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ABSTRACT

Using combinations of adequately selected ERS-2 SAR images, the co-seismic deformation field associated with the
Athens earthquake was analyzed. The observed fringes indicate a minimum of 56mm change in slant range direction.
To assess the location and geometry of the seismic fault and the amplitude of the slip, a simple dislocation model in
elastic half-space was assumed. The model suggests ~300 mm slip on an 18 km long blind fault composed of two
pieces. The intersection of the fault plane with the Earth surface is located in the Fili mountain with a ~N120o

orientation.

Interferometric analysis of ERS-2 SAR images from Nisyros volcano show that significant crust uplift of the order of
140mm has occurred during the years 1995-1997. The years 1997-2000 an opposite sign crust deformation has been
observed as being the result of a deflation procedure. The first results on the study suggest that the presently active part
of the Nisyros caldera appears to be much smaller than the known geological one with the existence of a magma
chamber at the NW coast of Nisyros island. The inflation and deflation of this chamber is responsible for the unrest
episodes recorded during the last years.



INTRODUCTION

Interferometric analysis of SAR images has demonstrated potential to monitor, measure and map surface deformations
associated with earthquakes and other geophysical phenomena [11], [23], [15]. In Greece it has been used in the past for
the study of the Mw=6.6 May 13, 1995, Kozani, and Mw=6.1 June 15, 1995, Aigion earthquakes in Greece [14], [2]. This
technique was used by Massonnet [12] to measure the deflation induced by the activation of Etna volcano in the period
from May 17, 1992 to October 24, 1993. Also the deformation field associated with the 1997 eruption of Okmok
volcano in Alaska [9] and the Campi Flegrei caldera activation near Pozzuoli harbour [1], have been studied by
constructing interferograms from the phase difference of SAR images recorded by ERS-2 satellite.

Interferograms are the result of the difference in phase values recorded by two SAR images. The phase differences
correspond to changes in the round trip path length of the radar wave to the ground target. These changes are attributed
to topography, geometry of satellite orbital trajectories, tropospheric and ionospheric perturbations and certainly to
ground deformations due to geophysical phenomena. Given that atmospheric perturbations are negligible compared to
other artifacts (e.g Digital Elevation Model (DEM) errors) and that the orbit geometry is perfectly known or adequately
corrected, the isolation of the surface deformation component in an interferogram is possible only if the topography has
been removed from it. In both studies described in this paper, the topography was removed by applying the ¨two-pass
interferometry or DEM Elimination¨ method. With this approach a synthetic fringe pattern derived from the DEM of the
study area is subtracted from the interference pattern resulted by the two SAR images [13]. The remaining changes in
the satellite-to-ground ranges are represented by fringes. Each fringe corresponds to a movement along the viewing axis
of the satellite by half a wavelength, which equals 28 mm for the C band microwave radar used by ERS-2 satellite.

In this paper we describe two studies for which SAR interferometry has provided significant information for two cases
of geophysical activity in Greece. The one aims to identify the seismogenic fault and its parameters associated with the
September 7, 1999 Athens earthquake. The second study, which is still under investigation, deals with the monitoring of
the volcanic activity in Nisyros island during the recent long lasting episode of unrest spanning the years 1995-2000.

Case Study 1: The September 7, 1999 Athens Earthquake

Mapping and Modeling the Surface Deformation

On September 7, 1999 at 11h 56m 50s UT a magnitude Mw=5.9 earthquake struck the city of Athens. Its epicenter was
located at 38.1oN; 23.56oE which is about 20km NNW from the Athens center. The earthquake was a rather unexpected
event, it was strongly felt by the Athenian population, caused many damages and made several buildings collapse killing
143 people. Scientists believe that its occurrence will change the perception of seismic hazard studies for the years to
come, since greater Athens has been considered for many years as a region of low seismicity.

The earthquake has occurred between several normal faults dipping northward or southward clearly expressed on the
seismotectonic map (Fig. 1). Two faults which are easily identified trending ESE-WNW, dominate the neotectonic
behavior of this region. These are the 120oN striking Aspropyrgos fault (F1) and the 110-130oN striking Fili fault (F2)
(Fig.1) [17]. The Aspropyrgos fault borders the Thriassion depression to the north, is 10 km long and its extremities are
defined by the coordinates 28.13°N; 23.13°E, and 38.08°N; 23.66°E. The Fili fault lies ~5km to the north and is about
8km long. Both faults uplift Mesozoic limestone in their footwall blocks. Faults within limestone bedrock can usually be
identified from exposed fault planes along the tops of the scree cones, fairly steep dissected ridges and longitudinal
drainage patterns. However, field investigation [N.N. Ambraseys, internal field report] confirms that this is not apparent
along the Aspropyrgos fault where a significant amount of erosion of the resistant limestone footwall exists, suggesting
insufficient tectonic activity for keeping the subsiding hanging wall block in a depositional environment. On the other
hand the Fili fault is a short length feature with no distinct break in slope, a fairly dissected footwall ridge and a
discontinuous hanging wall basin.

The location of these two faults made scientists to believe that they could have been associated with the earthquake
event. However, intensive field checks conducted immediately after the earthquake did not show any direct evidence of
reactivation of any of the faults. Apart from occasional rock falls from south-facing steep slopes related mainly to



sliding, no significant co-seismic surface faulting is observed [N.N. Ambraseys, internal field report]. To understand the
seismic process in the area, several operations have been initiated to record the aftershock activity by deploying locally
seismograph arrays. At the same time a parallel operation using radar interferometry was initiated to map the co-seismic
deformation field associated with the earthquake and draw conclusions on the seismogenic fault and its parameters.

Fig.1 Seismotectonic map of Athens with seismogeological
elements. The Fili (F2) and Aspropyrgos (F1) faults are indicated

Several ERS-2 SAR images were collected for interferometric calculations. They are spanning the period between
December 1995 to October 1999. The images belong to the descending pass of the ERS-2 system, where the satellite
travels approximately from north to south looking westwards and inclined 23.5° from the vertical. The selection of the
interferometric pairs to process was based on their sensitivity to the topography, expressed by the altitude of ambiguity
ha. For the elimination of the topography, a synthetic fringe pattern produced by using a ±10 m-accuracy DEM was
subtracted from the interference pattern resulted by the two SAR images. Given that the ha values for the four co-seismic
interferograms range between 50 m to 133 m, it is expected that the topographic artifacts in the calculated interferograms
would be between 5.6 mm (0.2 phase cycles) and 2.1 mm (0.075 phase cycles) respectively. Fig. 2 in the following
illustrates the time spanning of the usable interferometric pairs and their corresponding ha values. The interferograms,
calculated using the DIAPASON (CNES) software.
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Fig 2. Bar chart showing the time spanning of the interferometric pairs. The numbers on the right-hand
side of each bar indicate the ending date and the altitude of ambiguity ha. The values at the left-
hand side indicate the staring date and the figure codes of the interferograms.



The calculated co-seismic interferograms show that the earthquake caused surface deformations, which appear with at
least two concentric, but not symmetric fringes, centered at 38.10oN; 23.60oE. This point is located in a distance of less
than 3 km away from the main epicenter (38.10oN, 23.56oE). The resulted fringes indicate 56 mm of change in slant
range direction. Fig. 3a and 3b show two co-seismic interferograms composed from images spanning the periods [Nov.
27, 1997 to Sep. 23, 1999] and [Sep. 19, 1998 to Oct. 9, 1999]. The study of the interferograms shows that the observed
fringes are rather constant in shape, position and magnitude and that they are the result of a co-seismic surface
deformation. The number and concentric pattern remain the same in all interferograms, although they have different ha

values (133m, 67m, and 50m) and they are issued from images acquired from adjacent tracks, namely 236 (Fig. 3a) and
465 (Fig. 3b). In addition all the pre-seismic interferograms do not show any fringes (Fig. 3c).

The resulted co-seismic fringes were used to sample slant range displacements at 134 discrete points along them. The
sampled data were input to an inversion model, assuming dislocations of rectangular planes in an homogeneous elastic
half-space [16]. Table 1 shows the variables used in the model. The inverse algorithm is that developed by Briole [3]
using the least squares approach proposed by Tarantola and Valette [20]. The inversion program was run first assuming
a single rectangular fault, but the model could not correctly fit the asymmetry at the eastern end of the fringe pattern.
Therefore a secondary fault was added in order to fit better the observed fringes.

Two models were examined. In model 1, all parameters were kept free except for the strike slip that was forced to zero
(pure normal faulting). In model 2, the strike and dip angles were fixed at 116° and 54° respectively, so as to conform to
the focal mechanism of the earthquake [21], [18] and with the orientation of the known tectonic structures [17]. The
results showed that both models fit the observed fringes well (rms error for data fit was 4 mm for model 1 (0.14 fringes)
and 5.5 mm (0.19 fringes) for model 2). However, the suggested by model 1 strike (100°) and dip (43°) angles were not
consistent with the preliminary fault-plane solutions indicating strike directions and dip angles in the ranges of 113°-
119°N and 52°-56° respectively [21], [18]. As a consequence the fault parameters obtained by model 2 have been kept.
Table 2 gives the fault parameters obtained by model 2. According to the model most of the observed surface
deformations are due to a dip-slip along the main fault segment. The secondary fault segment, which is responsible for
the observed asymmetry of the deformation field, corresponds to a shallower rupture. The two fault segments intersect
the Earth surface at points: 38.18°N; 23.55°E - 38.14°N; 23.66°E (main fault) and 38.16°N; 23.66°E - 38.12°N; 23.75°E
(secondary fault). These two traces lie at 5 km and 7.5 km northern to the Aspropyrgos fault at the southern base of the
Fili mountain. Fig. 3cd shows the synthetic interferogram derived from model 2, as well as the mapped (F1 and F2) and
modeled fault segments. A more detailed presentation commenting the fault parameters returned by models 1 and 2 with
their associated uncertainty values is given in [7].

Table 1. Parameters describing the fault geometry and motion in the Okada formalism

Symbol Description

Lat Latitude of the center of the fault upper edge

Lon Longitude of the center of the fault upper edge

αα Strike (°)

h Depth of the upper edge of the fault (km)

d Half-length of the fault (km)

L Width of the fault (km)

θθ Dip angle (°)

S Strike slip (positive left lateral) (mm)

D Dip slip (positive normal) (mm)

Table 2.  Fault parameters derived by model 2 (strike angle = 116°, dip angle = 54°, other parameters free)

Fault Lat (°) Lon (°) h (km) d (km) L (km)  θθ (°) αα(°) S (mm) D (mm) M (Nm)

Main fault 38° 7’ 33’’ 23° 35’ 04’’ 5.9 5.2 11.0 54 116 50 350 12.1 1017

Secondary
fault

38° 7’ 23’’ 23° 41’ 14’’ 4.0 4.5 3.5 54 116 35 260 2.5 1017



Fig. 3. (a, b) Coseismic interferograms spanning the periods [Nov. 27, 1997 to Sep. 23, 1999] and [Sep. 19, 1998
to Oct. 9, 1999]. (c) Modeled interferogram calculated by least square inversion of the fringes in Fig 3a
and 3b. (d) Preseismic Interferogram spanning the period July 22, 1995 to July 15, 1999.

Conclusions

The co-seismic interferograms show that the affected area is extended for more than 20 km in the E-W and 10 km in the
N-S directions and is bounded by the Fili mountain in the NE and the Aegaleo mountain in the SE (Plates 1c and 1d).
The area defined by the fringes encompasses the vast majority of the located epicenters, extending SW to the Fili fault
with a striking along a WNW-ESE axis. However, a high concentration of aftershocks is also observed at the eastern
border of the Thriassion depression along the Aegaleo mountain, indicating most likely the activation of another zone
related to the Aegaleo mountain. It should be noted however, that no fringes are observed beyond the root of the
Aegaleo mountain, and this corroborates the opinion of other researchers that this mountain acted as a boundary,
preventing further activation to the south-east direction (V. Papazachos, oral communication).

The absence of rupture propagation towards the Earth surface made difficult the direct identification of the seismogenic
fault. According to our modeling study the main fault segment is located at the NW extension of the Fili fault as mapped
by Pavlides in [17]. However, as we move towards the east, the modeled fault segment intersects the surface ~3 km
northern to the Fili fault, which indicates that a secondary structure has been activated in this area (Fig. 3d). It is worth
noting that the modeled faults do not appear on the existing geological and seismotectonic maps, suggesting the
existence of a blind fault zone.

 a  b

 c  d



Case Study 2: The INSAR Signature of the Nisyros Volcano in Aegean Sea

Ground deformation by using ERS-2 SAR interferometry

Nisyros is part of the Aegean active volcanic island arc, situated at the eastern border. The island represents the emerged
portion of an andesitic volcano [4], built up the last 100000 years [6], truncated by a summit caldera of 3.8 km of
diameter formed as a consequence of intense explosive activity, less than 24000 y.B.P [6]. Post caldera activity was
accomplished by intrusion of dacitic lava domes, along NE-trending tectonic system fractures, rising the caldera rim at a
maximum height of 698 m [10]. Phreatomagmatic activity produced cones and craters a century ago.  All the historically
registered explosions are hydrothermal, with more than five phreatic explosions being reported since 1422 within the
Nisyros caldera depression [22]. The occurrence of more than 8 older phreatic explosion craters in the caldera floor,
indicate that this type of activity was frequent even before 1422. However, the last one reported occurred in 1888. The
island is today a site of intensive hydrothermal activity, which feed many fumaroles in the caldera floor area and hot
springs along the coastline. The risk of a phreatic explosion is high [19]. In such a case the human losses could be heavy
since the island is being visited by thousands of tourists during the summer time.

At the end of 1995 an intense seismic activity manifested in the island lasting 3 years. A seismological operation was
carried out on the island in order to investigate the factors controlling the seismic behavior of the Nisyros volcano. This
recent long lasting episode of unrest in the area is of great importance and has attracted the interest of many scientists,
because it is the first well instrumentally documented and could provide significant information on the behavioral model
of the volcano. An operation using radar interferometry was initiated to measure the crust deformation associated with
the volcano activity during the last years. The interferometric calculations have been based on the use of ERS-2 SAR
images spanning the period from June 4, 1995 to September 10, 2000. From these interferograms it is demonstrated that
a continuous vertical deformation of the surface of Nisyros island has occurred during this period. The satellite images
were acquired at the ascending pass of the ERS-2 system, where the satellite travels approximately from south to north
looking eastwards and inclined 23.5° from the vertical. As in the study of Athens earthquake the selection of the
interferometric pairs to process was based on the altitude of ambiguity ha parameter. Table 3 illustrates the time
spanning of the interferometric pairs used and their corresponding ha values.

The DEM was produced, as in the study of Athens earthquake, by digitizing contour lines and spot height data from
existing 1:5000-scale topographic maps, achieving a height accuracy of the order of ±10m. As it may be resulted the
magnitude of the expected topographic artifacts expressed in phase cycles, for the worst co-seismic pair (ha = 64 m),
would be of the order of 0.16 phase cycles or 4.375mm in range. The same calculation for the best co-seismic pair (ha

=180m), yielded 0.055 cycles, that is equivalent to 1.55 mm in range.

Table 3. ERS-2 Image pairs used for interferometric calculations

Acq. Date
Image No1

Acq. Date
Image No 2

Altitude of
Ambiguity ha

(m)

Satellite
Orbits

Figure
Code

4 June 1995 19 May 1996 99 641-5651 Fig. 4a

19 May 1996 8 June 1997 180 5651-11162 Fig. 4b

4 June 1995 8 June 1997 64 641-11162 Fig. 4c

8 June 1997 18 July 1999 120 11162-22184 -

24 May 1998 10 Sept. 2000 132 16172-28196 Fig. 4d-

This differential interferometry survey makes evident that crust deformations have occurred on the surface of Nisyros
island during the years 1995-97, in which the most significant earthquake events have been recorded by the local
seismograph array deployed. The calculated interferograms demonstrate a continuous surface uplift. The observed
deformation field shows an approximately circular shape centered at the NW side of Nisyros island pointing to the area
where the most intense seismic activity was recorded in March 1997 (Fig. 4a, 4b, 4c). In the interferogram spanning the
period [June 4, 1995 to May 19, 1996] (Fig. 4a) three fringes are shown. They are semicircular (not closed) fringes due
to the fact that the island surface is rather small and the deformed crust is extending beneath the sea surface. As a



consequence the surrounding sea interrupts the observed fringes. The fringes indicate a general uplift in the slant range
direction of the order of 84 mm.

The following year (1996-97) the surface was displaced keeping the same trend. The two resulted fringes shown on the
corresponding interferogram (Fig. 4b) [May 19, 1996 to June 8, 1997], indicate a further surface displacement of 56mm
in range. It is worth noting that the magnitude of the deformation observed for the two year period [June 4, 1995 to June
8, 1997], as suggested by the corresponding interferogram (Fig. 4c), conforms well with the displacement magnitudes
observed for the two sub-periods 1995-1996 and 1996-1997. Indeed as interferogram of Fig. 4c shows, the number of
the resulted fringes equals the summation of the corresponding fringes on the interferograms of Fig. 4a and 4b
respectively. It should be noted that according to the only existing study realized in Nisyros the year 1997 a general
surface uplift trend has been reported [8]. This is the result of the study of a series of ground GPS observations
conducted through the whole island during this year. From this interferometric analysis it becomes evident that the
recent episode of Nisyros volcano unrest resulted, during the years 1995-1997, in crust deformations of the order of
140mm. The rate of change was rather higher in the period 1995-96 reaching an average value of 87mm/year. During the
next year (1996-97) the same process of surface deformation is observed but the deformation rate tended to decrease by
time to 53mm/year.

The study was not possible to extend in year 1998. This is because the only available in ESA’s archives ERS-2 scene
acquired on May 24, 1998 was not usable, due to the fact that all combinations with older images had inadequate ha

values, ranging between 12 m to 17 m, that is very close to the expected DEM error (±10m). Therefore it was not
possible to identify the magnitude and the trend of the deformation during the year 1997-1998. The study continued for
the years 1999-2000 and it was observed that the surface started moving towards the opposite direction as being the
result of a deflation procedure that has started in the meantime. For this purpose new interferograms have been
constructed by integrating two new images acquired on July 18, 1999 and September 10, 2000. The two interferograms
spanning the periods [June 8, 1997 to July 18, 1999] and [May 24, 1998 to September 10, 2000] (Fig. 4d) show two and
four fringes respectively, denoting a movement in the opposite direction of the one in interferograms calculated up to the
year 1997 have suggested.

Assessing the deformation just by counting fringes in such a small area, which is obscured by sea and low coherence or
shadowed and layover areas is rather difficult. For this reason, the current research is focussed on modeling the observed
deformation field by fitting the interferograms with a calculated theoretical displacement field derived from a simple
model of pressure change in a sphere located in an elastic half-space. These results will be subject of further analysis and
publication.

Conclusions

Greek volcanoes are characterized by a paucity in recent eruptive and for this reason they are not permanently
monitored. However, the study of the recorded earthquake activity in relation to the location and size of the ground
vertical displacements help to understand about the presently active part of the volcanic caldera and the magmatic
behavior of the volcano. Understanding the processes giving rise to episodes of unrest in a volcanic system greatly
enhances the chances of correctly recognizing precursory signs to eruptions from that system.

The first results on the Nisyros study suggest that the presently active part of the Nisyros caldera appears to be much
smaller than the known geological one with the existence of a magma chamber at the NW coast of Nisyros island. The
inflation of this chamber is most likely responsible for the unrest episode, which was observed in 1995-1998 resulting to
ground deformations (total uplift of 140mm) and also to intense seismic activity. The observed faulting in the island
which has been the source of serious house damages is probably induced as a secondary effect of the vertical pressure
increase (magma inflation) and is not the result of shear strain rise. No eruption followed this important unrest episode,
in contrary to that of 1871-1873. However, one should take into consideration the case of the Rabaul caldera in Papua
where the eruption took place 10 years after the last unrest episode [5]. This confirms the complexity of the volcano
controlling mechanism and implies that monitoring activities especially at this part of the Hellenic Volcanic Arc are
necessary not only during episodes of alarming activity but through the intervening apparent quiescent periods as well.



Fig. 4  Interferograms spanning the periods: (a) [June 4, 1995 to May 19, 1996], (b) [May 19, 1996
to June 8, 1997], (c) [June 4, 1995 to June 8, 1997], and (d) [May 24, 1998 to September
10, 2000]
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