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Abstract

Central Georgia is an area strongly affected by earthquake and landslide hazards. On
29" April 1991 a major earthquake (Mw=7.0) struck the Racha region in the republic
Georgia, followed by aftershocks and significant afterslip. The same region was hit by
another major event (Mw=6.0) on 7" September 2009. The aim of the study reported
here was to utilize geodetic data as synthetic aperture radar interferometry (INSAR) to
improve a knowledge about the spatial pattern of deformation due to the earthquakes in
the seismic active central Georgia. There were no actual earthquake observations by

INSAR in Georgia.

We considered all available SAR data images from different space agencies. However,

due to the long bandwith and the frequent acquisitions, only the multi-temporal ALOS L-

band SAR data allowed us to produce interferograms spanning the 2009 earthquake.

10 cm in the interferogram near the earthquake’'s epicenter whereas evidence of

surface ruptures could not be found in the field along the active thrust fault. We
simulated a deformation signal which could be created by the 2009 Racha earthquake

on the basis of local seismic records and by using an elastic dislocation model. Fhe

. We compared our
modeled fault surface of the September 2009 with the April 1991 Racha earthquake
fault surfaces, and identify the same fault or a sub-parallel fault of the same system as

the origin. The patch that was active in 2009 is just adjacent to the 1991 patch,
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indicating a possible mainly westward propagation direction, with important implications

for future earthquake hazards.

. Introduction

Large tectonic earthquakes often occur in spatial and temporal proximity. In some
cases, these earthquakes successively rupture the same fault with a well-defined
propagation direction (Lin and Stein 2004; Burgmann et al. 2000). As seen in the North
Anatolian fault (Pondard et al. 2007; Stein, Barka, and Dieterich 1997) or in the San
Andreas fault (Lin and Stein 2004), these propagation directions allow for assessment
of seismic hazard potential.

One geologically active environment, with numerous damaging earthquakes and
landslide hazards occurring during the 20th century, lies in the Republic of Georgia,
specifically the Racha region. Triep et al. hypothesized that the Racha ridge region (the
Greater Caucasus mountains) is a consequence of repeated earthquakes (Triep and
Abets 1995). On 29" April 1991, a major earthquake (Mw=7.0) occurred along a blind
thrust fault, causing severe damage to infrastructure and triggering other hazards, such
as landslides and rock falls (Arefiev et al. 2006; R W Jibson et al. 1994). On ™"
September 2009, a smaller earthquake (Mw=6.0) occurred in the same region. No clear
rupture was observed except small cracks on the road and local small rock and land
slid events. For instance, a landslide in the Sachkhere region showed a small, but
relevant acceleration that might be associated with this earthquake (Nikolaeva et al.
2013).

Interferometric synthetic aperture radar (INSAR) has been widely used to measure
tectonic deformations since the first publication comprehensively applied this method
for the Landers earthquake in California (Massonnet et al. 1993). However, the focus
has been on the earthquakes with magnitudes much greater than 6, which produce
larger deformations (Wang et al. 2004; Funning 2005; R. E. Reilinger et al. 2000). In
this case, the INSAR observations often show clear signals. The cases of small
earthquakes are less studied because surface displacements are likely to be
insignificant, uncertainties from satellite orbits and/or intervening atmospheric
conditions (Bell, Amelung, and Henry 2012). However, several papers show that the
INSAR can detect surface deformations in the case of shallow events with magnitudes

smaller than 4.8 (Dawson and Tregoning 2007; Bell, Amelung, and Henry 2012).
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In this study we used data from the ALOS L-band radar satellite to detect the
coseismic surface deformation associated with the earthquake of the moment
magnitude Mw=6.0 on 7" September 2009 in the Racha region. Specially, the aims of
this paper are to investigate the ability of INSAR to provide the spatial pattern of
deformation due to the 2009 Racha earthquake, to compare observations of geodetic
data with a model based on local information about the earthquake and to find a link
between the 1991 and 2009 earthquakes.

. Study area

Located at the junction between the Arabian and Eurasian plates, the Caucasus is one
of the most seismically active regions in the Alpine-Himalayan collision belt. Georgia,
as part of the Caucasus, is located in the central faulted segment (Fig. 1), and
has experienced both historical and recent strong earthquakes.

The study area belongs to a fold and thrust mountain belt of the Greater Caucasus
(Adamia et al. 2010) with shallow northward dipping faults (Tan and Taymaz 2006).
Consequently, the tectonics are represented mainly by vertical movements (Lilienberg
1980) as evidenced by the topography (Philip et al. 1989). The geological structure
resulting from the tectonic movements represents the thrust-nappe system of the
Greater Caucasus Range (Triep et al. 1995). The nappe system is formed by

Cretaceous to Quaternary sediments and locally masks fault truces (Philip et al. 1989).

The analysis of the historical and instrumental seismological record shows that this
region is of moderate seismicity (Balassanian et al. 1999). The possibility of extending
the catalogue of strong events (instrumental records) until the beginning of 20th century
is important for the seismic study of the region (van Westen et al. 2012). GPS
measurements have shown that the Caucasus block moves at 13 mm/yr in an east-
south direction relative to Eurasia and also has a rotational displacement component

with respect to Eurasia (Reilinger et al., 2006).

In addition to the seismic activity, the complicated lithological-tectonic composition of
the region and strong topographic reliefs underlines the relevance of exogenic
processes, such as rainfall and erosion, accompanied by numerous landslides of
different scales (Gracheva & Golyeva, 2010; Jibson, Randall, & Prentice, 1991,
Nikolaeva et al., 2013).
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2.1.The Racha earthquake 1991

One of the more powerful recorded earthquakes (Ms=7.0) occurred at 9:12 GMT (+5
hours local time) on 29" April 1991 in the Great Caucasus Range, Georgia, Racha
region (Fuenzalida et al. 1997). There was no observed tectonic surface rupture
associated with this earthquake, however dozens of fatalities occurred due to the
landslides triggered by this event (Jibson et al., 1991). A series of aftershocks followed
the main shock spanning several months. There were several significant aftershocks
with a few tens of kilometers from the main shock (see Table 1). Several authors
indicated four aftershock clusters (Triep and Abets 1995; Fuenzalida et al. 1997). Two
clusters are located to the west one north and the second south of the Racha ridge
(Fig. 1). The cluster in the east represents a distribution of mostly aftershocks of the

June 15 event. The middle cluster shows the eastern part of the main aftershock area
(Fig. 1).

The focal mechanism solution was obtained from the Harvard centroid moment tensor
and corresponding to a pure thrust fault dipping to the north (strike=288°, dip=39°,
rake=106°). Later, the source parameters were extracted from teleseismic body- wave
inversion for the meaningful aftershocks and showed thrust mechanisms on roughly E-
W-oriented planes for main shock. However, the cluster in the east shows a trust fault
N-S-oriented (Fuenzalida et al. 1997).

2.2. The Racha earthquake 2009

On 7" September 2009 at 22:41 GMT (+5 hours local time), an earthquake with a
moment magnitude Mw=6.0 occurred in northern Georgia at a depth of 13.4 km (Fig.
1). The main shock epicenter was located ~80 kilometers north-east of the city of
Kutaisi in the Oni district of the Racha-Lechkhumi region. The main shock was felt in
Thilisi (155 km south-east of the event), the capital of Georgia, and in the west of
Georgia (Gori and Zugdidi towns). There were no reports of human losses. However,
the tremors damaged at least 200 buildings, with some roads blocked by rock falls and
subsequent damage to service lines (information from the Seismic Monitoring Center in

Thilisi, www.seismo.ge).

Within minutes, four aftershocks occurred with magnitudes greater than 4. More

aftershocks followed later, with some reaching magnitudes greater than 4 until 13™
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September 2009. The distribution of aftershocks has same orientation as one of the
clusters of the 1991 Racha earthquake (Fig. 1).

Focal mechanism solutions were obtained from the arrival of P-waves with only minor
variations in the avaliable solutions (Fuenzalida et al. 1997; Vakarchuk et al. 2013). We
gathered all available data to form a characterization of the earthquake mechanism.
The type of motion was consistently defined as being thrust, roughly dipping to the
northeast (Triep and Abets 1995). Parameters from the Centroid Moment Tensor (CMT)
solution are strike=314°, dip=28°, slip=106°, with the moment tensor solution showing a
pure thrust mechanism without a strike slip component. Also, the focal mechanism
solutions and the tectonic structure for the earthquake are available from the EMME
(Earthquake Model of the Middle East Region, www.emme-gem.org), CMT

(www.globalcmt.org) and Geophysical Survey, Russian Academy of Sciences

(www.ceme.qgsras.ru) websites.

. Data and methods

We combined radar images of the Racha region acquired at different times to obtain the
two pass interferometric phase. The interferometric phase contains information about
the difference between two independent time measurements of the radar-to ground

range (Hanssen 2001). In fact, there are very few SAR acquisitions for this area of

central Georgia and for the studied time period (2008-2010) available in the European

Space Agency archive, not allowing a detailed deformation study. There are ho ERS
data available at all. Envisat ASAR M data are available for the date 2009-09-06 and

2009-11-15 (same track 178). However, these scenes only partly cover the area

investigated. Envisat ASAR WS data are available from different tracks. Also, a

coherence of these scenes is low due to the sensitivity of the C-band to the vegetation.

Therefore we concentrate on the Japanese mission ALOS PALSAR, and here use all

available data. Only the ascending track (eastward-viewing) of the ALOS satellite, the
PALSAR L-band, is available for this area. Therefore one line-of-sight (LOS)

component of the deformation field is observable.

We created eight interferograms by using SAR images. Four of the interferograms
covered the pre-seismic period, three interferograms covered the co-seismic period,

and only one covered the post-seismic. We formed single-look interferograms using the

DORIS processing package (Kampes and Usai 1999). Fhe-Shuttle-Radar Fopography
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each-of-the-interferograms. The phase component associated with the topography was
removed from the interferograms, considering the Shuttle Radar Topography Mission
Digital Elevation Model (SRTM DEM) at 90 m resolution.

To improve the quality of these interferograms, we applied a multilooking filtering
approach, so that each pixel of an interferogram represents ~200 by square meters on
the ground. The adaptive filter was used to smooth the speckles in the interferograms
(Principe, De Vries, and De Oliveira 1993). We then used a two-dimensional phase
unwrapping algorithm SNAPHU (Chen and Zebker 2001; Chen and Zebker 2002) to
obtain unambiguous phase data. To remove the orbital contribution in the phase, we
applied a wavelet multi-resolution analysis and robust regression (Shirzaei and Walter
2011). Atmospheric delay was extracted using the phase-elevation ratio (Zebker,
Rosen, and Hensley 1997). In doing so, we considered the phase-elevation correlation
in the south of the image far enough from the earthquake zone. After these corrections
and filtering procedures were applied, we observed some relevant signals that reflect a
deformation field. Further evaluation of this deformation field was made in comparison

with the dislocation model described below.

3.1.Modeling

We used a dislocation model in elastic half space (Okada 1985) to extract the possible
deformation pattern due to the 2009 Racha earthquake. The model calculates the
displacement arising from a defined fault plane position and geometry. The model
considers the geometry of the fault plane (length and width), the position of the fault in
space (strike, depth, dip, coordinates of upper middle edge of fault) and the

displacement components (strike-slip and dip-slip).

We utilized the strike and dip from the above presented average focal mechanism
solution. Other parameters were calculated based on the known moment magnitude
and epicenter of the earthquake. For the first approximation, we assumed that the fault
size was 10 by 10 km (Donald, Coppersmith, and Coppersmith 1994). Assuming the
moment magnitude (My) of 6.0, we can estimate an average displacement (D) of 0.33
meters, with a rigidity constant (3*10*! dyne/cm? ) and the seismic moment from the

formula of Hanks and Kanamori (Hanks and Kanamori 1979).

4. Results
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4.1.InSAR

All pre-seismic interferograms lack significant deformation in the Racha region (Fig. 2
(a-d)). This inactivity is confirmed by three different interferograms Three co-seismic
interferograms, in turn, show a deformation signal around the fault zone area with
consistent scale (Fig. 3-2 (e-g)). The deformation field is elongated NW-SE and occurs
in the region of the aftershocks following the 2009 event. The long axis is about 15 km,
parallel to the seismogenic fault constrained earlier (Gamkrelidze and Shengelia 2007).
The maximum value of deformation reached is 10 centimeters in the line-of-sight. The
deformation is mostly due to uplift in the region north of the alleged fault (Fig. 1). The
interferogram 20090904-20091020 (yyyymmdd) is built from acquisitions 4 days before
the earthquake and 42 days after (Fig. 2(f)). This interferogram has a good quality

(coherence is higher than 0.7) and it includes the phase changes associated with main

event and significant aftershocks (Table 1). The other small aftershocks (M<4.5) did not
contribute to the deformation signal based on InNSAR analysis (Dawson and Tregoning
2007). The observed deformation by INSAR has a good correlation with the distribution
of aftershocks. We note that the three co-seismic interferograms all use the same slave
image. Building independent interferograms was not feasible because of limited high
quality data in the archive for the central Georgia.

One post-seismic interferogram has a slightly poor quality (coherence is low than 0.4)

(Fig. 2 (h)). However, it shows no clear deformation signal.

4.2.Okada model

Our initial dislocation elastic half-space model is based on the main event focal
mechanism, CMT solution: strike=314° and dip=28° (Fig. 3(a)). The dip slip of 0.33 m is
based on the assumption that the fault is a rectangle and has the parameters length=10
km, width=10 km. The depth (10 km) and position is in the middle of the fault plane and
was calculated based on knowledge of the earthquake's epicenter. The model generally
reproduces the distribution of deformation, as shown by the residuals when subtracted
from the INSAR data (Fig. 3 (a)).

The shallowest edge of the fault, however, is not identical to the main orientation of the
deformation from the INSAR observations in modeling case (Fig. 3 (a)). We found that
the modeled deformation of a fault oriented 288° from north clockwise better fits the

deformation observed in the INSAR results. This trend is also in agreement with the



220
221
222

223
224
225
226
227
228
229

230
231
232
233
234
235
236
237
238

239
240
241
242
243
244
245
246

247
P48
P49
P50
P51

1991 Racha earthquake, as will be further discussed below. To understand the
mechanism of the fault, we had to consider the rupture geometry within the context of
previous earthquakes.

. Discussion

Using satellite radar interferometry, we investigated the displacement associated with
the 2009 Racha earthquake. We assessed the ALOS radar data catalogue and
processed data that covered the earthquake area and the times around the event. The
distribution of deformation and aftershocks of the 2009 earthquake have a good
correlation with one of the aftershock clusters of the 1991 earthquakes. How might
these two events be related?

A comparison of the epicenters from the 1991 and 2009 events reveal the same latitude
and a difference of only 0.1° in longitude (the local catalog data). Also, as we described
before, the deformation INSAR trench is well fit by a model with a strike =288° (Fig.3
(b)). This strike presents the Harvard CMT solution for the 1991 Racha earthquake
(Fuenzalida et al. 1997). Therefore, the interesting question is if the 2009 earthquake
occurred on exactly the same fault as the 1991 earthquake and, if so, did the 2009
earthquake fill a seismogenic gap? Answering this question is challenging, because of
the complexity in the rupture geometries and dynamics of these events (Fuenzalida et
al. 1997; Vakarchuk et al. 2013).

The fault system for the 1991 Racha earthquake was formed by four subsources using
body wave inversion (Fuenzalida et al. 1997). One subsource significantly dominates
the others. Therefore, the model presents a simple single rupture pattern. Based on
observations of separate clusters of aftershocks (Arefiev et al. 2006), a model with
three complex subsources was created (Vakarchuk et al. 2013). Two subsources
represent a thrust type of motion. The reverse type of motion was hypothesized for one
of the other subsources. Due to this complexity, it is possible that the use of a simple

model does not fit well with the true fault.

The best-fit model determined by INSAR suggests the strike is 288° instead 314° (CMT),

which could be explained by control of local structures. Also, based on the Harvard

CMT solution, the dip of the fault might be steeper close to the surface, which was also
confirmed by INSAR observationbased-on1nSAR-data—we-can-assume-that the fault

plahe-may-be-shallewer-to-the-surface. Vakarchuk et al. (2013) propose a hypo central
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depth of the 2009 earthquake of 7 kilometers instead of 15, according to CMT catalog
(Vakarchuk et al. 2013). Although a surface rupture was not observed (Arefiev et al.
2006), a large number of landslides occured during and after the Racha 1991
earthquake (R.W. Jibson, Randall, and Prentice 1991). The distribution of the strongest
co-seismic deformations in the Racha earthquake 1991 area (Arefiev et al. 2006; R W
Jibson et al. 1994) is similar to the observed INSAR coseismic deformations associated
with the Racha 2009 earthquake. In addition, the 2009 Racha earthquake triggered
landslide activity (Nikolaeva et al. 2013). Consequently, the observed co-seismic
deformation likely presents the cumulative effects of the landslides.

The comparison of possible faults for the earthquakes from the 1991 and 2009 (Fig. 4)
might imply that the earthquakes are migrating to the north-west. The fault rupture of
the earthquake 2009 may belong to the same fault system that was active in 1991.

Limitations of the herein discussed results mainly may come from the quality and
quantity of the InSAR data. Only one viewing component was available, and a small
amount of radar data has been archived by the space agency. Therefore all co-seismic
interferograms use the same slave image. Possibly this one image contributes noise
and/or artifact components, which is then present in all generated interferograms.
However, the same slave image is used in post-seismic interferograms, which do not
show this deformation pattern. Despite this, the presented INSAR results allow us to
develop a general concept about the displacement occurrence and are the only

geodetic source available for the studied event.

. Conclusion

The central region of the Republic of Georgia repeatedly suffers from earthquakes and
landslides. Here, we investigated the recent 2009 Racha earthquake by applying the
INSAR method and modeling. We used the multi-temporal ALOS satellite L-band radar
images, acquired in ascending mode for the period before, during and after the
earthquake. We generated two-pass interferograms and after filtering could identify a
significant signal that likely reflects the coseismic displacement field. The observed
INSAR ground deformation is around 10 cm in LOS and probably comes from the
cumulative effects of the main shock, aftershocks and triggering events. The
deformation model of the 2009 Racha earthquake is in a good agreement with the
observed INSAR deformation signal. Results suggest that the 2009 Racha earthquake

(Mw=6.0) occurred on the same or sub-parallel fault as the 1991 event. A high spatial

9
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resolution of the InSAR data allows to track a distribution of deformation due to the

earthquake in the region which is difficult of access as high mountain Racha.

Our research demonstrates the ability of the INSAR L-band to observe deformations
arising from small tectonic events and provides new insights into the tectonic processes

of the Caucasus based on radar remote sensing data. Nowadays with the availability of

modern satellites and background missions (e.q. Sentinel), the availability of data for

future earthquakes will certainly be improved. Further, INSAR data has the potential to

allow us to learn more about the rupture process of earthquakes in the years after the
initial event. The main deformations were rock avalanches and landslides for both
earthquakes. Thus, the mapping of the deformation zone after an earthquake reveals
the distribution density of landslides in the Racha area.
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3.5.1991 42.54 42.94 5.6 315/87 47/55 127/57
15.6.1991 42.58 43.07 6.2 138/16 49/58 44/130
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Figure 1. a) Location of the republic of Georgia. b) Distribution of locations of the Racha
main shocks (stars) and aftershocks from 1991 (dark blue dots) and 2009 (dark red dots)
with magnitudes greater than 4 (source: the catalog of the Seismic Monitoring Center
(SMC) in Georgia, www.seismo.ge). Major faults are shown by black dashed lines
(Gamkrelidze & Shengelia, 2007).
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aftershocks from 2009 with magnitudes greater than 4 (from the catalog of the Seismic

Monitoring Center (SMC) in Georgia, www.seismo.ge). Major faults are shown by black

dashed lines (Gamkrelidze & Shengelia, 2007). Red colors represent movement toward
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463  Figure. Example of the 20090904-20091020 interferogram processing stages: a,b,c in satellite
464  azimuth-range coordinates; d in ground coordinates (UTM). The deformation signal is in the
465  white circle.
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