The pattern becomes diffuse in the
north and does not show a concentration of aftershocks along the
coseismic ruptures observed north of the city in Figs 5(a), (b), 4(a)
and (b).

The aftershock zone is subvertical beneath the coseismic ruptures
south of Bam, broadening with depth (Fig. 12b). Tatar et al. (2005)
suggest that the aftershock zone has a steep (~80°) westward dip,
compared to the steep (80-85°) eastward dip required by the radar in-
terferograms and teleseismic waveforms. Whether this discrepancy
is real, or whether the aftershock zone simply becomes broader with
depth, is not clear. What is remarkable about the aftershocks is not
just their delineation of the N—S rupture, but their depth distribution
(Fig. 13a). Nearly all the best-determined locations of Tatar et al.
(2005) lie in the range 7-20 km, and thus almost entirely below the
2-8 km depth range in which most of the slip occurred in the main
shock, and which produced the surface deformation revealed in the
radar interferograms (Fig. 13). The depth range of maximum slip in
the main shock is nearly completely free of aftershocks in the Tatar
et al. (2005) study. This is a very significant observation as it sug-
gests that the thickness of the seismogenic zone in the region is about
20 km, and that only half of this ruptured in the Bam main shock.
An important question (discussed later) is whether the remaining,
unruptured, half may still fail seismically in a future event.

With virtually no aftershocks shallower than 7 km, the aftershock
distribution of Tatar ez al. (2005) has little to say about the question
of whether the main shock occurred on two separate faults or one
twisted surface. Downward projections of the N—S strike-slip fault

south of Bam and the fault with a reverse component beneath the
Bam-Baravat escarpment would merge near the top of the aftershock
zone, if we assume the dips for them that were estimated from the
InSAR analysis (Fig. 12b).

After the period of Tatar et al.’s (2005) aftershock study (3—-35
days after the main shock) ended, a second aftershock study was car-
ried out by Nakamura et al. (2005) 41-70 days after the main shock.
Their results were much the same, demonstrating a thickness to the
seismogenic layer of ~20 km, and a relative lack of earthquakes
at shallow depths above the main coseismic rupture in the south.
However, elsewhere, in contrast to the Tatar ef al. (2005) study, they
found much more aftershock activity at depths less than 5 km, and
a more diffuse distribution of aftershocks, particularly in the north.
Some of these differences may be attributable to the later period of
activity, as aftershock distributions commonly broaden with time
(e.g. Yielding et al. 1989). However, the contrast between the lack
of shallow activity in the earlier study compared to that in the later
may also be related to the different seismograph station distributions.
Tatar et al. (2005) had a particularly dense station network, with at
least 8 of their 23 stations less than 5 km apart above the central part
of the aftershock zone in eastern Bam. This configuration is well
able to resolve events shallower than 7 km, if they exist. By contrast,
Nakamura ez al.’s (2005) network had only 9 stations, with just a sin-
gle station in Bam, and an inter-station spacing of typically ~10 km;
this configuration is much less able to resolve truly shallow
depths of <5 km. We are therefore unable to evaluate Nakamura
et al.’s (2005) suggestion that a band of aftershocks dips west at
shallow (0—5 km) depths beneath the Bam-Baravat ridge; which is
not a feature of the Tatar et al. (2005) aftershock distribution.

5.3 Strong ground motion
The ground motion produced by the earthquake was recorded within

the city of Bam itself (Fig. 12a). This is a rare case where direct
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Figure 13. (a) Histogram of the 331 high-quality aftershock depths determined by Tatar et al. (2005). The subset of 286 best-located events is in blue. (b) A
north-south section along the line of the main fault rupture, showing the 331 high-quality aftershock locations of Tatar ez al. (2005). Contours of coseismic slip,
inferred from InSAR modelling by Funning ef al. (2005) are also shown. The red area involved slip of >2 m, and the yellow area slip of >1 m. The S-P time
recorded by the strong motion instrument at Bam places the mainshock rupture nucleation on a circle of radius 13.7 km centred on the station (black rectangle).
The centroid depth from InSAR modelling, and consistent with the teleseismic waveform modelling is at 6 km, marked by the horizontal line. The nucleation
point of the mainshock, determined from the strong ground motion recording at Bam, is marked by the blue circle.

recording of the ground motion was made in a place so mas-
sively destroyed. The instrument is a digital accelerometer in-
stalled by the Iranian Building and Housing Research Center
(http://www.bhrc.gov.ir). Such an instrument records the ground ac-
celeration and has a flat response in frequency so that the integration
of the records yields the ground velocity (Fig. 14) while a second

Ground Velocity

|
NS N[

obsarved
calculated

Veriical

time (s)

Figure 14. Comparison of the recorded ground velocity (red) with that
calculated (black) for the configuration of fault slip and rupture nucleation
shown in Fig. 13(b). Traces start at the origin time of the earthquake. The P
and S arrival times are indicated. The calculation is done using the discrete
wavenumber method (Bouchon 2003) using the slip model inferred from
InSAR (Fig. 9¢) and the crustal velocity structure obtained from aftershock
data (Tatar ef al. 2005). Rupture velocity is 2.8 km s~!. Local rise time is
proportional to slip, with a peak slip velocity exceeding 2 m s~! over the
slip patch (see Bouchon et al. 2006, for details).
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integration yields the ground displacement. The dominant feature of
the ground motion is the high-amplitude E-W pulse, transverse to
the fault (120 cm s~! of peak velocity, 40 cm of peak displacement).
This pulse is likely to have been a major cause of the catastrophic
damage in Bam. During the 2-3 s duration of this pulse, the N-S
and vertical motion are small . These characteristics are those the-
oretically expected near the fault for a N—S trending right-lateral
strike-slip fault where rupture propagates northwards towards the
station (Aki 1968; Somerville ef al. 1997; Somerville 2003). The
arrival of the hypocentral S wave corresponds to a polarity reversal
on the transverse component, from the eastward motion of the near-
field P wave to the westward motion of the SH wave. The records
thus yield a clear S—P time of 1.9 s (Fig. 14), which, for the upper-
crustal velocities inferred in the region (Tatar et al. 2005) places
the zone of rupture initiation at about 14 km from the station. Be-
cause the event is shallow, this hypocentral distance places the point
of initiation near the southern edge of the ruptured area. In such a
configuration, the elastic strain energy released is strongly focused
in the direction of the propagating rupture; that is, northwards. It is
precisely there, near the northern edge of the slip patch, that Bam
was located.

Synthetic seismograms calculated using the fault geometry and
slip distribution determined by Funning et al. (2005) from the
InSAR data (Fig. 9¢c), with the inferred hypocentral distance of
13.7 km, reproduce remarkably well the amplitude and shape of
the transverse (E-W) ground-velocity pulse produced in Bam by
the earthquake (Fig. 14). To fit the timing of the pulse requires
a rupture velocity of 2.8 km s~! which, within uncertainties, is
the Rayleigh-wave velocity of the upper crust (Tatar ef al. 2005)
where faulting takes place. The width of the pulse constrains the
rise time (the local duration of slipping) and implies that slip oc-
curred at high slip velocity exceeding 2 m s~! over a large part of
the fault. The fit between data and synthetics is not very sensitive
to the hypocentral depth itself provided that it lies between 3 and
10 km. The best match, however, is obtained for a depth close to
6 km.
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About 1.5 s after the transverse E-W pulse, whose peak amplitude
corresponds to the passage of the rupture front near the station,
the Bam records show some complexity, particularly on the N-S
component parallel to the fault, that is not explained by this main
rupture. Its origin is unknown: it could relate to the later subevent,
responsible for ~20 per cent of the moment release, that was inferred
from the teleseismic analysis (and indirectly from the InSAR), but
we could not match it with the model for the second event used in
Figs 9 and 10b (and Table 1), which is located too far from the station
and produces too small an amplitude at Bam. With just one strong
motion station, we cannot determine uniquely the source location
and timing which caused this later disturbance. The aim was simply
to show that the essential features of the observed ground motion
in Bam can be reproduced by the same fault-slip model for the
principal rupture that was obtained from InSAR analysis, which is
also compatible with the observed teleseismic seismograms. The
location of the hypocentre (rupture nucleation) inferred from the
strong motion analysis is shown by a blue circle in Fig. 13(b).

In summary, it is evident that the position of Bam at the northern
end of'the strike-slip rupture surface made it particularly vulnerable.
The strong directivity effect, enhancing the E-W horizontal motion,
was further amplified by the near-Rayleigh rupture velocity. The
high slip velocity adds to these two factors which, all together, are
responsible for the almost complete destruction of the part of Bam
situated along the line of the main fault (e.g. NCC 2003; Fielding
et al. 2005; Bouchon et al. 2006).

6 SYNTHESIS: COSEISMIC FAULTING
IN THE BAM EARTHQUAKE

At this point we can attempt to resolve some of the uncertainties
concerning the coseismic rupture surfaces in the main shock, many
of which arise from ambiguities in any one type of data used on their
own.

From the InSAR data, there is little doubt that the principal rupture
surface during the main shock, responsible for the ground deforma-
tion pattern seen in the InSAR interferometry, was a near-vertical
strike-slip fault extending from the city of Bam towards the south.
The surface expression of this rupture was the relatively minor set
of fractures described by Talebian er al. (2004) and observed in
the radar decorrelation (Talebian et al. 2004; Fielding et al. 2005),
shown in Figs 4(c), 5(d) and (e). However, it is clear from the ampli-
tude of the signal in the InSAR interferograms that most of the slip,
with peak values of more than 2 m at 5 km depth, failed to reach the
surface. Although Talebian et al. (2004) reported a maximum sur-
face offset of ~20 cm on these fractures, Binet & Bollinger (2005),
using subpixel correlation of SPOT-5 images, found a surface off-
set that was larger, with a maximum value of 1.2 m and a mean of
~0.8 m. They attribute the difference to distributed surface defor-
mation over a zone perhaps 500 m wide. This is consistent with the
model of Funning et al. (2005), based on InSAR interferograms,
which also has a maximum of 0.8 m slip in the upper 1 km, but which
cannot resolve the spatial detail inherent in the SPOT images. Fialko
et al. (2005) discuss the coseismic ‘slip-deficit’ at shallow (<4 km)
depths, which must be taken up somehow in the interseismic period,
perhaps by distributed, non-seismogenic processes.

One of the best-observed features of the deformation pattern seen
in the InSAR interferograms is the wavelength of the signal away
from the fault (Fig. 9a), which in turn is related to the depth extent
of the rupture surface. Thus we know that the bulk of the slip on
this rupture surface occurred above 8—10 km depth, yet the after-

shock distribution (Fig. 13) strongly suggests that the fault zone
extends, within the seismogenic layer, to about twice that depth.
Dislocation modelling of the interferograms (Funning et al. 2005;
Fialko et al. 2005) indicates a fault length for this segment of about
12-20 km (depending on whether uniform or variable slip mod-
els are used), slightly longer than the observed ruptures south of
city and extending into the city itself. The aftershock zone associ-
ated with this segment over the month following the earthquake is
somewhat longer (Fig. 12a), and may have broadened even more
after that (Nakamura et al. 2005), but this is not unusual. The main
strike-slip pulse seen in the seismograms (Fig. 10a) can be fit with
the same moment value of 7.6 x 10'® N m as that deduced for
the strike-slip segment from the radar analysis (in the uniform-slip
model), corresponding to an average slip of 2.1 m over a vertical
fault of dimensions 12 x 9 km?, suggesting that this seismic pulse
was indeed caused by slip on the principal rupture surface identi-
fied by the radar imagery. This interpretation is also consistent with
the observed and synthetic strong motion seismograms shown in
Fig. 14.

The ruptures north of the Posht river and city of Bam (Figs 4a,b
and 5a,b), which attracted such attention in the immediate aftermath
of the earthquake (Talebian et al. 2004; Hessami et al. 2004) and
which were discovered before the radar decorrelation drew attention
to the ruptures south of Bam, have a minor, barely resolvable effect
on the InSAR interferograms (e.g. Wang et al. 2004). Slip on these
fractures is small and, unlike those south of Bam, does not represent
the surface expression of much more substantial movement at depth.
They are distributed over an E-W width of several km (e.g. Hessami
et al. 2004), and are not associated with any localized aftershock
activity (Fig. 12a). Indications from the strong ground motion anal-
ysis are that the rupture on the main segment propagated north, and
we suspect that the distributed fracturing and aftershock activity at
the northern end of the main rupture may be related to the effects
of this propagation; both from the enhanced ground accelerations
and dynamic effects (e.g. Fig. 5¢) and from the distributed minor
faulting that is common at the end of main fault segments. A simi-
lar pattern of both more distributed fracturing and more distributed
aftershocks was observed, for example, at the end of the main 1980
El Asnam earthquake fault rupture, in the direction of propagation
(e.g. Yielding et al. 1989). Fielding et al. (2005) also point out,
from the InSAR phase signal, that this northern region experienced
a component of E-W shortening at the surface.

It remains to discuss the significance of the Bam-Baravat escarp-
ment in this earthquake. There is no doubt that the anticline ridge
is the surface expression of a fault that must dip west, and have a
reverse component, and be largely ‘blind’ in that slip at depth is
accommodated mostly by folding at the surface. The ridge is the
most obvious geomorphological feature in the region (Figs 2 and 3)
and was naturally the focus of attention following the earthquake.
Minor coseismic cracks were observed along and close to the base
of the scarp (Talebian ef al. 2004; Hessami et al. 2004), but there
is no doubt that the main ground deformation, as seen in the radar
interferograms, was not caused by slip on this fault. Furthermore,
the seismograms of the earthquake indicate that >80 per cent of
the moment release in the earthquake occurred on a nearly verti-
cal strike-slip fault with almost horizontal slip vector; which is not
the characteristic of the fault beneath the Bam-Baravat ridge. On
the other hand, neither the radar interferograms or the teleseismic
seismograms can be explained by horizontal slip on a near-vertical
strike-slip fault alone; both require an additional segment of slip
with a reverse component. The radar data localize this extra com-
ponent to a small patch with restricted depth near the base of the
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main rupture (Fig. 9b). Again, the seismograms can be fit with a
second subevent of the same moment as that deduced from the
radar (Fig. 10b). The orientation of the second fault used in the radar
analysis by Funning et al. (2005), shown in Fig. 9(b), and which is
compatible with the seismic waveforms (Fig. 10b), projects to the
surface at the base of the Bam-Baravat ridge. An obvious conclusion
is that the oblique-reverse fault beneath the ridge did indeed slip a
little in earthquake, but only at depths of 4-6 km (where the average
slip may have been 1-2 m), and only minor cracks propagated to the
surface. As we have pointed out above, in formal terms, given the
uncertainties and trade-offs in the radar and seismic analysis that
are inevitable with a complicated rupture, it is probably not possible
to distinguish between slip on two distinct faults near their junction,
and a single, more-complicated, warped surface with a changing
slip vector. However, this seems to us to miss the point: there is no
doubt that a vertical strike-slip fault exists beneath the main ruptures
south of Bam and that a parallel-striking, west-dipping fault exists
beneath the Bam-Baravat ridge. These faults must meet at depth, and
the radar interpretation of Funning ef al. (2005) in Fig. 9 suggests
they meet near the base of the main rupture surface. The aftershock
distribution (Fig. 12b) indicates that some sort of fault zone ex-
ists beneath this junction, but actual faulting near the junction itself
must be more complicated than a simple intersection, as the reverse
slip component on the dipping fault would offset a vertical strike-
slip fault that reached from the surface to 20 km depth. It seems
likely that the overall motion on the fault zone as a whole is oblique
right-lateral and reverse in nature, and that it is partially separated
(“partitioned’) into pure strike-slip and oblique-thrust components
on parallel-striking faults at shallow depths (less than ~8 km). The
exact manner in which this separation happens is not clear, because
of the severe strain compatibility problems, but as a phenomenon
it is not unusual: it is, for example, a characteristic of the oblique
left-lateral and reverse faulting associated with the great Gobi-Altay
earthquake (M ~ 8) in Mongolia in 1957 (e.g. Kurushin et al. 1997;
Bayasgalan et al. 1999).

If our interpretation is correct, and the small oblique-reverse
subevent in the Bam earthquake represents slip at the base of the
fault beneath the Bam-Baravat ridge, then the radar and teleseismic
waveform interpretation indicate that this fault also has a strike-slip
component of motion, as Hessami ez al. (2004) suggest, though its
geomorphological expression is clearly dominated by the reverse
component. In this case the ‘partitioning’ has not separated a pure
reverse component, but this is also not unusual, and is also a charac-
teristic of the ‘forebergs’ on the Gobi-Altai earthquake fault, which
are anticlines that also had a strike-slip component of coseismic
motion (Bayasgalan et al. 1999).

Thus, in summary, the Bam fault system seems to involve
the branching of a fault zone within the seismogenic layer. At
10-20 km depth that fault zone probably involves localized strike-
slip with a minor reverse component. At 8—10 km depth the fault
zone appears to branch into a near-vertical, almost pure strike-slip
fault (the one responsible for most of the moment release in the main
shock), and into a west-dipping oblique-reverse fault that projects
to the surface at the Bam-Baravat ridge. Tatar e al. (2005) found
evidence for a change in velocity structure at about 8 km depth,
from P-wave velocities of ~5.3 km s~ to ~6.2 km s~!. Such a
contrast may represent a change in material properties, and have
limited the depth extent of rupture in the main shock. It may also
be related to the branching of the fault that seems to occur near this
depth. However, with coseismic slip in main shock above 8 km and
aftershocks below that depth, the entire layer of 20 km thickness
must be regarded as seismogenic, in principle.
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7 TECTONIC AND SEISMIC
HAZARD ISSUES

The 2003 Bam earthquake was one of a series of M,, > 6 events
on the western side of the Dasht-e-Lut since 1981 (Fig. 1b), all of
them associated with right-lateral shear and shortening between the
Lut and central Iran. This activity has continued since 2003, with
the 2005 M, 6.4 Dahuiyeh (Zarand) earthquake further north of
the region in Fig. 1b (Talebian et al. 2006). Iran is a country with
a long and well-studied historical earthquake record (Ambraseys &
Melville 1982; Berberian 1994) which shows that periods of en-
hanced activity along fault zones, separated by periods of relative
quiescence, are not unusual. Such behaviour is also expected in some
dynamic models of fault systems (e.g. Ben-Zion et al. 1999; Kenner
& Simons 2005). The faulting on the western side of the Dasht-e-
Lut is apparently going through such an enhanced seismically active
period at this time. The issue of the seismic hazard represented by
other faults that have yet to be ruptured is therefore important. Sev-
eral of the earthquakes in this active period since 1981 have involved
surface rupture, and the faulting in the Bam earthquake, in this more
general context of faulting within the fault system west of the Lut,
raises questions of general tectonic significance, beyond just the
context of Iran. These are issues we discuss in this section.

7.1 Spatial ‘partitioning’ of slip on faults

In general, the motion between the Dasht-e-Lut and central Iran
is thought to be nearly pure N-S right-lateral shear (Fig. la;
Vernant et al. 2004), parallel to the Nayband and Sarvestan strike-
slip faults (Fig. 1b) which have almost no associated topography that
might represent a shortening component (Walker & Jackson 2002,
2004). However, in the region of the Gowk Valley, between Chahar
Farsakh and Golbaf (Fig. 1b) the fault system is oblique to this trend,
and the overall motion is spatially separated into strike-slip faulting
in the Gowk valley and shortening on the Shahdad thrust system.
This separation was dramatically revealed by the coseismic inter-
ferogram of the 1998 Fandoqa earthquake (Berberian et al. 2001;
Fielding et al. 2004) showing that both fault systems had moved in
a time window covering that event. The folds associated with the
Shahdad thrust system are much larger, with ridge crests 100 m or
more above the plain to the NE, than the Bam-Baravat ridge. Nev-
ertheless, we argued above that a similar kind of spatial separation,
or slip ‘partitioning’ occurs on the faults near Bam, and in the 2003
Bam earthquake itself, though the geomorphology and structure at
Bam is much less developed at Bam than at Shahdad-Gowk. The
Nayband-Golbaf-Sarvestan fault system is clearly a more signifi-
cant regional structure than the Bam faults, and almost certainly
has a larger horizontal offset (estimated as ~13 km by Walker &
Jackson 2002). Near Golbaf, the available evidence suggests the
system has evolved into an underlying ramp-and-flat thrust geom-
etry with the strike-slip fault as a higher-level, steeper splay off a
structural ramp (Walker & Jackson 2002). At Bam, the strike-slip
and reverse-component faults are still closer together and still evi-
dently merge at quite shallow depth (~8 km). Moreover, the short-
ening component occurs on a fault that is probably still substantially
strike-slip in character, based on the InSAR and teleseismic wave-
form analysis of the 2003 main shock. It is possible that the Bam
faults represent an earlier stage of the evolution of such a partitioned
system.

If the Bam fault system is in an early stage of development, it
might explain the peculiar observation of Fielding ez al. (2005),
from the InSAR phase signal, that the region of northern fractures
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(Figs 4a,b and 5a,b) experienced about 100 mm of E-W shortening
at the surface, although this was not concentrated on any one coseis-
mic rupture. The contrast between this area and the region south of
Bam may be that, in the north, the shortening component has not yet
concentrated onto a discrete structure, as it has on the Bam-Baravat
ridge to the south.

7.2 Partitioning with depth and future seismic
hazard at Bam

The comparison may also be made between how the Bam and
Golbaf-Gowk fault systems behave in earthquakes. The 1981 earth-
quakes, of M, 6.6 and 7.0, in the Gowk valley produced very small
surface displacements. In particular the M, 7.0 event in 1981 pro-
duced a maximum surface offset of only 40 cm, whereas the smaller
(M, 6.6) event in 1998 produced up to 300 cm offset along the same
surface fault (Berberian et al. 2001). The explanation is almost cer-
tainly that the 1998 earthquake ruptured the shallow part of the fault
system (InSAR constrains the depth extent to be shallower than 7
km), whereas the 1981 event ruptured the deeper part of the fault
system (the seismic waveform analysis suggests a centroid depth of
15-20 km, but is not well constrained). The comparison with the
2003 Bam earthquake is now instructive. The aftershock distribu-
tion (Figs 12b and 13) clearly indicates that there is a substantial
thickness (>10 km) of the fault zone within the seismogenic layer
that was below the 2003 coseismic rupture in the main shock, and
which did not rupture in 2003.

The important question is whether the unruptured parts of the
Bam fault system represent a significant future hazard. It is not un-
usual for aftershocks to concentrate round the edges of fault patches
that slipped in main shocks (e.g. Mendoza & Hartzell 1988; Bakun
et al. 2005). The issue at Bam is whether the substantial thickness
of the seismogenic layer at depths of 10-20 km, i.e. below the patch
that slipped in the main shock, will eventually fail seismically or by
creep. The fact that this layer is seismogenic in aftershocks (Fig. 13b)
is not necessarily a guide, as they could represent either a response
to sudden loading by massive shallow slip, or loading of the deeper
region in preparation for a second massive slip event. These issues
have been most studied in California. Following the 2004 Parkfield,
California, earthquake, post-seismic afterslip in the first four months
accounted for roughly half the coseismic moment release and oc-
curred in the same place as substantial aftershock activity (Bakun
etal. 2005; Johanson et al. 2006). On the Hayward Fault, in northern
California, there is abundant repeating microseismicity in the same
areas as steady fault creep (Burgmann ez al. 2000; Schmidt et al.
2005). No measurements of fault creep are available at Bam and the
expected long-term slip rates are so low (~1 mm yr~!; see Section 2)
that it would be very difficult to detect. Two years of post-seismic
InSAR observations at Bam studied by one of us (EF) have so far
mapped an absence of any significant post-seismic strike-slip mo-
tion on the main 2003 rupture surface, in contrast to that observed
following the 2004 Parkfield earthquake. However, the faults at Hay-
ward and Parkfield have long-term slip rates (~10-30 mm yr!)
that are much faster than that expected at Bam, much larger total
offsets, and thinner seismogenic layers (~12 km vs. 20 km). These
factors, together with the relative rarity of confirmed creeping faults
in the seismogenic layer elsewhere in the world, give us little con-
fidence that the behaviour of those faults provide a reliable guide
to the Bam fault system. Indeed, it is suggested (e.g. Scholz 2002)
that faults in plate boundary systems, such as those in California,
behave fundamentally differently from faults in intraplate regimes

such as eastern Iran, where the stress drops and slip-to-length ratios
estimated for individual earthquakes tend to be larger, earthquakes
less frequent, and long-term slip rates lower, indicating perhaps that
such intraplate faults are better able to heal between earthquakes.

It is, therefore, possible that the main Bam fault slides aseismi-
cally below the 2—8 km depth that ruptured in the main shock, in a
way similar to parts of the Hayward fault and the Parkfield section
of the San Andreas fault. However, given the lack of post-seismic
strike-slip afterslip, and the behaviour of the earthquakes in the
nearby Gowk Valley, it would be prudent to conclude that the un-
ruptured, deeper part of the Bam fault system is capable of moving in
a future separate earthquake. The dimensions of the unruptured fault
plane indicated by the aftershocks suggest that such an earthquake,
if it occurred, could be of similar size, and in a similar location
(though slightly deeper) than that in 2003. The consequences of
such an event for Bam are very severe, and should be taken into
consideration in the reconstruction strategy.

Since it is also clear that the shallow part of the oblique-reverse
fault beneath the Bam-Baravat ridge did not move a significant
amount in 2003, it too could represent a future hazard, if it were
to break in an earthquake. However, in this context its role is less
clear. The 2003 coseismic slip at depth, estimated to be as much as
2 m by Funning ez al. (2005) must be released at shallower levels
somehow, though not necessarily by seismic slip in earthquakes.
Aseismic shallow slip by creep may also be possible, as is sus-
pected to have occurred at Shahdad in 1998 (Berberian ef al. 2001;
Fielding et al. 2004). Post-seismic InSAR observations at Bam
studied by one of us (EF) do show a decrease in line-of-sight distance
on both ascending and descending tracks that requires uplift east of
the southern end of the main 2003 rupture, similar to the ‘teardrop’
uplift pattern in Fig. 9(a) discussed in Section 4.1 and in the same
place. This can best be explained as continuing dip-slip motion on a
fault in the same area, and is not compatible with strike-slip motion
on the main 2003 rupture plane.

7.3 Southern extent of the Bam fault system

The approximate southern limit of the rupture in the 2003 Bam earth-
quake is well determined by both the radar interferograms (Fig. 9a)
and the aftershock distribution (Fig. 12a). It corresponds, in lati-
tude, with the southern end of the Bam-Baravat ridge, whose relief
dies out to the south (Fig. 7) and around whose end the drainage
is deflected (Fig. 8). Many seismotectonic studies and maps (e.g.
Berberian 1976; Fu et al. 2004), including some of our own (Walker
& Jackson 2002, 2004) mark the Bam fault system as continuing
further to the SSE (dotted line in Fig. 1b), following a prominent
lineation picked out by vegetation on the satellite imagery (Fig. 3).
If the fault system does indeed continue along this line, its unrup-
tured state after the 2003 earthquake represents a serious hazard for
Bam and the surrounding settlements, particularly as Bam is along-
strike from this lineation and vulnerable to enhanced propagation
and directivity effects.

After examination in the field, and of the satellite imagery and
digital topography, we now doubt whether this lineation is really an
active fault. It is clearly picked out by the vegetation, which in turn
is sensitive to springs that occur along this lineation. Springs are
common along active faults in Iran (see Sections 7.4.2 and 7.5) and
the association of a spring line with an active fault is, in general,
a reasonable assumption. In this particular case, however, the line
occurs precisely at the junction between major fan systems coming
off the Jebel Barez mountains to the south. Fig. 3 shows a major

© 2006 The Authors, GJI, 166, 1270-1292
Journal compilation © 2006 RAS



view from NW

Bam earthquake 1287

Jebel Barez

Figure 15. ASTER image (bands 321-RGB) draped over the 90m SRTM topography, to illustrate the geomorphology of the fan surfaces SSE of Baravat, along
the lineation that might be a continuation of the Bam fault system to the south (see Fig. 3). The vertical scale has been exaggerated five times. (a) Perspective
view from the NW, looking along the lineation marked by black arrows in (b) and Fig. 3. Note the white Bam-Baravat ridge. (b) View from the east. Note the
uplifted folds associated with blind thrusts along the Jebel Barez range front (e.g. Fig. 16). Large white arrows show the principal drainage directions of the

fans.

north-draining fan in the east that truncates, and incises into, a
system of northeast-draining fans further west. Fig. 15 shows per-
spective views of this junction, with Aster images draped over
SRTM 90 m digital topography. The spring line, and the subdued
topographic lineament associated with it, is probably caused by sub-
surface fan drainage from the west emerging at the truncation caused
by the bigger eastern fan. If this interpretation is correct, the lin-
eation poses no risk to Bam or the nearby villages. It can obviously
be checked by palacoseismological trenching.

7.4 Neighbouring unruptured seismogenic faults

The Bam faults themselves are not the only ones that pose a seismic
hazard to the Bam valley. Given the apparently active phase of the
fault systems bounding the western side of the Dasht-e-Lut, two
other fault systems merit immediate attention. Not much is known
about previous earthquake history on either one, as historical cov-
erage is poor in this region and there has been very little modern
instrumentally recorded activity (Berberian 2005). However, both of
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them have clear geomorphological signals that indicate Late Qua-
ternary activity, and are described briefly below.

7.4.1 Jebel Barez thrust system

The Nayband-Golbaf-Sarvestan strike-slip system ends in the south
by turning east along the northern flank of the Jebel Barez moun-
tains. With the change in strike, the motion on the fault system be-
comes dominantly thrusting, whose geomorphological expression
is of uplifted anticlines along the front of the range. An example
is shown in Fig. 16(a), which shows a series of uplifted and now
inactive fan surfaces elevated above the currently active outwash
surfaces. The inactive fan surfaces have an abrupt northern edge,
forming an arcuate shape above a mostly blind thrust fault dipping
south. Rivers cutting though the uplifted surfaces leave a step-like
series of terraces (Fig. 16b), in a morphology reminiscent of many
other similar situations in Iran (e.g. Walker et al. 2003, 2005). The
fault segment in Fig. 16(a) is 15-20 km long, and capable of gener-
ating an earthquake of at least M, 6.5. Such an earthquake poses a
hazard to the Bam valley as well as to settlements along the mountain
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terraces

Figure 16. (a) LANDSAT ETM image (bands 742-RGB sharpened with panchromatic band 8) of a blind thrust at the foot of the Jebel Barez mountains; see
Fig. 3 for location. Note the arcuate shape of the steep frontal edge of the uplifted fans (marked by white arrows) at the range front. (b) View upstream (SW) at
the village of Meej (28° 49.4'N 58° 18.0'E), showing a river incised through the uplifted hanging wall, leaving behind abandoned fan surfaces as terraces.

front, though these are mostly occupied during the summer pasture
months only. The village of Meej (Fig. 16a) was undamaged in the
2003 event, but it was also unoccupied at the time as all its inhabi-
tants were in Bam for the winter, where about 300 of them perished
in the earthquake.

7.4.2 Sarvestan fault

The Sarvestan fault is the southern part of the Nayband-Golbaf sys-
tem, and has not ruptured in modern times. It has a very clear expres-
sion as a linear feature, both in satellite imagery and on the ground
(Fig. 17). Spring lines along the fault are responsible for vegetation
and the existence of the Sarvestan oasis itself. Deflected streams
along its length (Figs 17a, b and e) and its subdued topography
(Fig. 17f) attest to its nearly pure right-lateral strike-slip character. Its
length of 3040 km and its continuity make it a possible source of a
substantial earthquake of M, 7.0 or more, which represents a serious
hazard for the settlement of Sarvestan and the western Bam valley.
As Fig. 17 shows, there are numerous sites along it with potential for
palaeoseismological investigation.

7.5 Habitation and faulting in the desert

A final point to emphasize and explain is the close relation be-
tween habitation and active faulting in the desert regions of Iran
(Jackson 2006). Several recent earthquakes have apparently ‘tar-
geted’ isolated desert settlements with an accuracy that seems either
vindictive or extreme bad luck. Examples include the earthquakes
at Sefidabeh in 1994 (Berberian et al. 2000), Tabas in 1978 and
Ferdows in 1968 (Walker et al. 2003), as well as Bam in 2003. In
each case the destroyed town concerned was the only sizeable set-
tlement for 50 km in any direction. The reason for this apparent
targeting is clearly illustrated by the example of Bam. Bam and
Baravat are neighbouring desert oases, famous for growing dates
that are much prized throughout Iran. The reason for their exis-
tence is the availability of water, which is provided by the uplifted
aquifer in the hanging wall of the oblique-reverse fault beneath the
Bam-Baravat escarpment (Fig. 18). This structure traps the sub-
surface drainage flowing east beneath the fans of the western Bam
valley (Figs 2 and 3), and is tapped by the numerous underground
tunnels (‘qanats’) that cross the ridge to supply the date growing
region of Baravat (Fig. 8). It is therefore no accident that Bam and
Baravat were targeted in a ‘bull’s-eye’ fashion by the 2003 earth-
quake; they owe their existence to the presence of the fault system

in the first place. It is the fault system that makes life in the desert
possible, though it destroys life when it moves in earthquakes. This
association applies equally to the earthquakes at Sefidabeh, Tabas
and Ferdows and to numerous other historical earthquakes around
the desert rims of Iran, as well as to the spring-lines that are ex-
ploited along strike-slip faults. It is explored further in Jackson
(20006), and is crucial for understanding the vulnerability of human
settlements in these arid regions.

8 CONCLUSIONS

We have tried to use the extraordinary wealth of diverse data from
InSAR, seismology, geomorphology and surface observations to
produce a coherent picture of the coseismic faulting in the 2003
Bam earthquake. Most of the coseismic rupture occurred on a near-
vertical strike-slip fault within and south of the city, with an average
slip of ~2.0 m mostly confined to depths between 2—8 km. Little of
this slip reached the Earth’s surface and, more importantly, the same
fault system remained unruptured within the seismogenic layer for
at least a further 10 km beneath the coseismic slip surface, which
may represent a significant seismic hazard for the future. Some slip
occurred at depths of 5-7 km with a reverse component, consis-
tent with partial activation at depth of a blind oblique-reverse fault
beneath the Bam-Baravat escarpment, though radar data indicate
no significant slip on this fault at shallower depths. This too may
represent a future seismic hazard. The minor distributed coseismic
ruptures north of the city of Bam appear to be unrelated to signif-
icant slip at depth, and are probably the result of enhanced ground
motions and dynamic effects related to northward rupture prop-
agation. The faulting in the Bam region may represent the early
stages in the evolution of a spatially separated, or ‘partitioned’,
fault system in which oblique strike-slip and shortening is even-
tually taken up on subparallel strike-slip and reverse faults. The
Bam earthquake was one of the most recent in a series along the
western margins of the Lut desert, and there are other unruptured
active faults nearby that pose a significant remaining hazard to the
region.
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Figure 17. The Sarvestan fault. (a) LANDSAT ETM image (bands 741-RGB sharpened with panchromatic band 8), showing the segmented fault at Sarvestan.
A folded ridge of alluvial deposits (marked ‘push-up ridge’) occurs south of Sarvestan. The dotted yellow line is a stream apparently deflected 500 m in a
right-lateral sense. Locations of photos in (c¢)—(f) are marked. (b) Southern continuation of (a). The fault race cuts through alluvial fans and river terraces,
displacing streams (yellow dotted lines) in a right-lateral sense by ~500 m. Green regions along the fault trace are springs. (c) View NE from the push-up ridge
in (a) towards Sarvestan. The low scarp can be seen heading north (white arrows). (d) A 1 m high vertical face in cemented conglomerate, at the fault trace,
possibly marking the fault itself. (¢) View SE of a right-lateral offset of the river marked by the dotted line in (a). (f) View NW of the ~15 m high scarp north
of Sarvestan.
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Figure 18. Schematic E-W section showing a ponded aquifer (blue) trapped above relatively impermeable fine-grained marls that are folded in the hanging
wall of the blind Bam-Baravat oblique-reverse fault. Qanats are dug through the folded ridge to obtain the water for irrigation of date plantations in Baravat.
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APPENDIX A: STATISTICAL TEST OF
MODEL COMPLEXITY

Funning et al. (2005) showed that the fit between modelled and
observed InSAR data at Bam is improved when a second fault is
added, compared to models that utilize a single fault plane. We
present here a test to argue that the improvement is statistically
significant.

Using the F test, a standard statistical test used to compare how
well two models with different numbers of free parameters fit the
same set of data (e.g. Stein & Gordon 1984), we can evaluate the
likelihood that the reduction in misfit that occurs when more free
parameters are added is greater than would be expected through pure
chance. We use the statistic

[ers("')2 - ers(P)z]/(P — V)
ers(p)z/(N - p)

where p and r are the numbers of free parameters in the two models
(p >7), Lms(p) and L 5(r) are the rms misfits of the two models,
and N is the number of data points. The distribution of /' is con-
trolled by the degrees of freedom v, = (p —r)and v, = (N — p).
The test evaluates the probability that the calculated F* value could
exceed that computed for a random sample with the same degrees
of freedom. Here we test at the 1 per cent level—that is to say that if
the value of F we calculate is larger than the tabled value (hereafter
Fy.01), the probability of the improvement in misfit being down to
chance is 1 per cent. In the following calculations, we use the misfit
values obtained by Funning et al. (2005) for a suite of different fault

F =

: (AD)
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Table Al. GPS locations of surface ruptures marked by red circles in Figs 4(a) and (c), arranged sequentially by latitude from south to north. Positions are
latitudes and longitudes in degrees, recorded to the nearest metre, measured by a hand-held instrument in the WGS84 reference frame. Absolute accuracy is
not better than 3 m.

Lat. Lon. Lat. Lon. Lat. Lon. Lat. Lon.
start segment I, Fig. 4(c) 29.01765 58.35930 29.04920 58.35707 29.14101 58.38489

28.98950 58.35484 29.01767 58.40120 29.05016 58.39958 29.14103 58.38640
28.98991 58.35539 29.01787 58.35946 29.05056 58.39957 29.14137 58.37885
28.99024 58.35577 29.01803 58.35960 29.05080 58.39957 29.14267 58.38546
28.99119 58.35699 29.01835 58.35963 29.05092 58.35637 29.14312 58.37674
28.99201 58.35782 29.01838 58.35967 29.05097 58.39952 29.14325 58.37662
28.99292 58.35891 29.01921 58.36008 29.05108 58.35638 29.14379 58.37621
28.99366 58.35955 29.01954 58.36009 29.05159 58.39972 29.14389 58.37601
28.99472 58.36010 29.02198 58.35888 29.05190 58.35660 29.14455 58.37536
28.99506 58.36013 29.02203 58.35900 29.05363 58.35637 29.14559 58.38623
28.99528 58.36012 29.02248 58.35924 29.05602 58.35652 29.14690 58.38624
28.99556 58.36020 29.02308 58.35931 29.05647 58.35667 29.14758 58.38625
28.99576 58.36075 29.02345 58.35958 29.05809 58.35722 29.14861 58.38613
28.99587 58.36077 29.02380 58.35980 29.05945 58.35638 29.14870 58.38612
28.99592 58.36095 29.02438 58.35977 end segment F, Fig. 4(c) 29.15012 58.38592
28.99617 58.36128 29.02522 58.35990 29.07056 58.39781 29.15028 58.37214
end segment I, Fig. 4(c) 29.02629 58.36018 29.07322 58.35746 29.15054 58.38575
start segment H, Fig. 4(c) 29.02709 58.36052 29.07529 58.39840 29.15103 58.38575
29.00214 58.35889 29.02730 58.36061 29.07573 58.39842 29.15377 58.38567
29.00239 58.35877 29.02854 58.36034 29.07591 58.36185 29.15443 58.38591
29.00253 58.35891 29.02904 58.36047 29.07612 58.36190 29.15466 58.38598
29.00269 58.35894 29.02942 58.36076 29.07617 58.36231 29.15511 58.38578
29.00284 58.35903 29.02995 58.36085 29.07622 58.39828 29.15511 58.38578
29.00299 58.35906 29.03148 58.36121 29.07740 58.39793 29.15511 58.38578
29.00321 58.35908 29.03192 58.36161 29.08061 58.39829 29.15654 58.38372
29.00336 58.35912 29.03447 58.36016 start segment B, Fig. 4(a) 29.15659 58.36619
29.00357 58.35927 29.03509 58.36033 29.08690 58.39654 29.16099 58.37671
29.00373 58.35943 29.03572 58.36039 29.08710 58.39649 29.16128 58.37650
29.00399 58.35917 29.03588 58.36045 29.08854 58.39642 29.16210 58.37648
29.00442 58.35947 29.03626 58.36059 29.09074 58.39605 29.16294 58.37642
29.00691 58.35936 29.03790 58.36077 29.09130 58.39603 29.16356 58.37639
29.00760 58.35977 29.03830 58.39960 29.09182 58.39556 29.16401 58.38834
29.00809 58.35998 end segment G, Fig. 4(c) 29.09274 58.39511 29.16454 58.37619
29.00825 58.35999 start segment F, Fig. 4(c) 29.09326 58.39496 29.16534 58.37613
29.00829 58.35999 29.03932 58.35742 29.09435 58.39470 29.16558 58.38523
29.00832 58.36007 29.04116 58.35701 29.09457 58.39465 29.16591 58.38530
29.00847 58.36010 29.04189 58.35689 29.09537 58.39424 29.16613 58.38553
29.00847 58.36017 29.04290 58.35675 29.09616 58.39380 29.16785 58.37551
end segment H, Fig. 4(c) 29.04301 58.35660 29.09739 58.39305 29.16808 58.37558
start segment G, Fig. 4(c) 29.04342 58.35658 end segment B, Fig. 4(a) 29.16967 58.37544
29.01107 58.36082 29.04373 58.35661 29.09964 58.39182 29.17018 58.37527
29.01553 58.35853 29.04477 58.35648 29.10100 58.39101 29.17164 58.37506
29.01615 58.35884 29.04519 58.35661 29.10169 58.39091 29.17222 58.37507
29.01653 58.35898 29.04579 58.35658 29.13565 58.38610 29.17254 58.37497
29.01678 58.35908 29.04650 58.35654 29.13566 58.38616 29.17426 58.37459
29.01708 58.35905 29.04739 58.35628 29.13629 58.38594 29.17470 58.37452
29.01723 58.35927 29.04786 58.35646 29.13688 58.38569 29.18628 58.39780
29.01735 58.35928 29.04857 58.35660 29.13815 58.36662

29.01741 58.35937 29.04878 58.39940 29.14022 58.38492

29.01761 58.35938 29.04897 58.35688 29.14086 58.38492

models. Comparing the simplest case of a two-fault model—the
uniform slip case, where L,,s = 0.017 and p = 23 (9 parameters
describing the main fault, 8 describing the second fault and 6 nui-
sance parameters), with the single fault uniform slip case (Lms =
0.025, r = 15), where N = 4470, the computed F' value of 646.3
is vastly greater than the tabled F; value of 2.511 for v, = 8 and
v, = oo (Dixon & Massey 1969), indicating that the improvement
in misfit is highly significant. In the case of the variable slip/rake
models on a single fault plane, such as those favoured by Wang ez al.
(2004) and Fialko et al. (2005), application of the F' test depends

on the estimation of the number of effective free model parameters
for the smoothed model—a number which, due to the smoothing,
is likely to be different from the total number of model parameters
(the number of fault patches multiplied by the number of slip basis
functions for each fault patch), and is not trivial to estimate. How-
ever, as the misfit for such a model (L ;s = 0.019) is higher than for
the two-fault uniform-slip case, and because the number of effective
free parameters for a model with several hundred fault patches is
likely to be greater than 23, we believe that the two fault model is
again favoured here.
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