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Abstract

Nisyros island, a Quaternary volcanic center located at the SE of the Aegean Volcanic Arc, has been in the past
characterized by periods of intense seismic activity accompanied sometimes by hydrothermal explosions, the last one
being in 1887. The recent long lasting episode of unrest (1995^1998) in the area is the first instrumentally documented
providing information on the behavior of the volcano. Evidence from seismicity and SAR interferometry suggests that
the presently active part of the Kos^Nisyros volcano-tectonic complex is located at the NW coast of Nisyros island
defining an area much smaller than the whole volcano-tectonic area. Seismicity patterns vary both temporally and
spatially consistently with different rates of vertical ground deformation inferred from SAR interferometry. These
observations help us to discuss the different elements controlling the behavior of the volcanic system such as: the
existence, location and timing of magma chamber inflation, the occurrence of tensile failure at the boundaries of the
chamber and the possibility of magmatic fluids being expelled to form a shallow magmatic intrusion, the seismic failure
and migration of hypocenters indicating shallow magma transport. ; 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Signs of renewed activity at volcanic calderas
are viewed with considerable interest in terms of
any early and reliable recognition of precursors to
an eruption. The signi¢cant increase in seismicity
and ground deformation at Nisyros^Kos caldera
in the period 1995^1998 was faced with consider-
able concern because of the generally low level of
knowledge about precursors to potentially locally
hazardous volcanic eruptions.

Nisyros island is part of the Aegean active Vol-
canic Arc, and is located at its eastern end (Fig. 1).
The island represents the emerged portion of an
andesitic volcano built in the last 150 000 yr, trun-
cated by a summit caldera of 3.8 km diameter (Di
Paola, 1974; Keller et al., 1990; Vougioukalakis,
1993; Francalanci et al., 1995). The caldera form-
ing explosive activity is most probably younger
than 24 000 yr BP (Keller et al., 1989). Post-cal-
dera activity occurred as the intrusion of dacitic
lava domes, raising the caldera rim to a maximum
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Fig. 1. Map showing (solid lines) the main units of the Hellenic trench system, the present day Volcanic Arc (triangles with
dashed lines) and the position of the Nisyros volcano (square).
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height of 698 m along a NE-trending tectonic.
Hydrothermal explosive activity, focused in the
east half of the caldera £oor, produced numerous
hydrothermal craters, 10 of them are well pre-
served (Fig. 2). Two hydrothermal eruptions
have been reported during the previous century,
in 1871^1873 and 1887, within the Nisyros caldera
depression (Gorceix, 1873, 1874). The island is
today a site of intensive hydrothermal activity
which feeds many fumaroles in the caldera £oor
area and hot springs along the coast line. The risk
of a hydrothermal explosion is high (Marini et al.,
1993; Fytikas and Vougioukalakis, 1995).
Nisyros is found in the southern part of a larger

and geologically more complex area, the Kos^Ni-
syros volcano-tectonic complex. This area is de-

limited by the south Kos, the volcanic islands of
Pyrgusa, Pahia, Nisyros and Strogyli, with the
youngest volcanic center of the area, Yali, being
at the center of this area (Keller et al., 1990;
Stiros and Vougioukalakis, 1996). The whole sub-
marine area and part of the area that today oc-
cupies north Nisyros are considered to be a large
caldera collapse, triggered by the eruption of Kos
plateau tu¡ (Dalabakis, 1987; Allen et al., 1999;
Allen and Cas, 2001) (¢g. 1 in Allen and Cas,
2001) before 160 000 yr (Smith et al., 1996).
At the end of 1995, intense seismic activity be-

gan on the island and lasted for about 3 years.
Seismometers were deployed temporarily in or-

der to investigate the factors controlling the seis-
mic behavior of the Nisyros volcano.

Fig. 2. Simpli¢ed geological map of Nisyros island (Vougioukalakis, 1993). The arrow indicates the area of the intense fumarolic
activity of 1997.
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2. Local seismicity

2.1. Historical seismicity

Nisyros has not been an important habitation
center either in antiquity or more recently. For
this reason there are not many detailed reports
on the local seismicity, although we know that
violent seismic shocks accompanied the eruptions
of 1871^1873. Local swarms were also felt in Ni-
syros from time to time such as those of April
1887 which preceded by 5 months the last hydro-
thermal eruption of 1887 (Galanopoulos, 1953).
Other swarms felt in Nisyros at the beginning of
the century, in 1953 (Bornovas, 1953) and in 1970
(Stiros and Vougioukalakis, 1996) were not asso-
ciated with any eruption (Bornovas, 1953).

2.2. Present seismicity

The background level of recorded seismicity
does not seem important in this part of the arc
when considering the epicenter distribution re-
corded by the permanent regional array for the
years 1980^1994 (Fig. 3a). However, for the sub-
sequent 4 years the number of local earthquakes
is considerably higher (Fig. 3b). The earthquake
activity increased during 1996, peaking in August
1997 and increasing up to the end of 1998. This is
clearly seen from the diagram of Fig. 4 showing
the cumulative number of the earthquakes with
time. The earthquake activity declined to regular
background level at the beginning of 1999
(Fig. 3c).
A local network of eight seismological stations

was deployed in 1997 during two ¢eld experi-
ments separated by 4 months. During the ¢rst
experiment (25/3^3/4/97) six self-triggered three-
component tape-recording seismographs were in-
stalled on Nisyros and two on Kos. During the
second experiment (6/7^13/7/97) one seismograph
was installed in Yali island and the others occu-
pied mainly the same sites of the ¢rst experiment.

Fig. 3. Local seismicity map recorded by the National Ob-
servatory Array for the years (a) 1980^1994 (magnitudes up
to 5.0), (b) 1995^1998 (magnitudes up to 5.3), (c) 1999 (mag-
nitudes up to 4.3).
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The spatial distribution of seismic events re-
corded during the ¢rst period (25/3^3/4/97) is
shown in Fig. 5a. Epicentral distribution shows
that most earthquakes of the seismic crisis are
con¢ned in the area between the Northern coast
of Nisyros and the island of Yali. The distribution
of the seismicity changes for the second period of
recording (6/7^13/7/97). In contrast to the spa-
tially clustered activity of March con¢ned to the
North of Nisyros, both the central and southern
parts of the island are active in July 97 providing
a more dispersed seismic distribution (Fig. 5b).
The depths of the events are projected in Fig.

5c,d. The main observation is the super¢cial char-
acter of a large number of events from both peri-
ods with the deeper events reaching depths less
than about 10 km.

2.3. Accuracy of foci locations

Test locations were run during the ¢rst stages
of processing for di¡erent velocity models and for
a limited number of earthquakes considering a
uniform half-space medium. Independently of
the model chosen, the spatial characteristics of
the epicenter pattern persisted in plane.
The computed depths of the earthquakes also

depend strongly on the velocity model used. To

estimate the e¡ect of variations in the velocity
model on our results we re-calculated the hy-
pocenters using di¡erent velocity models. For
P-wave velocities ranging from 3 to 6 km/s, the
foci of deeper events were almost independent of
the velocity model with a remaining cut-o¡ of the
seismicity of about 10 km. The very super¢cial
character of a large part of the hypocenters per-
sists for whichever model used. However, they
show a dependence on the model, exhibiting the
smaller vertical location errors for the initial
5-km/s P-wave velocity model and also the smaller
RMS values (Fig. 6).
Independent information on the velocity struc-

ture is provided by a marine refraction and wide
angle pro¢ling across the volcanoes of Nisyros,
Yali and Kos. Makris et al. (2000) based on pre-
liminary results propose a model for the velocity
structure below Nisyros from which an average
velocity of 5 km/s for the ¢rst 7^10 km can be
extracted.
In Fig. 7 the best located events with errors

K 1.5 km are presented for both periods of record-
ing. The earthquake distribution for the ¢rst peri-
od of recording (March 1997) shows a concentra-
tion of epicenters (with dark dots) between the
North coast of Nisyros and Yali. An aseismic o¡-
shore area southeast of Yali is apparent. It is

Fig. 4. Diagram showing cumulative number of earthquakes with time (1980^1999) detected by the permanent regional array.
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surrounded by the epicenters and hence is not an
artifact of detection capacity. On the other hand,
very few earthquakes are observed in the central
part of the island where the onshore Nisyros cal-
dera is situated (Fig. 2). The pattern of seismicity
changed 4 months later and is shown by white
dots. The data clearly indicate that new active
zones appear along the central and southern
part of Nisyros and also west o¡shore. However,
the lack of epicenters persists o¡shore south of
Yali even though bordering seismicity is now
spreading out. In contrast to the seismicity of
March some of the micro-earthquakes appear
concentrated within the onshore caldera of Ni-
syros. The geometry of the array was kept mainly
the same for the two periods of recording and
consequently it should not prejudice the spatial
trend of the earthquakes which will be discussed
in relation to structure.

Fig. 5. Hypocentral locations resulting from a half-space velocity model of the seismic activity of March 1997. (a) Map view and
(c) cross section of all the events inside the rectangle across the line AB and of July 1997. (b) Map view (d) cross section across
line CD. Shown with triangles the con¢guration of the local temporary seismic array.

Fig. 6. Diagram showing the variation of the RMS value
with di¡erent initial P-wave velocities of 3, 4, 5 and 6 km/s.
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2.4. The distribution with magnitude

Estimation of local magnitudes was made from
an analog continuous recording station. The local
magnitudes were determined from the formula:

M ¼ 31:01þ 1:89 log D;

D is the signal duration in seconds

used by Sachpazi (1991) for the magnitude deter-
mination of Milos, another volcanic island of the
South Aegean arc. The distribution of magnitudes
of the events is in the range between 0.7 and 2.1 R.
It is usual in seismological research to consider

the repartition of energy release among the shocks
in a swarm. The standard relation:

log N ¼ a3bM

(with M the magnitude and N the number of
events with magnitude equal or larger than M)
is used. Currently the parameter b is considered
to characterize the degree of heterogeneity of
structure or stress as shown in laboratory mea-
surement of acoustic emission of failure of
stressed rocks (e.g. Mogi, 1967) or the fractal di-
mension of the faulting elements. Essentially, the
so-called tectonic earthquakes have a characteris-
tic small b value, close to 1, often even closer to

Fig. 7. (Top) Map of the best located earthquakes for the two periods shown with dark dots (March 1997) and white dots (July
1997). The star shows the location by the National Observatory regional network of the Ml= 5.3 event which occurred 28 Au-
gust, 1997. (Bottom) Projections at depth of the best located events for both periods across the rectangles AB and CD. The aseis-
mic area which persists for both periods of recording is indicated by a circle.
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0.5 while earthquakes occurring in volcanic and
geothermal areas exhibit higher b values reaching
up to b=2 (Warren and Latham, 1970). Papado-
poulos et al., 1998 found a b value of 1.67 for
Nisyros area considering however a very small
data set of about 60 micro-earthquakes.
The b coe⁄cient was computed from a set of

107 micro-earthquakes recorded during March
1997 and for another set of 350 micro-earth-
quakes recorded 4 months later (Fig. 8). For
both periods we obtain similar values of b=1.
At a ¢rst order this shows that there is no b value
variation as a function of time. However, the lo-
cation of seismicity in the two di¡erent experi-
ments shifts so that we do not cover the same
volume at di¡erent times. Wyss et al., 1997 ¢nd
a b value of 1.5 and correlate it to the presence of
an active magma chamber beneath the o¡-Ito vol-
cano in Japan. The authors document an increase

of the b value from 0.7 to 1.5 in a period of 10 yr
and interpret it as a trend of increasing crack
density due to intrusion activity. It is clear that
in our case we do not have appropriate data ac-
curacy in order to recover reliable information
contained in the b value and discuss its relation
with the numerous factors which can modify it.

3. Ground deformations by SAR interferometry

Interferometric analysis of SAR images has
demonstrated potential to monitor, measure and
map crust deformations associated to earth-
quakes, volcanic activity and other geophysical
phenomena (Zebker et al., 1994; Peltzer and
Rosen, 1995; Massonnet and Feigl, 1995; Mura-
kami et al., 1996; Thatcher and Massonnet, 1997;
Massonnet and Feigl, 1998). The technique was
used by Massonnet et al. (1995) to measure the
de£ation induced by the activation of Etna volca-
no in the time period from May 17, 1992 to Oc-
tober 24, 1993. Additionally, the deformation ¢eld
associated to the 1997 eruption of Okmok volca-
no in Alaska (Lu et al., 1998), as well as the
Campi Flegrei caldera activation (Avallone et
al., 1999) were measured by constructing inter-
ferograms from the phase di¡erence of ERS
SAR images.
The interferometric calculations were based on

the use of ERS-2 SAR images spanning the peri-
od from June 4, 1995 to June 8, 1997. From these
interferograms it is demonstrated that a continu-
ous vertical deformation of the surface of Nisyros
island occurred in the period between acquisition
of the two images. The satellite images were ac-
quired 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. The selection of the inter-
ferometric pairs to process was based on their
sensitivity to the topography, expressed by the
altitude of ambiguity. As the radar observes a
target by two slightly di¡erent points of view
there is a stereoscopic e¡ect yielding fringes called
‘topographic fringes’, having the form of contour
lines. The altitude of ambiguity (ha) is the param-
eter that gives an order of magnitude in the

Fig. 8. Gutenberg^Richter diagrams of Nisyros local seismic-
ity for (in the top) a set of 107 micro-earthquakes recorded
in March 1997 and (in the bottom) a set of 350 micro-earth-
quakes recorded in July 1997. No variation of b value (close
to 1) is observed between the two periods.
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change of altitude needed to produce one topo-
graphic fringe (Massonnet and Feigl, 1998). This
parameter becomes very essential when the topo-
graphic fringes produced from an existing Digital
Elevation Model (DEM) are to be used to elimi-
nate the topography from the calculated interfero-
grams, keeping only fringes relative to the surface
deformations. In this case, if the DEM’s inherent
errors are close to the magnitude of ha, it becomes
evident that there will be remaining residual topo-
graphic fringes in the interferograms. Conse-
quently, the greater the value of ha, compared to
the DEM’s inherent errors, the lower the likeli-
hood to get an interferogram a¡ected by residual
topographic fringes. In practice, ha values between
50 and 250 m result in small stereoscopic e¡ects
considering that a rather accurate DEM (K10^
20 m) is used. Such a combination yields moder-
ate topographic fringes and much more reliable
estimations of the ground deformation ¢eld.
Table 1 illustrates the time spanning of the inter-
ferometric pairs used, as well as their correspond-
ing ha values and baseline perpendicular lengths.
In this study, a DEM was produced by digitiz-

ing contour lines and spot height data from exist-
ing 1:5000-scale topographic maps achieving a
height accuracy of the order of K 10 m, tested
by a set of independent control points of known
elevation. Therefore, the magnitude of the ex-
pected topographic artifacts expressed in phase
cycles, for the worst interferometric pair (ha =
64 m), was of the order RMS/ha = 10 m/64 m=
0.16 phase cycles or 4.375 mm in range. The same
calculation for the best pair (ha = 180 m) yielded
0.055 cycles, that is equivalent to 1.55 mm in
range. This simply means that in each fringe rep-
resenting a change in the slant range direction of
28 mm the maximum inherent estimation error is
of the order of 4.375 mm or equivalent 15%, in

the case of the worst interferometric pair. The
same error in estimations and for the best inter-
ferometric pair is of the order of 1.55 mm or 5%.
The di¡erential interferometry survey makes

evident that signi¢cant crust deformations oc-
curred on the surface of Nisyros island during
the years 1995^1997. The calculated interfero-
grams demonstrate a continuous surface move-
ment in the same direction. The observed defor-
mation ¢eld shows an approximately circular
shape centered at the NW of Nisyros. In the in-
terferogram of Fig. 9a spanning the period June
4, 1995 to May 19, 1996, three fringes are shown,
though partly interrupted by the surrounded sea,
indicating a change in the slant range direction of
the order of 84 mm. In the year that follows
(1996^1997) the surface keeps moving with the
same trend. The two resulted fringes of the corre-
sponding interferogram spanning the period May
19, 1996 to June 8, 1997 indicate a further surface
displacement of 56 mm in range (Fig. 9b). Gen-
erally for the 2-yr period spanning June 4, 1995 to
June 8, 1997, the surface unceasing movement
keeps a constant displacement trend along the
slant range direction and a circular fringe pattern
(Fig. 9c). It is also worth noting that the compar-
ison of this interferogram with the ones spanning
the periods June 4, 1995 to May 19, 1996 and
May 19, 1996 to June 8, 1997 yields that the
number of the fringes equals the sum of the
fringes in the two shorter periods.
As already mentioned, SAR interferometry

gives slant range deformations including both a
vertical and a horizontal component. However,
the vertical component predominates due to the
speci¢c small angle of incidence for the ERS sen-
sor (average 23‡ from the vertical). Consequently,
the vertical movement generally predominates in
the interferograms. It should be noted, however,

Table 1
ERS-2 image pairs used for interferometric calculations

Acq. date
image 1

Acq. date
image 2

Altitude of
ambiguity ha

Satellite orbits Baseline perpendicular
length

Estimated mean
coherence value

Figure code

(m)

4/06/1995 19/05/1996 99 641^5 651 102 0.46 Plate 1a
19/05/1996 8/06/1997 180 5 651^11 162 56 0.65 Plate 1b
4/06/1995 8/06/1997 64 641^11 162 158 0.64 Plate 1c
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that in order to separate horizontal and vertical
displacements, the slant range-projected deforma-
tions by themselves are not enough. Additional
information from external sources (e.g. GPS sur-
vey) is required.
In order to cross-check the displacement obser-

vations described before, additional radar images,
acquired in the descending pass of the ERS-2 sat-
ellite, were used in dates close to the ones of the
ascending pass. The interferograms produced
showed similar fringe patterns as the ascending
pass images. Nevertheless, the resulted fringes
were less clear especially due to lower coherence,
higher layover and shadow discontinuities present
on the available image data. As a general remark,
the descending pass viewing geometry seemed less
favorable to map the surface of the island. How-
ever, it must be noted that the interferometric
pairs produced from descending pass images con-
¢rmed both the pattern and trend of the deforma-
tion ¢eld observed in ascending pass images.
Calculating coherence values for every pixel of

the interferograms provided additional estimation
of the reliability level of the results. Theoretically
coherence values range between 0 and 1 and map
the intrinsic coherence (physical properties) of the
ground during the acquisition dates of the two
images used for interferometric calculations. A
default threshold value in the processing has
been set to 0.4. This value has proven to be opti-
mal for not introducing noise. Therefore pixels
not reaching this threshold level were not consid-
ered for further processing and were masked out.
Table 1 illustrates mean coherence values esti-
mated for each interferometric pair.
From this interferometric analysis, it becomes

evident that the recent unrest at Nisyros in the
period 1995^1997 resulted in easily detected crust
deformations of the order of 140 mm. In this
deformation, there is a very small fraction of
7 mm (5% of the total deformation) which is
due to topographic artifacts, as explained before.

This fraction is considered negligible compared to
the total amount of deformation so as to be taken
into account in the results.
The rate of change was rather higher in the

period 1995^1996, reaching an average value of
87 mm/yr. During the second studied period
(1996^1997), the process of surface deformation
was still continuing but at a rate which tended
to decrease with time (53 mm/yr). The observed
changes along the viewing axis of the satellite rep-
resent an unceasing movement of the ground in
the period 1995^1997 keeping a constant uplift
trend with varying deformation rate. These results
were in conformity with the ones of the study of
Lagios et al. (1998), where GPS measurements
were applied on the Nisyros island in 1997. These
measurements concluded that the area was sub-
mitted to a general surface uplift trend. It should
be noted, however, that in general GPS measure-
ments give better results in the horizontal compo-
nent of the deformation ¢eld, whereas interferom-
etry is more sensitive to vertical movements due
to small incidence angles, e.g. V23.5‡ for the
ERS satellites. This is the reason why interfero-
metric observations are usually complementary to
GPS measurements of a local dense network per-
forming a continuous monitoring of horizontal
movements. However, in the case of Nisyros the
only known GPS data available (Lagios et al.,
1998) were corresponding to two interval times
within 1997, which did not coincide with the ac-
quisition dates of the SAR images used for this
year. Furthermore, these data could not be ex-
trapolated and compared to the interferometric
results, which in their turn cover the full period
between 1995 and 1997. Consequently, it was de-
cided to simply combine the two sets, getting from
the interferograms a more accurate image of the
temporal and spatial coverage characteristics of
the deformations and from the GPS data the ab-
solute sign of the trend indicating a general sur-
face uplift.

Fig. 9. Interferograms calculated by the phase di¡erence of SAR images recorded by ERS satellite for the period from June 4,
1995 to June 8, 1997. A continuous surface movement with an approximately circular shape is observed with its center to the
NW coast of the island. (a) Three fringes are shown for the period of June 4, 1995 to May 19, 1996, indicating a ground defor-
mation in slant range direction of the order of 84 mm. (b) Two fringes are shown for the period of May 19, 1996 to June 8,
1997, indicating a further surface displacement of 56 mm. (c) Five fringes of 140 mm occurred in the period 1995^1997.
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4. Temporal and spatial evolution of the
1995^1997 event

A temporary array of an adequate geometry
should allow accurate locations to a kilometric
resolution necessary to discuss activity and volca-
no structure. Thus, the spatial trend of the earth-
quakes may be considered in relation to the exis-
tence of this magma chamber. Both periods of
seismic recording suggest the presence of an aseis-
mic area south of Yali. This may be interpreted in
terms of material of low strength and cohesion
consistent with the location of a volume of mag-
ma. The existence of a volcanic intrusion in the
same area is also supported by velocity modeling
of active seismic investigations that took place in
the area (Makris and Chonia, 1999). This intru-
sion is located about 7 km NNE of the center of
the uplift area and could have been extruded from
a larger magma chamber. Indeed McTigue (1987)
argues for the tensile failure of a magma chamber
so that magmatic £uids can be expelled, generally
not from the top of the in£ating chamber, but
where the in£uence of the free surface combines
with it, for maximum hoop stress. If the aseismic
area south of Yali indeed corresponds to such a
magmatic volume, its intrusion should have oc-
curred before the ¢rst period of seismic recording
(in March 1997). It appears likely that this could
have been in the earlier stage of this unrest epi-
sode which began at the end of 1995, before local
seismicity could be monitored in 1997. Indeed, it
is in the earliest period, of 1995^1996, that the
maximum rate of line-of-sight deformation was
observed by SAR interferometry, reaching
87 mm/yr, with respect to 53 mm/yr for the period
1996^1997. It is also during this ¢rst period that
earthquakes began to be felt by the local inhab-
itants, with magnitudes reaching 4 and 5 on the
Richter scale. Vougioukalakis et al. (1998) report
a 2^3-cm opening, in April 1996, of an almost
N^S-trending fracture in Mandraki (Fig. 2) as
the source of seismic damage e¡ects observed in
the local buildings and also of a N140^155 frac-
turing on Yali island which opened 3 months later
(July 1996). Both faults have been reactivated in
the past (1873 and 1970 respectively) during a
similar crisis (Vougioukalakis et al., 1998). We

propose that these earthquakes were caused by
the addition to the regional stress ¢eld of new
magmatic pressure. This is expected to be impor-
tant right above the top of the chamber, next to
Mandraki and conformingly to the regional ex-
tensional stress ¢eld (Jackson et al., 1982) the
maximum compressive stress axis would be verti-
cal and normal faulting would occur. No reliable
focal mechanism is available for the events occur-
ring at the area of maximum vertical deformation
to test our hypothesis. The best constrained local
mechanisms showed compression in the central
part of the quadrant (Fig. 10a) which is inconsis-
tent with normal faulting. However, the location
of the ¢ve events, further away from the top of
the magma chamber, suggests a more oblique di-
rection for the maximum compressive axis and
may explain the strike slip mechanism controlling
the event occurrence (Fig. 10b).
The earthquake distribution of the second peri-

od of recording in July 1997 indicates the activa-
tion of new zones to the south with most of the
micro-earthquakes concentrated within the on-
shore caldera of Nisyros. This was also detected
during the soil gas survey of the area. The Radon
content registered in the fumaroles and soil gasses
of the caldera £oor was the maximum during the
whole crisis (4500 pCi/l). After this period it con-
tinuously declined, arriving at less than 300 pCi/l
in the 2000 survey. Increased fumarolic activity
was also observed from June to September 1997.
Intense fumarolic activity appeared speci¢cally in
the south £anks of the Megalos Polivotis hydro-
thermal crater. The intensi¢cation of the fumar-
olic activity took place on August 28, 1997, 1 day
after the occurrence of the two strongest earth-
quakes (Ml 5.3 and 5.2) since the beginning of
the unrest phase earthquakes. Seismic events lo-
cated by the local array operating 1 month earlier
in this area may be indicators of the transport of
magmatic £uids from the NW coast where the
maximum ground deformation is detected, to-
wards the central south where we can ¢nd very
shallow located aquifers heated by steam (Chiodi-
ni et al., 1993). We suggest that the activation of
the hydrothermal feeding faults by the earth-
quakes favored the ascent of steam from aquifers
to the surface, creating the intensi¢cation of the
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fumarolic activity. The major earthquakes could
only be located with distant stations of the Na-
tional Observatory network. Computed epicenters
are situated o¡shore, about 5^8 km west of the
onshore caldera. This is well within the range of

uncertainty, since the studied area is at the ex-
tremity of the Greek Regional array and conse-
quently its capacity for resolution is limited com-
pared to that of the local array, concerning the
hypocentral coordinates.

Fig. 10. (a) Plots of the ¢rst polarities distribution for ¢ve selected earthquakes. Open circles indicate dilatations and closed
circles compressions. Located away of the maximum uplift area where one might expect a vertical maximum compressive stress
axis consistently to the regional extensional ¢eld, the events exhibit a mechanism with a more oblique maximum compressive
axis. A close-map shows the locations and depths for the ¢ve events (b) composite mechanism.
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5. Summary and conclusions

The study of the spatial and temporal character
of seismic activity together with the monitoring of
ground deformation by SAR interferometry dur-
ing the present episode of 1995^1997, highlights
di¡erent phases of an intense unrest period of this
area at the SE part of the Volcanic Arc. The study
of the interferograms shows a continuous defor-
mation of the order of 140 mm during 1995^1997
with its maximum occurring at the northwest part
of the island. Consistently with observations in
other volcanic calderas in a state of unrest e.g.
Campi Flegrei, Italy (De Natale et al., 1995), Ra-
baul, New Guinea (McKee et al., 1984), deforma-
tion may be attributed to Mogi-type in£ation of a
magma chamber. Keller et al. (1990) support the
existence of a large eruptive center located o¡-
shore south of Kos. According to them this area
hosted at 0.14 Ma the most violent explosive
event in Quaternary Aegean volcanism which pro-
duced more than 100 km3 of magma. Dalabakis
(1987) places a caldera with a diameter of at least
5^10 km near the recent volcanoes of Nisyros and
Yali. SAR data suggest the existence of a magma
chamber with its top at the northwest part of
Nisyros. In£ation of this chamber may be respon-
sible for the unrest episode observed in 1995^1997
resulting in important ground deformation and
also intense seismic activity. The observed faulting
in the island which has been the source of serious
house damage is then probably induced as a sec-
ondary e¡ect of the pressure increase above the
magma chamber.
It is interesting to point out that the northwest

edge of Nisyros island is a tectonic block which
su¡ered the maximum uplift in the geological his-
tory of the island. In this part outcrop the uplifted
submarine basement of the island (Di Paola,
1974) and large and rapid uplift movements in
the last 3000^4000 years have also been detected
(Stiros, 2000).
No eruption followed this important unrest ep-

isode, in contrast to that of 1871^1873. However,
the example of Rabaul caldera in Papua-New
Guinea where an eruption took place 10 years
after the last period of unrest (Gudmundsson et
al., 1999) con¢rms the complexity of the volcano

controlling mechanism and consistently implies
that geophysical monitoring in this part of the
Hellenic Volcanic Arc is necessary not only dur-
ing episodes of alarming activity but through the
intervening apparently quiescent periods as well.
Indeed, without observations made in periods of
quiet, the beginning of unrest may pass unnoticed.
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