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In this study, we investigate the spatial distribution of landslides, strong motion
data, and seismic intensity patterns associated with the June 20, 1990, earthquake,
with a moment magnitude (Mw) of 7.4. Our primary objective is to elucidate the
rupture status of the southeastern segment, Zard Geli, of the coseismic rupture by
integrating geological and seismological data, Our findings indicate that the
southeastern segment experienced only a partial rupture during the 1990
earthquake. This partial rupture is evidenced by the disproportionate distribution
and density of landslides along the surface rupture. The incomplete rupture of this
segment suggests that it retains a considerable amount of accumulated strain
energy that was not fully released during the 1990 event. Consequently, this
segment remains a potential source for future seismic activity. These findings
have implications for seismic hazard assessment and risk mitigation in the region.
This study highlights the need for continued monitoring and detailed geological
and seismological investigations to better anticipate and mitigate the effects of
future earthquakes.

Introduction

aftershocks occurred north of the mapped

The June 20, 1990, earthquake in northern Iran,
with a moment magnitude (Mw) of 7.4, is one of
the most devastating seismic events in recent
history of the region. This catastrophic
earthquake resulted in widespread destruction,
with reported fatalities ranging from 13,000 to
40,000 individuals. It also caused an estimated
60,000 to 105,000 injuries and left
approximately half a million people homeless.
The surface rupture associated with this
earthquake extended over 80 kilometers and was
oriented at an azimuth of approximately 300
degrees. This rupture consisted of three distinct
segments: Baklor, Kabateh, and Zard Geli,
measuring 10 kilometers, 33 kilometers and 34
kilometers  respectively from northwest to
southeast (Fig. 1) (Berberian et al., 1992;
Berberian and Walker, 2010).

Several puzzling features characterized this
earthquake. In particular, almost all the

surface rupture, covering an unusually wide area
of about 100 kilometers. This distribution
implies that the northern block acted as the
hanging wall, despite field observations
suggesting uplift in the southern block.
Additionally, the rupture followed the highlands,
which contrasts with the typical lowland rupture
patterns commonly observed on the Iranian
plateau. Another anomaly was the principal
compression  axis inferred from the
seismological data, which significantly diverged
from the geodetic motion vectors of the region.
Furthermore, various reported hypocentral
locations of the event do not coincide with the
projection of the nearly vertical fault plane.

Previous studies have attempted to explain these
inconsistencies. For instance, Raeesi (2024)
offers explanations for these anomalies and
presents a kinematic slip distribution for the
Rudbar earthquake, indicating minimal slip
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along the southeastern Zard Geli segment.
However, another study reported slip values as
high as 6.5 meters along the same segment
(Ajorlou et al., 2021). These conflicting results
have significant implications for seismic hazard
and risk assessment in the region.

To resolve these uncertainties, we analyze
additional data, including strong motion records,
intensity distribution, and landslide patterns, to
further investigate the rupture characteristics. By
integrating these diverse datasets, we aim to
further investigate the rupture status of the 1990
earthquake.

.

Fig. 1. 3D configuration of the two fault planes, viewed from the southeast, as derived using the slip inversion
method from (Ji et al., 2002). The rupture on the main fault plane initiated 5 seconds after the NE-trending fault,
with the green cube indicating the hypocenter. Both horizontal and vertical dimensions are scaled equally. The
three red surface rupture segments along the main fault, from northwest to southeast, are Baklor, Kabateh, and

Zard Geli, respectively.

Materials and Method

To address this problem, we utilized a
combination of landslide distribution data, both
historical and recent, along with available
intensity and strong  motion  records.
Additionally, we examine the mismatches
against the displacement maps generated
through optical image correlation (OIC) analysis
of aerial and satellite imagery from the years
1955 to 2018 (Ajorlou et al., 2021).

The rationale for using these diverse data sets is
to provide additional support for our findings,
which are based on robust slip inversion
methods. By integrating these data sources, we
aim to reinforce the interpretation of the rupture
characteristics outlined by Raeesi (2024). Given
the significant role of rupture directivity in
understanding  observational patterns, we
provide further details on the theory of forward
directivity in the following section.

Theory

The azimuthal variation of near-source ground
motion in earthquakes demonstrates that the
spatial extent of faulting is a key factor in
shaping waveforms and amplitudes (Archuleta
and Hartzell, 1981). When the rupture
propagates towards a site at a velocity close to
the shear wave velocity, most of the seismic
energy arrives as a single large pulse at the start
of the motion record (Somerville et al., 1997).
This pulse is significantly shorter than the time it
would take for the rupture to traverse the entire
length of the fault (Archuleta and Hartzell,
1981). This phenomenon is known as forward
rupture directivity, in contrast to backward
directivity, which occurs when the rupture
propagates away from the site (Somerville,
2003).

Forward rupture directivity occurs under two
conditions: the rupture front should propagate
toward the site, and the slip direction on the fault
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should align with the site (Somerville, 2003;
Somerville et al., 1997). This can be quantified
using the directivity parameter, defined as I' =
cos(0)/c, where @ is the site azimuth relative to
the rupture propagation azimuth, and c
represents the wave velocity (Ammon et al.,
2006; Velasco et al., 1994). Directivity effects
are significant when the rupture front velocity is
comparable to the wave velocity of the phase
being analyzed (Wald and Heaton, 1994).

The period of the near-source pulse is influenced
by source parameters such as rise time and fault
dimensions, which typically increase with
earthquake magnitude (Somerville, 2003).
Directivity effects become pronounced at
periods greater than about 0.6 seconds and are
generally observed perpendicular to the fault
plane (Somerville et al., 1997).

Rupture  directivity effects have been
documented in several significant earthquakes,
including the June 28, 1992 (Mw 7.3) Landers
earthquake (Ammon et al., 1993; Kanamori et
al., 1992; Velasco et al., 1994), the January 17,
1994 (Mw 6.7) Northridge earthquake (Howard
et al., 2005), the January 16, 1995 (Mw 6.9)
Kobe earthquake (Irikura et al., 1996), and the
February 6, 2023 (Mw 7.8) Turkey earthquake
(Pavlenko and Pavlenko, 2023).

Results

Forward Rupture Directivity

All rupture analyses for the 1990 Rudbar
earthquake suggest that the rupture propagated
predominantly or entirely in a southeastward

direction (Campos et al., 1994; Choy and
Zednik, 1997; Raeesi, 2024). The ABBAR
station, located 7.5 km south of the western end
of rupture, provides an optimal case to evaluate
the credibility of a unilateral rupture (Fig. 4).
Forward directivity is characterized by the
arrival of strong energy at the onset of the
recording, particularly evident in velocity and
displacement records. It is typically associated
with a fault-normal component that is
significantly larger than the fault-parallel
component (Somerville et al., 1997).

To investigate this, we rotated the two horizontal
components of the ABBAR recordings by 120
degrees clockwise to align them with the fault-
parallel and fault-normal directions (Fig. 2). This
rotation angle corresponds to the azimuth of the
displacement field at the recording location.
Velocity and displacement records were
obtained by integrating the acceleration records
once and twice, respectively. A high-pass filter
with a cutoff frequency of 0.1 Hz was applied to
remove long-period artifacts.

No evidence of forward directivity, such as a
prominent initial energy arrival, was observed.
Furthermore, the fault-parallel displacement was
significantly larger than the fault-normal
component, contradicting the characteristics of
forward directivity. Additionally, the broadening
of the displacement record, shown in the lower
panel of Fig. 3, suggests a successive receding
rupture  without constructive interference
towards the recording station, indicative of
backward directivity.
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Fig. 2. The upper panel illustrates the rotated horizontal components of ground acceleration, aligned to fault-
parallel and fault-normal directions, as recorded by the ABBAR accelerometer, the only near-source instrument
available for the Rudbar earthquake of June 20, 1990. The subsequent panels display velocity and displacement
time series obtained by integrating the acceleration records and applying a high-pass filter with a cutoff frequency
of 0.1 Hz. For the location of the accelerometer relative to the surface rupture, refer to Fig. 4.

slower decline in acceleration toward the
southeast. Although Fig. 3 displays the

Strong Motion Pattern
The strong motion recordings from the Building

and Housing Research Center (BHRC) of Iran
for the 1990 earthquake were used to plot the
acceleration distribution (Fig. 3). A notable
feature of this distribution is the significantly

maximum transverse components, the same
pattern is observed in both the vertical and
longitudinal components.
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Fig. 3. The red lines represent the segments of the surface rupture (M. Berberian et al., 1992). The triangles indicate
the locations of accelerometers that recorded the 1990 Rudbar earthquake. The closest station to the surface rupture

is ABBAR, situated approximately 7.5 km away. The contours depict transverse component of acceleration in 50

gal intervals.

Intensity Pattern

The delineated intensity distribution is depicted
in Fig. 4 ( Berberian et al., 1992). The intensity
contours are observed to be broader on the
southeastern side compared to the northwestern
side. This difference may be partially attributed
to the larger population centers located in the
central and eastern parts. Additionally, the
presence of other rupture segments, including
the Manjil thrust to the south and the Hajideh
fault to the north, which run subparallel to the
Zard Geli segment, also contributes to this
pattern (Fig. 4).

Earthquake Triggered Landslides

Several landslides were triggered by the 1990
Rudbar-Manjil earthquake (Mw 7.3) in northern
Iran. Ghaedi Vanani et al. (2021) revised the
landslide inventory using stereoscopic aerial
photographs and field data, identifying 223
landslides with a total area of 11.3 km? and a
volume of 3.8 x 108 m3. They utilized a digital
elevation model (DEM) and GIS software to

analyze the spatial distribution and size of these
landslides. The studies show that the distance
from the fault surface rupture was identified as
the most significant factor influencing landslide
size. Landslides closer to the fault were
generally larger, indicating the strong impact of
seismic activity on landslide magnitude. The
study found that landslide area was primarily
dependent on seismic factors such as peak
ground acceleration (PGA) and distance from
the epicenter. In contrast, landslide volume is
more influenced by geological factors, including
lithology and topographic features like slope and
elevation. They employed the Principal
Component  Analysis (PCA) method and
validated the selection of specific controlling
factors for predicting landslide occurrence. Their
analysis showed that most landslides occurred in
areas with specific geological and topographic
characteristics, confirming the relevance of these
factors in landslide prediction models.

Their spatial distribution analysis revealed that
landslides were more frequent and larger in
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certain geological settings, particularly in areas
with steep slopes and specific rock types. This
finding underscores the importance of geological
context in understanding landslide patterns. The
study emphasizes the need for integrating both
seismic and geological factors in landslide
hazard assessments. This comprehensive
approach can enhance the accuracy of landslide
predictions and inform better land-use planning
and disaster management strategies.

As Fig. 4 shows, numerous landslides were
triggered in the aftermath of the earthquake.
These landslides delineate the central and
western rupture segments but significantly
deviate from the fault trace along the eastern
segment. The largest landslides are found on the

slopes adjacent to the NE-directed Sefid Rud.
Additionally, substantial rockslides and
landslides occurred along the central segment of
Kabateh.

Notably, the sparsity of landslides along the
southeastern Zard Geli segment is intriguing.
This segment runs through dense forests, which
help reduce landslides by facilitating water
drainage and stabilizing the soil through an
extensive root network. Landslides occurring
parallel and south of the Zard Geli segment
approximately coincide with the Manjil thrust,
which has been the subject of ongoing debate
regarding whether the observed deformation is
attributed to sliding ( Berberian et al., 1992) or
faulting (Zaré and Moinfar, 1994).
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Fig. 4. Landslides triggered by the 1990 Rudbar earthquake are depicted as circles of equal size, though some are
significantly larger than the majority (Ghaedi Vanani et al., 2021). The most notable landslides are located along
the banks of the Sefid Rud River and along the central segment. Contours represent intensity levels, with three
categories: VII, VIII-, and VIII+ to X ( Berberian et al., 1992). The blue lines indicate rivers, with the northeast
trending river being the Sefid Rud. The field-mapped fault segments are represented by thick red lines ( Berberian
and Walker, 2010). The yellow line represents the newly identified Hajideh fault, as outlined in the OIC study
(Ajorlou et al., 2021). The Manjil thrust is shown in magenta, with the cyan segment indicating the portion that
experienced approximately 50 cm of uplift during the 1990 earthquake (Zaré and Moinfar, 1994). The patches
depicting the historical Bareh-Sar and Kelishom landslides are estimated based on satellite imagery. The Bareh-

Sar patch encompasses several significant landslides.
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Optical Image Correlation

Optical image correlation techniques revealed
traces of the Rudbar fault in a separate study
(Ajorlou et al., 2021). By analyzing aerial
images from various time periods, the
researchers found dislocations reaching 6.5
meters along the Zard Geli segment. They
delineated fault segments and identified a new
fault segment, Hajideh, that corresponds to the
strip of landslides located north of the Zard Geli
segment (Fig. 4). However, the computed
dislocations along the Zard Geli segment appear
to be implausible. Notably, the correlation
between large dislocations and the presence of
forests and inclinations is strong. Furthermore,
these dislocations largely coincide with areas
that exhibit an absence of landslides. In some
images, the polarity of the anomalies appears to
reverse, and different pairs of images
demonstrate significantly varying levels of

dislocation, particularly along the Zard Geli
segment.

Focal Mechanism

The study area has relatively few moderate
earthquakes with available focal mechanism.
However, a two-month investigation yielded 65
focal mechanisms, primarily covering the
eastern half of the 1990 earthquake surface
rupture, including full coverage of the Zard Geli
segment (Tatar and Hatzfeld, 2009). These
seismic events are predominantly characterized
by strike-slip and reverse mechanisms, with a
smaller proportion exhibiting normal faulting.
While most of the focal mechanisms suggest a
nodal plane subparallel to the 1990 surface
rupture, some of the larger seismic events
indicate a north-south nodal plane. These north-
south trending events are primarily reverse
faulting.
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Fig. 5. a) Black focal mechanisms represent solutions determined by Tatar and Hatzfeld (2009) based on data from
a temporary local seismic network operating during June and July 1998. This network covered the clustered area.
The red lines indicate surface rupture segments of the 1990 Rudbar earthquake. The red focal mechanism
corresponds to the November 1, 2024, earthquake with a magnitude of 3.7. b) Focal mechanisms reported by the
Global Centroid Moment Tensor (CMT) catalog for the period following the 1990 Rudbar earthquake up to

January 2025.

Global Centroid Moment Tensor (CMT)
solutions for the study area are sparse, with only
five focal mechanisms available. This scarcity,
while limiting detailed analysis, underscores the
dominant tectonic processes in the region.
Among these five Global CMT solutions, three
exhibit north-south trending reverse faulting
mechanisms (Fig. 5b). This observation provides
significant evidence for the primary post-event
tectonic regime, which suggests sustained
westward motion of the blocks located east of
the 1990 surface rupture.

The focal mechanism of a recent magnitude 3.7
earthquake, which occurred on November 1,

2024, is consistent with the north-south trending
reverse faulting mechanisms, as illustrated by
the red focal mechanism in Fig. 5a.

Discussion

The spatiotemporal distribution of the 1990
Rudbar earthquake was meticulously determined
by Campos et al. (1994) through the inversion of
teleseismic body-wave data. Their
comprehensive analysis included an assessment
of rupture directivity, revealing clear evidence of
eastward propagation from the epicenter. They
reported that the earthquake was preceded by a
foreshock occurring approximately 10 seconds
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prior to the main event, which could not be
resolved using broadband data. Their findings
indicated an initial bilateral rupture; however,
the northwestern propagation ceased after 10
seconds, while southeastern  propagation
continued at a rupture velocity of approximately
2.5 km/s. They identified nine subevents, noting
that the main moment release occurred at the
epicenter and at subevents located 20, 30, and 40
km southeast of the epicenter, with these four
subevents arranged in order of increasing
moment release.

In a separate study, Choy and Zednik (1997)
synthesized teleseismic P waves using a forward
modeling approach to derive four subevents
associated with the 1990 Rudbar earthquake.
Although they acknowledged a bilateral rupture,
their results indicated four successive subevents
propagating from northwest to southeast. They
also discussed a minor foreshock occurring
about 10 seconds prior to the main rupture;
however, they did not model it due to its small
magnitude.

Raeesi (2024) employed two different slip
inversion methods (Ji et al., 2002; M. Kikuchi
and Kanamori, 1991; Masayuki Kikuchi and
Kanamori, 1982) and obtained nearly identical
slip distributions along the main fault of the 1990
Rudbar earthquake. Additionally, they utilized
the capabilities of the method described in Ji et
al. (2002) to derive slip distributions across
multiple fault planes. The results suggested a
complex rupture involving at least two strike-
slip faults. The rupture initiated on the NE-
trending Lahijan fault in a right-lateral manner,
which is referred to in other studies as the
foreshock (Campos et al., 1994; Choy and
Zednik, 1997). After five seconds, the rupture on
the second and principal NW-trending Rudbar
fault plane began at its northwestern end and
propagated unilaterally toward the southeast
(Fig. 1).

Other forms of faulting, particularly reverse
faulting, are likely to have occurred in the
vicinity of the southeastern segment. Published
images depicting faulting along the southeastern
Zard Geli segment clearly demonstrate a

significant reverse component, as illustrated in
Figure 7 of Berberian et al. (1992) and Figure 9
of Manuel Berberian and Walker (2010). There
has been considerable debate regarding the
nature of the deformation observed along the
Manjil thrust following field excursions (
Berberian et al., 1992; Berberian & Walker,
2010; Zaré and Moinfar, 1994). Zaré and
Moinfar (1994) emphasize the documentation of
reverse faulting along sections of the east-west
Manjil thrust, noting an uplift of approximately
50 cm in the northern block. Such an observation
would complicate attributing this uplift to
gravitational processes, such as land sliding.
Conversely, the Hajideh fault ruptured to the
north of the Zard Geli segment (Ajorlou et al.,
2021).

The absence of directivity in the ABBAR
recordings suggests that the rupture propagated
away from the station in a southeastward
direction. It is important to note that ABBAR is
situated at a location where slip vectors were also
directed away from the station. If there had been
a recording station to the north of the rupture,
aligned with ABBAR's longitude, it would have
shown evidence of backward rupture directivity,
as inferred from the second condition for
directivity discussed in Section 2.1.

Moreover, the significantly slower attenuation of
acceleration in the southeast direction strongly
supports the presence of southeastward
directivity (Fig. 3). The intensity distribution
further reinforces the concept of southeastward
directivity (Fig. 4).

The dislocations derived from optical image
correlation (OIC) as suggested (Ajorlou et al.,
2021) are notably large and carry significant
implications for hazard and risk assessments
along the segment. Such substantial dislocations,
whether coseismic or post-seismic, imply a
reduced hazard and risk for the segment, which
contrasts with findings from seismological
studies (Raeesi, 2024). The dislocations obtained
from OIC indicate a completely asymmetric
source time function (STF), which conflicts with
the various STFs derived from slip inversions
(Raeesi, 2024). One might speculate that these
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large dislocations occurred during post-seismic
motion; however, several concerns arise
regarding their validity.

The correlation of abnormal dislocation patches
with slopes, forested areas, and topographical
features raises questions about their authenticity.
Additionally, the association with locations that
exhibit an absence of landslides further casts
doubt on these findings. Factors such as varying
solar angles causing different shading effects
(Van Puymbroeck et al., 2000), along with the
growth of trees over several decades, may
influence  these  observations.  Another
contributing issue could be forest creep, which
might explain the lack of landslides.
Furthermore, Dominguez et al. Dominguez et al.
(2003) highlighted, utilizing 59 GPS recordings,
that long-period artifacts in a similar OIC study
in Taiwan could reach up to 15 meters due to
uncertainties in satellite attitude (roll, pitch, and
yaw). In the case of Rudbar, this correction was
not applied, as there were no GPS measurements
or rigorous assessments available to address the
issue. Consequently, the effects are observable
even at distant locations from the rupture,
exhibiting varying amplitudes and polarities.
The anomalous distribution of landslides may
suggest a coincidence with other forms of
faulting in the vicinity of the third segment, as
noted in other studies (Raeesi, 2024).
Additionally, the size of the landslides along the
third segment is considerably smaller compared
to those observed elsewhere. This is notable
given the presence of evidence for significant
historical landslides of Bareh-Sar and Kelishom
along the third segment (Fig. 4) ( Berberian etal.,
1992). This raises the question of why such large
landslides were not triggered by the 1990
earthquake. This observation supports Raeesi
(2024) conclusion that the segment is only
partially ruptured, indicating a strong likelihood
that it could rupture during a future major
earthquake.

Furthermore, the analysis of strong motion
records and intensity distribution provides
additional insights into the rupture process. The
attenuation patterns observed in the southeast

direction, coupled with the intensity distribution,
suggest a predominant southeastward rupture
propagation. The integration of these datasets
enhances our understanding of the rupture
process and highlights the complexity of the
seismic event.

Conclusions

Analysis of the 1990 Rudbar earthquake
provides substantial evidence that the event
exhibited a unilateral rupture, propagating
predominantly from northwest to southeast. This
conclusion is supported by the recorded
acceleration and intensity distributions, which
align with the observed directivity analysis. Slip
inversion analysis further corroborates this
finding, indicating a clear pattern of rupture
propagation.

The slip along the southeastern segment of the
rupture appears to have been relatively small or
partial. This limited slip likely explains the
absence of significant landslides in the vicinity
of this segment, as the energy release was
insufficient to trigger large-scale slope failures.
However, the effects of directivity, combined
with the presence of other subparallel ruptures,
contributed to the widening and intensification
of destruction on the southeastern side of the
rupture zone. This phenomenon underscores the
complex interplay between rupture dynamics
and surface manifestations of seismic activity.
The findings of this study reinforce the results
obtained from slip inversion analyses,
suggesting that the Zard Geli segment
experienced only a partial rupture during the
1990 earthquake. This partial rupture implies
that a significant amount of strain energy
remains accumulated along this segment, which
was not fully released during the event.
Consequently, the Zard Geli segment may be
prone to rupture in a future major earthquake,
posing significant hazards and risks to the
region.

The implications of these findings are critical for
seismic hazard assessment and risk mitigation
strategies. Understanding  the  rupture
characteristics and the potential for future
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seismic activity along partially ruptured
segments is essential for developing effective
preparedness measures. This study highlights the
importance of continuous monitoring and
detailed  geological and  seismological
investigations to better anticipate and mitigate
the impacts of future earthquakes.

In conclusion, the 1990 Rudbar earthquake
serves as a valuable case study for understanding
the complexities of seismic rupture processes.
The integration of various data sources,
including strong motion records, intensity
distributions, and slip inversion analyses,
provides a better understanding of the event. The
identification of partially ruptured segments with
significant residual strain energy underscores the
need for ongoing research and monitoring to
enhance the resilience of communities in
earthquake-prone regions. Future studies should
focus on refining seismic hazard models and
improving our ability to predict and respond to
major seismic events.
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