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SUMMARY

The focal mechanism of the destructive earthquake at Rudbar in northern Iran on 1990
June 20 was an unexpected left-lateral strike-slip motion on a previously unknown fault, the
Baklor—Kabateh—Zard-Goli fault, within a complex system of reverse faults. We analysed
microseismicity recorded by a dense local network deployed for 7 weeks, 8 yr after the main
shock, to help evaluate the subsurface geometry and kinematics of the active fault system. In
the west, the 1998 microseismicity seems to be related to the reverse Manjil. In the centre, we
observe both reverse faulting associated to the Manyjil fault and strike-slip faulting associated
with de Zard-Goli rupture whose dip progressively changes from 45°N to vertical. In the east,
the reverse faulting is located south of the Manyjil fault and strike-slip faulting to the vertical
Zard-Goli fault. We suggest that because the only stable geometry that accommodates large
partitioning motion prevents the strike-slip fault to intersect the reverse fault, the active reverse
fault jumps southwards beneath the Shahrud fault.

Key words: Earthquake source observations; Seismicity and tectonics; Continental neotec-

tonics; Dynamics: seismotectonics.

INTRODUCTION

Slip partitioning of oblique convergence onto parallel strike-slip
and thrust faults with orthogonal slip vectors is a common feature
in active tectonics, especially for large finite deformation in oblique
subduction zones (e.g. Fitch 1972; McCaffrey 1992). In continental
tectonics, we also observe such partitioning (e.g. Mount & Suppe
1987). Strike-slip and reverse motion may occur on two parallel
faults at all scale length (Lettis & Hanson 1991). Slip partitioning is
amore stable fault system, especially in orientation of the faults, that
can accommodate large-scale oblique motion across a distributed
deformation zone (McKenzie & Jackson 1983), but the reason it
initiates has been a matter of debate. Richard & Cobbold (1989)
conducted analogue modelling suggesting that a lower ductile layer
is necessary for partitioning. Michael (1990) suggested that the
energy released onto two separate faults is less than on a single
oblique fault, but this argument is discussed by Molnar (1992) who
suggested, among other authors (e.g. Zoback et al. 1987; Jones &
Tanner 1995; Norris & Copper 2001), that the main reason for slip
partitioning is the presence of a pre-existing weak fault. Other sug-
gestions have been proposed of factors that favour partitioning, such
as the minimization of work against friction (Jones & Wesnousky
1992) or the degree of obliquity of the motion (Teyssier e al. 1995)
or the angle of dip of the strike-slip fault (Norris & Cooper 2001).
The geometry at depth of the two faults is also a matter of debate.
If the strike-slip fault located in the hangingwall of the reverse fault
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intersects the later one, the partitioning system is not stable and
cannot accommodate large motion.

One of the most destructive modern Iranian earthquakes, the
Rudbar-Tarom earthquake (M ~ 7.7), occurred on 1990 June 20,
between Tabriz and Gazvin, in the western part of the Alborz moun-
tain belt, south of the Caspian Sea. It occurred in an area with no
detailed record of historical seismicity (Berberian ef al. 1992). Very
little is known about the geometry and mechanism of the faulting in
this area although three main fault segments with a total length of 80
km, arranged in a right-stepping en-échelon system, were reported
as showing co-seismic surface faulting. The WNW-ESE left-lateral
strike-slip focal mechanism, unexpected in this area where reverse
mechanisms dominate, was interpreted as partitioning due to the
oblique convergence in the Alborz mountains (Berberian ez al. 1992;
Gao & Wallace 1995).

Because of the lack of a local seismological network, no precise
information was available regarding the location of the main shock
and of the aftershock sequence nor of the detailed geometry of the
active faults.

In this paper, we precisely analyse the microseismicity located
near the Rudbar fault system in 1998, 8 yr after the main shock, in an
attempt to elucidate the characteristics of the faulting related to this
complex earthquake and to investigate the partitioning of oblique
convergent motion. We are aware that microseismicity is due to
small ruptures on small faults, related or not to large faults. Because
we know how questionable the interpretation of microseismicity is,
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Figure 1. Tectonic map of Central Alborz. Faults are from Berberian & Yeats (1999, 2001) and Allen et al. (2003). Seismicity (Engdahl et al. 1998; M, > 4.5) is
shown by open circles. CMT focal mechanisms (http://www.seismology.harvard.edu/CMTsearch.html) are reported as black focal sphere. The white rectangle

is the location of the Rudbar region.

we try to present the data and the interpretation in a way the reader
can make his own decision. The 1990 Rudbar-Tarom earthquake
was the most destructive earthquake in Iran in the last century, and
any information it reveals is relevant for understanding the tectonics
of the area.

TECTONIC AND SEISMICITY SETTING

The Alborz range that bounds the southern edge of the South
Caspian Sea is approximately 600 km long and 100 km wide (Fig. 1).
It consists mainly of late Precambrian to Eocene sedimentary and
volcanic rocks (Stocklin 1974). The geological structures in this
mountain range are produced by late Cenozoic shortening and are
parallel to the range (Alavi 1996). Several active faults affect the
Central Alborz and accommodate the present-day oblique conver-
gence across the mountain range (Berberian ef al. 1992; Trifonov
et al. 1996; Allen et al. 2003). Most of the faults located to the
north of the Central Alborz range dip southwards, whereas most
of the faults located on the south side dip northwards but this is
not so clear west of the Sefi-Rud river (Stocklin 1974). The pre-
Pliocene tectonics involved a transpressional regime (Axen ef al.
2001) which was followed by a more recent partitioning between
pure reverse faulting and left-lateral strike-slip motion affecting the
Alborz as a whole (Jackson et al. 2002; Allen et al. 2003). Based
on GPS motion, the present-day shortening across the Central Al-
borz is about 5 4= 2 mm yr~! associated with a left-lateral shear of
4 4 2 mm yr~! (Vernant et al. 2004b).

Although the Central Alborz has suffered from several destruc-
tive earthquakes, the only known historical events near the Rudbar-
Tarom epicentral area were in 1485 (M 7.2) and 1608 (M 7.6)
which occurred several tens of kilometres away (Ambraseys &
Melville 1982).

Prior to 1990, the instrumentally recorded seismic activity in the
area was relatively sparse and of moderate magnitude (Berberian et
al. 1992): in 1905 (M ~6.2), 1948 (M}, ~ 5.5), 1968 (m, ~ 4.7),

1970 (my ~ 4.5), 1980 (m, ~ 4.1), 1983 (m, ~ 5.6) and 1990
(my ~ 3.9) some of which are shown in Fig. 2. The lack of a local
or regional seismological network, in addition to the poor knowl-
edge of the crustal velocity structure beneath the Alborz mountain
range, did not allow precise determination of earthquake source
parameters, and earthquake locations were only accurate to within
a few tens of kilometres. With this uncertainty, it is not possible to
relate the catalogued seismicity to particular active faults (Engdahl
et al. 1998).

THE RUDBAR-TAROM EARTHQUAKE

On 1990 June 20, an earthquake of M 7.7 (M, 7.3) occurred in
the area of Rudbar, which is located between Tabriz and Gazvin
(Fig. 2). It killed more than 40 000 people, injured 60 000 and
destroyed more than 700 villages over a 120-km-long area. It is
the most destructive documented earthquake of the last century in
Iran. The epicentre was located in a region of high topography, and
caused several landslides. A first survey of the area (Moinfar &
Naderzadeh 1990) probably misidentified landslides located south
of the Manjil basin as surface ruptures (Fig. 2). Surface ruptures
were not located on known active faults such as the Manjil, the
Deylaman and the Poshtkuh major reverse faults but the earthquake
ruptured three different and previously unknown fault segments: the
Baklor segment in the west, the Kabateh segment in the centre and
the Zard-Goli segment in the east, arranged in an en-échelon system
striking WNW-ESE on average. The motion was left-lateral on the
western Baklor segment and transpressional (95 cm of offset and
60 cm of left-lateral motion) on both the Kabateh and Zard-Goli
segments on a nearly vertical or steeply SSW-dipping fault planes,
and therefore dips in the opposite sense to the local topography for
Baklor and Kabateh faults (Berberian ez al. 1992).

Some authors suggested that the 1990 earthquake filled the seis-
mic gap between the 1485 and the 1608 earthquakes in the east and
the 1896 earthquake in the west, although the fault system between
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Figure 2. Tectonic map of the Rudbar region. Faults are from Berberian et al. (1992). The co-seismic surface rupture is plotted as a double red line. The
pink triangles are the seismological stations. The numbers are the dates and approximate epicentres of the historical earthquakes from Ambraseys & Melville
(1982) and Berberian (1994). Modelled mechanisms (Jackson ef al. 2002) are red spheres, aftershock mechanisms are green spheres (Gao & Wallace 1995),
and CMT (see Fig. 1) are grey spheres. The black square is the city of Rudbar. Note the large variety of mechanisms for the early aftershocks of magnitude

ranging between 4.6 and 7.7.

the two areas is rather complex and discontinuous (Berberian et al.
1992). Others (Hamzehloo et al. 1997b) suggested that the earth-
quake was the result of the Sefid-Rud dam impoundment, 100 m
high, filled in 1962.

The well-determined strike-slip mechanism (left-lateral on a
288°N striking plane dipping vertically) was unexpected because
of the reverse faulting associated with most of the faults in this
area (Gao & Wallace 1995). The aftershocks that occurred over the
following days showed a mixture of strike-slip and reverse motion
on a plane trending consistently NW—SE for most of them (Fig. 2).
Among the 12 mechanisms computed, five are left-lateral strike-slip
on a plane trending ~285°, and six are reverse faulting on a plane
trending ~304° and dipping north at ~50°. One reverse mecha-
nism shows an active plane trending different at 25°. If the slip
vectors trend differently, depending on the type of mechanism, the
shortening P-axis direction points consistently NE (Gao & Wallace
1995). The strike-slip mechanisms for the main shock and the re-
verse faulting aftershocks, were thought to signify slip partitioning
of oblique convergence between Central Iran and the Caspian Sea
(Berberian et al. 1992; Jackson 1992) on two different faults striking
parallel.

Body wave modelling of the main shock (Campos et al. 1994)
indicated a first bilateral rupture for 10 s that was followed by an
eastward rupture propagation which released most of the seismic
moment 40 km east of the epicentre. The focal mechanisms of the
different pulses show a consistent pattern of left-lateral strike-slip
faulting on a plane striking 295°-330° and dipping ~78°-99° NE
at a depth of ~4—14 km, consistent with the surface observations,
having in mind the associated uncertainties. This model of rupture
propagation is, therefore, consistent with an initiation on the east-
ern part of the Baklor fault (or the western part of the Kabateh
fault), and with the maximum slip being released on the Zard-Goli
fault.

© 2008 The Authors, GJI, 176, 529-541
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DATA AND PROCEDURE

In 1998 June and July, we deployed a temporary network of 30
portable seismological stations over the Rudbar region (Fig. 2).
Twenty-five instruments were digital recorders (TAD) connected
to a 2 Hz Mark-Product L22 vertical seismometer. Five digital
continuously recording data loggers (Reftek) were connected to
four 2-Hz Mark-Product, and to one broad-band Guralp CMG-40T
seismometers. All stations had a sampling rate of 100 Hz.

Because we have no previous information about the velocity
structure, we follow the procedure already used for other areas in
Iran (Tatar et al. 2004; Yaminifard et al. 2006). The approach is
based on a simultaneous inversion for a 1-D velocity structure and
hypocentres based on the VELEST programme (Kissling 1988). Us-
ing a selected set of 249 events [V > 10 stations, root-mean-square
(rms) < 0.1 s, ERH and ERZ uncertainties <1 km and an azimuthal
gap <180°], we compute a mean V' ,/V ratio of 1.725 £ 0.002 with
a total of 3590 arrival times.

Second, we search for an appropriate local velocity model. To
ensure a reasonable convergence of the results, we explore 50 initial
models by introducing random changes up to 0.5 km s™! in the
velocity for each layer. Initially, we assume a multilayered velocity
structure composed of nine layers of uniform velocity 5.9 km s',
2 km thick, from the surface to a depth of 18 km, to locate the major
interfaces. The result suggests that only three layers are required.
Then, merging the layers of similar velocity, we start with a three-
layer initial model, that is, again randomly perturbated as described
above. The model we obtained is then used as a starting model.

The final result indicates a very good convergence for more than
80 per cent of the starting models to a simple three-layer veloc-
ity model for the upper crust above the earthquake hypocentres.
A receiver-function analysis (Langston 1979; Liggoria & Ammon
1999) of three teleseismic events recorded on the broad-band
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Table 1. Velocity structure.

Top of the layer (km) Velocity (km s™1)

0 5.4
6 59
14 6.3
35 8.2

seismograph was used to constrain both the S-wave velocity in
the lower crust and to determine the depth of Moho (Tatar 2001).

The final model (Table 1) has a crustal thickness of 35 4+ 2 km
and consists of a ~6-km-thick sedimentary layer above an 8-km-
thick crystalline upper crust, which overlies a slow 21-km-thick
lower crystalline crust. This velocity structure is consistent with
the results obtained by Mangino & Priestly (1998), Ashtari et al.
(2005), Sodoudi et al. (2004) in the same area.

RESULTS

Earthquake location

We located a total number of 410 events (magnitude ranging be-
tween 1 and 4) recorded by a minimum of four stations (Fig. 3). The
seismicity defines an elongated pattern approximately 80 km long,
trending WNW-ESE and surrounding two of the segments that rup-
tured during 1990 (Kabateh and Zard-Goli). Most earthquakes are
located slightly north of the 1990 surface ruptures and it is not pos-
sible to relate univocally all microearthquakes to individual faults
observed at surface and some clusters are more diffused than others.
Indeed, aftershocks microseismicity, 8 yr after the Rudbar-Tarom

earthquake, might be related to a complex stress pattern surround-
ing the main fault but not to the motion of the active fault itself.
We will examine this aftershock seismicity, both in maps and cross-
sections, in an attempt to improve our knowledge of this destructive
earthquake.

To resolve better the pattern of the aftershocks, we first selected
the 276 earthquakes whose locations are constrained by at least
eight arrival times (including one S), with an rms residual less than
0.12 s, horizontal (ERH) and vertical (ERZ) uncertainties smaller
than 1 km and an azimuthal gap smaller than 180°. Then, to re-
duce the possible scatter due to local heterogeneities in the velocity
structure, we relocated the earthquakes relative to each other within
a cluster using the double-difference method HypoDD (Waldhauser
& Ellsworth 2000). We used pairs of events with minimum of eight
links (traveltimes to stations) and located less than 10 km apart.

Both the Hypo71 selection (Fig. 3) and the HypoDD locations
(Fig. 4) confirm that the seismic activity is concentrated near the
Zard-Goli and Kabateh ruptures, but the microearthquakes are not
obviously associated with the outcrops of the Manjil, Poshtkuh,
Deylaman or Kelishom faults. Most of the seismicity is located
north of the co-seismic surface ruptures, between the surface and a
depth of 16 km, indicating a probable northward dip of the faults;
in disagreement with the surface observations of Berberian et al.
(1992), which showed mainly a vertical or steep southward dip.
Earthquakes are located south of the Manjil fault only at the eastern
termination of the Zard-Goli rupture. The pattern of seismicity
seems simpler, but also less active, around the Kabateh rupture
than around the Zard-Goli rupture. A dense cluster of earthquakes
is located between the Kabateh and Zard-Goli ruptures, near the
Sefid-Rud river. Another cluster is located at the eastern end of the
Zard-Goli fault. The area covered by the seismicity is consistent

Figure 3. Location of all 470 earthquakes recorded by a minimum of four stations (white circles). The green circles are the 276 selected earthquakes whose
location is constrained by at least eight arrival times (including one S), with an rms < 0.12 s, ERH and ERZ < 1 km and an azimuthal gap < 180°. The location
of eight cross-sections is shown. Abbreviations for the faults are: BR, Baklor rupture; De, Deylaman; Do, Dorlak; K R, Kabateh rupture; Ke, Kelishom; P,

Poshtkuh; S, Shahrud; ZG R, Zard-Goli rupture

© 2008 The Authors, GJI, 176, 529-541
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Figure 4. Relocated seismicity using the double-difference method (Waldhauser & Ellsworth 2000) with eight links and distance between pairs of 10 km.

with a fault surface of ~80 x 20 km?, and therefore a seismic
moment in the range ~8.8 x 10°-1.4 x 10 Nm computed by
different authors assuming a rigidity of 3 x 10'° Nm~2 and an
average slip of 2.4 m (Berberian ef al. 1992; Campos ef al. 1994;
Gao & Wallace 1995).

Depth distribution

Fig. 5 shows a histogram of the depth distribution of both all earth-
quakes and of the selected set of earthquakes located during the
experiment. The pattern of earthquakes is comprised between the
surface and 19 km with a maximum of earthquakes at depths rang-
ing between 8 and 16 km. These depths are shallower than the depths
observed for the 2004 Baladeh aftershocks in Central Alborz (Tatar
et al. 2007) which were ranging between 11 and 30 km. But they
are similar to what is generally observed in Iran and especially what
was observed during a microearthquake survey conducted around
Tehran (Ashtari et al. 2005). Teleseismic locations (Engdahl ef al.
2006) or body waves modelling of strong earthquakes report depth
greater than 20 km around the Talesh, located west of the Caspian
Sea, or associated with the trans-Caspian Apscheron-Balkan sill
(Jackson et al. 2002). But these deeper events are all associated
with major (crustal or even lithospheric) discontinuities involving
the crust of the Caspian Sea. It seems, therefore, that the earth-
quakes occurring in an intracontinental setting (Zagros, Rudbar or
Tehran) are classically restricted to the brittle upper crust whereas
those related to the Caspian crust are deeper. Moreover, in the case
of Rudbar, the 1990 centroid depth was estimated to be 11.7 km
(Campos et al. 1994), and therefore in the middle of the depth
distribution suggesting that the rupture initiated in the middle of
the fault zone as it has been observed for the Baladeh event (Tatar
et al. 2007) rather than at the edge as for the Bam earthquake (Tatar
et al. 2005).

© 2008 The Authors, GJI, 176, 529-541
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Figure 5. Depth distribution of the aftershocks plotted as a histogram show-
ing both the selected set of events in black and all events in white. The
centroid depth of the main shock (Campos ef al. 1994) is indicated by the
red line.

Focal mechanisms

We computed (Fig. 6, Table 2 and supporting information
Appendix S1) 52 mechanisms of quality A (three quadrants
sampled, 10 reliable polarities and the two nodal planes constrained
within 20°) and 17 of quality B (two quadrants sampled and less
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534 M. Tatar and D. Hatzfeld

Figure 6. Map of the focal mechanisms (equal-area lower hemisphere). (a) Left-lateral mechanisms (in green) on E-W to NW-SE striking planes; (b) other
mechanisms with reverse (in red), normal (in blue) and right-lateral (in orange). The great variety of mechanisms is similar to the early aftershock mechanisms

reported in Fig. 2.

than 10 reliable polarities). Most of them show either strike-slip
or reverse faulting, as was observed for the 1990 main shock
and aftershocks (Gao & Wallace 1995). We report on two
different maps the left-lateral strike-slip mechanisms similar
to the 1990 main shock (Fig. 6a) and all others mechanisms

(Fig. 6b). There is no clear geographical pattern distribution
between reverse and strike-slip mechanisms which does not help to
discriminate the motion on active faults and precise partitioning.
A few normal-faulting mechanisms (136, 142, 143, 145, 233,
235,250, 322 and 324) are also seen and are spread all over the area.

© 2008 The Authors, GJI, 176, 529-541
Journal compilation © 2008 RAS
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Table 2. Parameters of the focal mechanisms.

N Date Time Lat Lon z Mag Azl pll del Az2 pl2 de2 Azp dep Azt det Im Q
12 980613 19:41 36.61 49.80 10 2.0 125 75 179 35 89 0 81 10 349 10 1 A
26 980614  22:48  36.71 49.72 9 1.7 305 70 —14 40 76 —159 263 24 171 4 —1 B
33 980615 16:04  36.79 4944 7 2.2 320 36 102 125 54 81 221 9 3 78 1 B
35 980615 20:10  36.67  49.76 11 1.2 130 85 —11 221 78 —-174 85 11 175 4 —1 B
37 980615 22:09  36.66 49.72 15 1.7 335 44 112 125 50 69 229 3 330 74 1 A
39 980616  00:29  36.77  49.41 14 20 340 80 91 150 10 80 68 35 252 55 1 B
44 980616 13:08  36.66 49.74 15 2.4 285 84 179 15 89 0 240 4 149 4 -1 A
53 980616  23:16  36.76  49.15 16 3.7 335 81 29 240 61 169 104 13 201 26 1 A
72 980618  03:20  36.77  49.55 6 1.9 295 27 112 90 65 78 188 19 338 67 1 A
87 980619  00:50  36.80  49.55 11 14 15 60 19 275 73 148 327 8 231 33 1 A
91 980619  09:37  36.81 49.43 10 1.5 340 35 119 125 60 70 228 13 355 68 1 B
94 980619 17:32 36.86  49.37 11 1.7 295 32 72 135 59 100 217 14 71 73 1 A
96 980619  20:08 36.60  49.64 15 2.8 170 80 90 350 10 90 260 35 80 55 1 B
102 980620  04:50  36.61 49.84 14 22 350 49 138 110 60 49 227 6 326 54 1 A
119 980622  01:39  36.61 49.85 13 1.6 105 75 18 10 72 164 237 2 328 23 1 A g
120 980622  20:30 36.70  49.74 13 1.5 325 78 179 235 89 0 280 8 189 8 1 A §
128 980624  21:20 36.78  49.61 14 24 320 45 93 135 45 86 227 0 318 87 1 A g
135 980626 12:46  36.77 49.79 4 3.1 300 85 179 30 89 0 255 3 164 3 —1 A &
136 980626 14:20  36.80  49.50 10 1.8 145 65 -73 290 29 —121 84 66 222 18 —1 A 9;
140 980627  23:56  36.67 49.70 14 13 130 81 90 310 9 90 220 36 40 54 1 B g
142 980628  07:03 36.66  49.74 13 1.6 290 72 -29 30 61 —159 247 33 341 6 1 A -
143 980628  07:47  36.66 4956 4 2.6 25 35 —-90 205 55 —-90 115 80 295 10 -1 B -g
144 980628  07:53 36.66 49.56 4 2.6 45 35 —81 215 55 -95 103 78 309 10 —1 B =
145 980628 19:18  36.75 49.56 11 1.9 110 60 —-90 290 30 —-90 20 75 200 15 —1 A §
146 980628  20:18  36.79  49.52 9 2.4 115 70 165 210 76 20 341 4 73 24 1 A 3
148 980629  03:37  36.89 4948 12 37 310 53 24 205 71 140 261 11 161 40 1 A 3.
151 980629  04:01 36.69  49.83 15 2.0 180 80 90 360 10 90 270 35 90 55 1 B g
152 980629  04:32  36.89 4948 12 24 300 50 22 195 72 137 252 14 149 41 1 A %
159 980630  08:04 36.77  49.58 9 3.2 345 64 31 240 62 150 112 1 203 39 1 A 8
162 980701 05:34  36.67 49.86 16 2.1 160 70 90 340 20 90 250 25 70 65 1 A 3
176 980703 13:22  36.71 49.73 12 1.7 170 85 179 260 89 0 125 3 34 3 —1 A %
187 980705 02:47  36.65 49.92 14 26 320 65 11 225 79 154 274 9 180 25 1 A i:Jx_
190 980706  02:19  36.72  49.68 8 1.6 310 80 -26 45 63 —168 264 25 360 11 —1 A %
192 980706 14:51 36.80  49.55 12 23 310 70 =27 50 64 —157 268 33 1 3 —1 A 5
198 980708  06:30  36.66  49.74 14 25 110 70 27 10 64 157 239 3 331 33 —1 A %
208 980710  03:55 36.84  49.59 15 1.9 120 80 90 300 10 90 210 35 30 55 1 B i
217 980711 01:17 3691 49.57 6 1.8 320 79 24 225 65 167 90 8 184 25 1 A g
219 980711 03:59  36.89 49.48 12 21 335 80 26 240 63 168 105 11 200 25 1 A I
229 980712  01:12  36.69  49.86 10 2.1 285 71 15 190 75 160 238 3 146 23 1 A >
231 980712  07:36  36.84  49.60 15 2.2 100 80 90 280 10 90 190 35 10 55 1 B )
233 980712 18:19  36.83 49.49 12 1.8 70 40 —132 300 61 —60 256 61 9 11 —1 A
239 980713 02:09  36.66 49.74 14 29 0 30 90 180 60 90 270 15 90 75 1 A
248 980714  09:30 36.60 4990 8 2.6 315 70 0 225 89 179 178 14 271 14 1 B
249 980714 10:44  36.60 4991 9 3.0 125 73 =31 225 60 —160 81 33 177 8 -1 B S
250 980714 10:59  36.60 4991 8 2.2 100 55 —78 260 36 —106 48 76 181 9 —1 A =
255 980715 23:42  36.66  49.73 14 1.4 285 75 —18 20 72 —164 242 23 332 2 -1 B =
268 980717 18:45 36.72  49.74 14 21 105 85 179 195 89 0 60 3 329 3 —1 A g
281 980718 20:27  36.71 49.78 11 2.0 280 75 —161 185 72 —15 143 23 52 2 -1 A =
289 980719  20:45 36.60 4991 10 2.7 130 75 —18 225 72 —164 87 23 177 2 —1 A §
296 980720 10:31 36.69  49.83 16 1.9 305 80 26 210 63 168 75 11 170 25 1 A -
301 980721 02:33 36.67  49.78 16 1.8 330 55 95 140 35 81 55 9 262 79 1 A
306 980721 05:29  36.69  49.77 8 1.9 320 78 22 225 67 167 91 7 184 24 1 A
318 980722  07:44  36.72  49.87 11 2.6 295 73 -31 35 60 —160 251 33 347 8 —1 A
320 980722 13:42  36.77  49.66 13 2.1 105 80 179 195 89 0 60 7 329 7 —1 A
322 980722  22:32 36.77  49.64 12 23 230 25 -90 50 65 -90 320 70 140 20 —1 A
324 980723 05:03 36.74  49.73 13 1.9 60 55 —119 285 44 —54 272 65 170 5 —1 A
326 980723 07:16  36.69  49.82 13 2.5 75 80 45 335 45 165 197 21 305 38 1 A
330 980723 17:30  36.78  49.64 13 2.0 95 82 -20 188 69 —171 49 20 143 8 —1 A
345 980725 12:32 36.69  49.80 12 1.9 220 70 90 40 20 90 310 25 130 65 1 A
350 980725 19:12  36.81 49.75 12 29 165 84 89 350 6 95 255 39 74 51 1 B
354 980726  04:53 36.83 49.63 9 2.3 315 75 —46 60 46 —158 266 42 13 18 -1 A
360 980726 19:15 36.69  49.80 12 27 130 75 134 235 46 21 188 18 81 42 1 A
362 980726  21:17  36.68  49.82 13 1.9 80 85 179 350 89 0 35 3 304 3 1 A
367 980727 19:44  36.77 49.64 10 1.3 155 80 88 345 10 99 246 35 62 55 1 A
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Table 2. (Continued.)

N Date Time Lat Lon z Mag Azl pll del Az2 pl2 de2 Azp dep Azt det Im Q
373 980728  09:40  36.72  49.73 11 2.7 310 70 14 215 76 159 263 4 171 24 1 A
377 980728  22:53 3673 49.77 16 1.1 355 42 131 125 59 59 236 9 345 6l 1 B
382 980730  01:28  36.86  49.60 15 22 260 25 90 80 65 90 170 20 350 70 1 A
393 980731 12:43 3698  49.44 10 28 340 32 107 140 59 79 237 14 23 73 1 A
398 980801 16:06  36.85 4941 11 23 300 80 179 30 89 0 255 7 164 7 -1 A

Strike-slip Reverse

mean P =239+/-36

meanP =257+/-21

Figure 7. Fault traces, P- and T-axes of the focal mechanisms. (a) Left-
lateral strike-slip mechanisms for which we report only the NW—SE striking
plane, (b) reverse mechanisms for which we report the most vertical plane.
The inferred active plane trend similarly as well as the mean P-axis direction
(as for the early aftershocks (Gao & Wallace 1995).

If some of the normal mechanisms are of questionable quality,
most of them are well constrained, located at shallow depth, and
show mostly ~NS extension. Some of the reverse mechanisms have
nearly vertical and horizontal nodal planes (39, 96, 140, 151, 162,
208, 231, 345, 350 and 367), with the shallow plane dipping gen-
erally eastwards (with the exception of 39). The strike-slip mech-
anisms are mostly left-lateral on a NW-SE trending plane with a
few noticeable exceptions (87, 146, and 281). Assuming either left-
lateral strike-slip motion on a NW-SE trending plane or reverse
motion on a nearly vertical plane, we report the plane direction,
as well as the P- and T-axes on a single stereo equal-area net
(Fig. 7). For the strike-slip mechanisms, the mean fault orienta-
tion is 304° £21° and the P-axis orientation is 257°+/—21°, very
similar to 322°+/—35° and 242°£36°, respectively for the reverse
mechanisms. These directions compare well (Table 3) with the early
aftershocks mechanisms (Gao & Wallace 1995). The similarity in
the orientation of the inferred active plane and the P-axes for reverse
and strike-slip mechanisms supports a partitioning mechanism.

Table 3. Mean directions of the active fault plane and P-axis direction for
different sets of mechanisms.

Mechanisms Az of the fault plane Az of P-axis
Microearthquakes
Left-lateral strike-slip 304 £ 21 257 +21
Reverse 322 + 35 242 £+ 36
Main shock 288 243
Early aftershocks
Strike-slip 285 239
Reverse 304 236

Cross-sections

To better visualize the geometry of the seismicity with depth, and
in an attempt to see whether the microearthquakes are located on
or near known major faults, and to infer their motion, we computed
eight NE-SW sections (Fig. 8, sections A-H), each with a width
of 5 km, striking perpendicular to the surface ruptures, across the
active area to see if any particular fault dominates the seismicity.
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Figure 8. Cross-sections. The width of the section is 5 km which could
produce a slight overlap. We report all events as empty circles and selected
events (see caption 3) as filled circles. The focal mechanisms projected are
equal area projected onto the back hemisphere. Green balloons are left-
lateral strike-slip mechanisms, red are reverse, blue are normal and orange
are other strike-slip. The locations of the known surface faults are shown
by bold lines with the dip polarity proposed by Berberian et al. (1992). The
1990 surface ruptures (Berberian et al. 1992) are shown by a red line.
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Figure 8. (Continued.)

In all sections, we report the seismicity and the focal mechanisms
and at surface the faults and their associated dip as mapped by
Berberian et al. (1992). Microseismicity (especially 8 yr after the
main shock) could represent only the diffuse state of stress around
the fault system. However, it gives a detailed information that could
be interpreted in the frame of the surface tectonics and of the main
shock parameters.

The Kabateh fault is associated with a rather simple pattern of
seismicity which is aligned almost parallel to the rupture and lo-
cated slightly north (Figs 3 and 4). The seismicity defines a cluster
restricted between 7 and 15 km depth (Figs 5 and 8). But contrary to
surface observations suggesting that the Kabateh fault dips steeply
SSW (Berberian et al. 1992), the aftershock seismicity is located
slightly north of the surface rupture. Because the network did not
cover this part of the fault, only a few events have an azimuth gap
less than 180° and belong to the selected set of best-located events.
It is, therefore, uneasy to decide if microseismicity is related to
the Kabateh fault dipping vertically or to the Manyjil fault dipping
north. A plane passing through Manyjil has the advantage of being
continuous with the dip of the seismicity observed in the sections
located further east (Fig. 8; sections C-C’ and D-D’). We have only
two focal mechanisms in the area of the Kabateh fault. One strike-
slip mechanism in section A (53) is located 20 km south of the
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fault and unrelated to the Kabateh rupture. Another one (94) is a
reverse mechanism with a dipping plane which fits the Manyjil fault.
An attempt to compute a composite fault plane solution for the 11
earthquakes located on the Kabateh fault having more than eight
polarity readings does not help to infer the motion of the Kabateh
fault. We propose that the westernmost microseismicity is associ-
ated rather with the reverse Manjil fault dipping 45° northwards
than with the vertical Kabateh fault.

Section C-C’ (Fig. 8a) is located between the Kabateh and Zard-
Goli segments across the dense cluster of activity with both reverse
and strike-slip mechanisms. Actually, we distinguish two clusters
of activity dipping northwards. The southernmost cluster is not
very well defined but is possibly connected to the Manjil fault
(which did not break during the main shock). The associated focal
mechanisms are both reverse (33, 91 and 94) and strike-slip (398).
The northernmost cluster, which extends between the surface and a
depth of 15 km and dips ~45°-60°, is associated with three strike-
slip mechanisms (148, 152 and 219) and is likely to be related to
the Kabateh rupture or to the Kelishom fault which are very close
at that place.

Section D-D’ (Fig. 8) is located at the western termination of the
Zard-Goli rupture. The seismicity is quite spread in this section.
However, it suggests that some activity could be related to the
Manjil fault dipping north with an angle of 45°. Some activity is
also located north of the Zard-Goli rupture or the Kelishom faults.
Focal mechanisms along the southern fault (Manjil) are a mixture
of strike-slip (192), reverse (33), but also normal (136 and 233)
mechanism with no clear differentiation with depth. The northern
fault is associated only with four strike-slip mechanisms (148, 152,
217 and 219).

Section E-E’ (Fig. 8) is located in the middle of the Zard-Goli
rupture. Some shallow activity, at least for the well-located events,
is located south of the Manjil fault and is associated with two
normal mechanisms (143 and 144). Further north we observe two
clusters of activity. The one which seems to be related to the Manjil
fault is dipping at 45° northwards. It is associated with several
mechanisms which are mostly strike-slip (159, 320 and 330) but
a few are reverse (128 and 367) and normal faults (145 and 322).
The other cluster, less defined, could connect at the surface to the
Zard-Goli rupture and dips north also at 45°. The only mechanism
(354) associated with the second cluster is strike-slip. Because the
strike of the Manjil and Zard-Goli faults differs from the one of the
Kelishom fault, we computed another section perpendicular to the
Kelishom fault which confirms that the two active faults are Manyjil
and Zard-Goli both dipping at 45° north. No activity seems to be
related to the Kelishom fault.

Section F-F’ (Fig. 8b), located east of Zard-Goli, shows a more
complex pattern. Seismicity is spread between the Manjil fault and
the Zard-Goli rupture (Figs 3 and 4). There is a cluster located at
~15 km depth, which cannot be related to the Manjil fault because
it is located exactly underneath. Two reverse (37 and 140) and two
strike-slip (44 and 255) mechanisms are associated with this cluster.
Further north, a vertical cluster of activity is located immediately
underneath (or slightly south of) the Zard-Goli rupture from the
surface to 15 km depth; it is associated only with strike-slip mech-
anisms (26, 120, 176, 190, 268 and 373). A third cluster is located
north of the Zard-Goli rupture, beneath the Kelishom fault, and is
associated with one dip-slip mechanism (350). If associated with
an active fault, it is tentative to relate the southern cluster to the
reverse Shahrud fault dipping northwards and not southwards as
mapped by Berberian et al. (1992). However, the Shahrud fault is
located south of the valley and, therefore, a north dipping fault is
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inconsistent with geomorphology. The vertical cluster is associ-
ated with the strike-slip Zard-Goli rupture dipping vertically in this
section. The northernmost cluster is probably associated with the
Kelishom fault. Again, we computed a section trending perpendicu-
lar to the Kelishom fault which helps to determine that (1) seismicity
is located north of the Shahrud fault, (2) earthquakes are located
vertically underneath the Zard-Goli rupture and (3) seismicity dips
north of the Kelishom fault.

Section G-G’ (Fig. 8) is located east of the termination of the
Manyjil fault which bends northwards at that place. The interpretation
is very similar to that of the previous section but the Manyjil fault does
notexist atthat place. There is a cluster located between Shahrud and
Zard-Goli. It is associated mostly with six strike-slip mechanisms
(12, 44, 142, 198, 255 and 306) and three reverse mechanisms (37,
239 and 301). Another cluster is located beneath the Zard-Goli
rupture and dips almost vertically, again from the surface to 18 km
depth. It is associated mostly with strike-slip mechanisms (120,
296, 326, 306 and 362) two right-lateral strike-slip (281 and 360)
and three reverse (151, 345 and 377). The section suggests that
the southern cluster is again associated with the reverse Shahrud
fault dipping north, not south, at 45° and that the northern cluster is
associated with the vertical strike-slip Zard-Goli rupture.

Section H-H' (Fig. 8b) confirms this pattern of two clusters, one
dipping 45° north and associated both with reverse (102 and 162)
and strike-slip (12, 119 and 248), the other vertical and associated
mostly with strike-slip mechanisms (187, 229, 289, 296 and 318).

In summary, even slightly confused, the northern clusters are
mainly associated with strike-slip mechanisms whereas the southern
clusters are associated with both strike-slip and reverse mechanisms.
Although we cannot identify precisely individual major faults, this
pattern of mechanisms suggests that the Zard-Goli rupture is likely a
strike-slip fault whereas the Manjil fault is more complex, showing
both reverse and strike-slip motions.

DISCUSSION

Indeed, as said before, microearthquakes are related to small faults
and, therefore, could be related to local (heterogeneous) stress-
release rather than to the motion on the main fault. This small-scale
energy release could explain the diffuse pattern of seismicity as well
as the large variety of mechanisms. However, the comparison be-
tween the early aftershock mechanisms (of magnitude greater than
4.6) is consistent with our small mechanisms suggesting that com-
plexity is inherent to this earthquake and to the associated faulting.
Moreover, the seismicity pattern (especially in cross-sections) is
consistent, on average, with one plane of the focal mechanisms.

Active faults

The seismicity recorded 8 yr after the Rudbar-Tarom earthquake is
significant, with ~400 events (of magnitude up to 4) over 7 weeks.
Furthermore, the aftershock activity in 1998 trends WNW-ESE and
is concentrated near the two easternmost segments that broke during
the main shock, as in 1990 (Niazi & Bozorgnia 1992; Hamzehloo
et al. 1997a). Most of the seismicity is located north of the fault
ruptures, indicating a probable north dipping fault contrary to the
inferred (from surface observations) steep southward dip of the
various segments during 1990 described by Berberian et al. (1992),
but more consistent with the vertical plane inferred from the main
shock mechanism.

The lack of seismicity associated with the Baklor rupture is not
due to the poor coverage of the seismological network deployed

mainly above the Kabateh and Zard-Goli ruptures. If this fault was
very active, we would not miss earthquakes, or mislocate them so
much, because the Baklor fault is located only 20 km west of the
seismological network and we recorded and located earthquakes
north of the fault at a similar distance. During the 1990 sequence,
this part of the fault was also less active than the central part (Gao
& Wallace 1995) and experienced less energy release (Campos
et al. 1994).

We suspect the Kabateh rupture also to have become relatively
aseismic. Seismicities in sections A—C do not show an obvious re-
lation with the vertical Kabateh fault, but instead shows a possible
relation with the Manjil fault dipping 45° northwards and is associ-
ated with both reverse and strike-slip mechanisms. The Manyjil fault
stops at section F and at that place may step to another reverse fault
also dipping 45° northwards, possibly the Shahrud fault.

The Zard-Goli rupture region is more active and complex. Two
dense clusters of earthquakes are observed, one between the Kabateh
and Zard-Goli segments and the other one at the eastern termination
of the fault rupture. These two clusters were also observed during
the 1990 sequence (Berberian et al. 1992; Gao & Wallace 1995) in
a place where no surface ruptures exist. This association between
an increase of seismicity (i.e. a region where stresses are not totally
released) and discontinuities in the fault rupture is common for
aftershocks and is usually related to heterogeneities along the fault.
These heterogeneities are either geometrical (a change in the fault
geometry or a spreading of the main fault into secondary faults) or
rheological barriers (change in the mechanical properties) along the
fault. The cluster of seismicity between the Kabateh and Zard-Goli
ruptures is associated with the Sefid-Rud river, which completely
crosses the Alborz mountains and, therefore, may be related to a
NS structural discontinuity (Berberian et al. 1992), especially if
we assume that the four strike-slip mechanisms (148, 152, 219
and 398) are right-lateral motion on a NE striking plane. Focal
mechanisms in this region show a mixture of both reverse faulting
(22 mechanisms, P-axis trending NE-SW) and strike-slip faulting
(38 mechanisms). The Zard-Goli rupture is associated mostly with
strike-slip mechanisms, and the aftershock zone beneath it dips 45°
northwards in its western part (sections C—E) but vertically in its
eastern part (sections F-H).

We can summarize our results as follows:

In the west, the Baklor and the Kabateh faults had few earthquakes
at the time of our survey and the seismicity may be related to the
Manyjil fault dipping 45°, associated mostly with reverse motion.
The Manyjil fault might be relayed to the east by the Shahrud fault
dipping also northwards.

For the Zard-Goli rupture, the pattern is much more complex, but
looking at the cross-sections and assuming a minimum of continuity
between all of them, we propose an explanation: in the west, the
Zard-Goli rupture dips at 45° northwards, but it is vertical in the east.
Both sections are mostly associated with strike-slip mechanisms.
Finally, no activity is related either to the Kelishom or to Deylaman
fault.

A possible fault system

Our observations based on local seismicity recorded 8 yr after the
main shock show a complex fault system for the Rudbar-Tarom
earthquake (Fig. 9). This complexity was already suggested from
the study of the main shock showing three main strike-slip subevents
with slightly different mechanisms by Campos et al. (1994). In
their study, no reverse mechanism, associated with any subevent,
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Figure 9. Sketch summarizing our results. We plot in black the existing faults and in purple the active faults (with their dip) deduced form our microseismicity.
The Baklor and Kabateh ruptures are not active. The Zard-Goli rupture is associated with a strike-slip fault which dips at 45° northwards to the west and is
vertical to the east. The Manyjil fault is active with both strike-slip and reverse motions. The Shahrud fault is a relay of the Manyjil fault dipping north.

indicated that part of the energy was released on a reverse fault;
but the bilateral rupture could obscure possible differences in rup-
ture mechanism between the western and the eastern subevents.
The aftershock mechanisms recorded a few days after the main
shock show, by contrast, a mixture of strike-slip and reverse fault-
ing (Berberian ef al. 1992; Gao & Wallace 1995), but the locations
of these aftershocks were not precise enough to determine to which
fault they belonged.

The centroid mechanism (Gao & Wallace 1995) is the mech-
anism of the maximum of energy release. The maximum energy
(~60 per cent) of the main shock was released more than 20 s
after the rupture initiation, about 40 km east of the epicentre, and
therefore probably on the Zard-Goli rupture. In this part, the 1998
microseismicity suggests a fault plane dipping almost vertically,
with a majority of the focal mechanisms showing strike-slip, con-
sistent with the main shock. The centroid mechanism is, therefore,
likely to be dominated by the vertical strike-slip fault to the east.

Our study suggests that both the Baklor and Kabateh ruptures
were not associated with seismicity 8 yr after the main shock. In-
stead, microseismicity appears to be related to the reverse Manyjil
fault dipping northwards, which did not break in the main shock.
We have observed such an absence of correlation between the main
fault and the surface ruptures for several strong events, including
the 1995 Kozani (Greece) earthquake (Hatzfeld ez al. 1997) and the
2003 Bam (Iran) earthquake (Tatar et al. 2005), for which ruptures
at surface did not align with aftershock zones at depth. Because of
the mechanical properties of the shallowest part of the crust, where
the rupture is apparently steeper, and because no earthquakes were
recorded at depth shallower than 5 km, it is difficult to associate the
aftershocks and the surface rupture, and to map a change of fault
dip with depth.

© 2008 The Authors, GJI, 176, 529-541
Journal compilation © 2008 RAS

Partitioning

At a regional scale, partitioning was proposed to explain the strike-
slip mechanism of the 1990 Rudbar earthquake (Berberian ef al.
1992; Jackson 1992; Gao & Wallace 1995). The average GPS mo-
tion between Central Iran and the Caspian shore is small. Across the
Central Alborz (52°E), the present-day GPS motion is transpressive
with an NS shortening of 5 mm yr ! and a left-lateral shear of
4mm yr~! (Vernant et al. 2004b). In the western Alborz, the defor-
mation pattern becomes more complex. The Tabriz fault accommo-
dates ~8 mm yr ! of right-lateral motion but GPS measurements
suggest that the Talesh mountains accommodate ~8 mm yr ' of
NE extension and the motion in the area of Roudbar is ~3 mm yr !
of left-lateral trans-tensional motion (Masson et al. 2006).

An issue is then to distinguish whether the large vertical strike-
slip fault (Zard-Goli) crosses a shallower dipping reverse fault
(Manjil) or the opposite. We summarize in Fig. 10 the main charac-
teristics of our results. In sections A and B, we see reverse activity
likely related to the Manyjil fault only, and no evidence of activity re-
lated to the Kabateh rupture. In sections C—D, we see again reverse
activity associated with the Manyjil fault and strike-slip activity re-
lated to a steeper (but not vertical) fault (the Kabateh or Zard-Goli
rupture) located in the hangingwall and joining the Manjil fault at
15-18 km depth. Section E, located at the eastern termination of
the Manyjil fault, is the most complex because we observe normal
faulting ahead of the Manjil fault, reverse faulting associated with
the Manjil fault, and steep strike-slip faulting in the hangingwall
stopping at the Manjil fault. Section F shows a different pattern
because the reverse faulting seems impossible to associate with the
Manyjil fault that would dip too steep, but rather to a fault located
south of it, and the Shahrud fault, with reverse polarity, is a good
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Figure 10. Interpretative summary of the cross-sections based on the seis-
micity and mechanisms. To the west (sections A-B), reverse faulting is
associated to the Manjil fault. In the centre (sections C-D), reverse faulting
is associated with the Manjil fault and strike-slip faulting with the Kabateh
or Zard-Goli fault dipping north without crossing. Further east (sections
E—F), the Zard-Goli becomes vertical and both faults may offset each other
which does not allow partitioning of large motion and may be an unstable
mechanism. The reverse fault jumps southwards to prevent the strike-slip
fault to intersect the strike-slip fault. We observe this jump to the east which
is less mature than the west part of the fault. In red, the active faults evidenced
by the microseismicity. The dotted areas show the seismicity.

candidate. The strike-slip Zard-Goli fault is almost vertical. This
is again particularly clear in sections G—H with the reverse fault-
ing associated with the Shahrud and the vertical strike-slip faulting
associated with Zard-Goli.

Therefore, for the western sections A—E, the partitioning is be-
tween the reverse Manyjil fault and the strike-slip Kabateh and Zard-
Goli faults located in the hangingwall. When the distance between
the two reverse and strike-slip faults is too small, as in section E,
the reverse fault jumps southwards (possibly to the Shahrud fault),
rather than having strike-slip faulting located in the footwall and
crossing the reverse fault. Further east, in sections G—H, we still ob-
serve partitioning not anymore on the Manjil fault, but on another
fault located southward.

We think that we have, in these sections, an evidence that the
vertical strike-slip motion does not cross the reverse fault at depth.
When the space is too small, the reverse fault jumps away to keep
possible large motion on both faults.

The difference between the western and the eastern part of the
sections is likely due to a difference in maturity of both sides of
the fault. If true, this explain why most of the energy release was
associated with the less mature eastern part of the fault whereas, at
surface, the western part seems more developed.

CONCLUSIONS

The Rudbar-Tarom earthquake was unexpected because no strong
earthquake has been observed in this area. The left-lateral strike-slip
mechanism was also unexpected because it did not fit into the tec-
tonic regime of the western Alborz. Three segments are supposed to
have broken during the main shock and three rupture segments, un-
related to existing faults, were observed at surface. Partitioning on
two faults close from each other was proposed to explain the mech-
anism, but the faults and their geometry involved in the partitioning
were speculative.

Our seismological network was installed in 1998 over the two
main segments that ruptured in 1990. The results of the microseis-
micity survey may be blurred because of the progressive damping
and diffusion of the local stresses. However, they constrain some of
the characteristics of this fault system (Fig. 9).

(1) The depth of the seismicity is restricted between the surface
and 20 km with a majority of events located between 8 and 16 km.
This is consistent with the centroid depth of 14 km for the main
shock (Gao & Wallace 1995) and a fault system restricted to the
brittle crust.

(2) A possible barrier between the Kabateh and Zard-Goli seg-
ments is located at the Sefi-Rud river which did not experience
surface deformation during the main shock and which might play
an important structural role.

(3) The different cross-sections show a mixture of reverse and
strike-slip faulting. On the western part, partitioning between the re-
verse Manyjil fault and a steep strike-slip fault related to the Kabateh
rupture explains the seismicity. Further east, after a complex transi-
tion, the distance between the reverse and the strike-slip Zard-Goli
fault is not large enough to accommodate large motion. The reverse
fault jumps, therefore, southwards to make room to the strike-slip
fault which cannot cross the Manyjil reverse fault to keep the motion
stable.
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