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Abstract

Historic analogue seismograms of the large 1956 Amorgos twin earthquakes which
occurred in the volcanic arc of the Hellenic Subduction Zone (HSZ) were collected,
digitized and reanalyzed to obtain refined estimates of their depth and focal mecha-
nism. In total, 80 records of the events from 29 European stations were collected and,
if possible, digitized. In addition, bulletins were searched for instrument parameters
required to calculate transfer functions for instrument correction. A grid search based
on matching the digitized historic waveforms to complete synthetic seismograms was
then carried out to infer optimal estimates for depth and focal mechanism. Owing to in-
complete or unreliable information on instrument parameters and frequently occurring
technical problems during recording such as writing needles jumping off mechanical
recording systems, much less seismograms than collected proved suitable for wave-
form matching. For the first earthquake, only 7 seismograms from three different sta-
tions (STU, GTT, COP) could be used. Nevertheless, the grid search produces stable
optimal values for both source depth and focal mechanism. Our results indicate a shal-
low hypocenter at about 25 km depth. The best-fitting focal mechanism is a SW-NE-
trending normal fault dipping either by 30° towards SE or 60° towards NW. This finding
is consistent with the local structure of the Santorini-FAmorgos graben. For the second
earthquake, 4 seismograms from three different stations (JEN, GTT, COP) proved suit-
able for waveform matching. Whereas it was impossible to obtain meaningful results
for the focal mechanism owing to surface wave coda of the first event overlapping body
wave phases of the second event, waveform matching and time-frequency analysis
point to a considerably deeper hypocenter located within the Wadati—Benioff-zone of
the subducting African plate at about 120—160 km depth.
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1 Introduction

On 9 July 1956 (03:11 GMT), one of the strongest earthquakes of the 20th century in
the southern Aegean occurred between the islands of Amorgos and Santorini with
a magnitude of Mg =7.4 (Makropoulos et al., 1989). A second strong earthquake
(03:24 GMT) with a magnitude of Mg =7.2 occurred just 13min later in the same
region. Both earthquakes were located in the SantorinicFAmorgos graben within the
central volcanic arc (HVA) of the Hellenic Subduction Zone (HSZ, Fig. 1). The first
earthquake was located at the northern flank of the graben southwest of Amorgos
(Comninakis and Papazachos, 1986; Makropoulos et al., 1989; Okal et al., 2009). Epi-
center locations of the second earthquake vary from the northern graben shoulder
southwest of Amorgos (Comninakis and Papazachos, 1986) and the northeastern San-
torini-Coloumbo volcanic complex (Makropoulos et al., 1989) to the southern graben
shoulder near Anafi (Okal et al., 2009).

The HSZ is the seismically most active region of the Europe-Mediterranean region
(McKenzie, 1972; Papazachos, 1977). Here, the oceanic African slab segment, the
Hellenic slab, is subducting to the north beneath the continental Aegean plate with
a relative velocity of 4cmyr'1 (McKenzie, 1970; Reilinger et al., 2006). Due to the
rollback of the Hellenic slab the Aegean plate is under extensional strain leading to
a thinning of the crust (25—27 km) beneath the southern Aegean as evidenced from
seismic reflection profiles (Makris, 1978; Bohnhoff et al., 2001), receiver function anal-
ysis (Sodoudi et al., 2006, 2013), gravity analysis (Tirel et al., 2004) and tomographic
studies (Drakatos et al., 1997; Papazachos and Nolet, 1997; Karagianni et al., 2002,
2005; Karagianni and Papazachos, 2007; Endrun et al., 2008). Shallow seismicity of
the central HVA is dominantly located within the upper crust of the Aegean plate at
hypocenter depths of less than 15—20 km and follows the northern Santorini-FAmorgos
graben shoulder southwest of Amorgos. The northern graben southeast of Amorgos
only shows low seismic activity (Bohnhoff et al., 2006; Brustle, 2012). Stress tensor in-
versions of fault plane solutions (Bohnhoff et al., 2006; Friederich et al., 2013) lived from
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available first P motion polarities of shallow high-quality hypocenter locations indicate
a SE-NW oriented tensional principal stress axis. The Santorini-Coloumbo volcanic
complex is located in the southern extension of the western Santorini-Amorgos graben
shoulder. During the last 60 yr the Santorini volcano exhibited only weak background
seismicity (Dimitriadis et al., 2005; Bohnhoff et al., 2006; Dimitriadis et al., 2009; Hen-
sch, 2009), except for a period of unusual high seismicity lasting from January 2011 to
January 2012 with local magnitudes up to 3.2 accompanied by surface deformations
within the Caldera as a result of magma upwelling (Newman et al., 2012; Chouliaras
et al., 2012; Vallianatos et al., 2013). In contrast, the submarine Coloumbo volcano is
characterized by continuous high seismic activity and volcanic unrest. Local seismicity
occurs at depths of 3-9 km within a 3km wide vertical column beneath the northeast-
ern flank of the submarine volcano as a result of magmatic intrusions (Dimitriadis et al.,
2005; Bohnhoff et al., 2006; Kolaitis et al., 2007; Dimitriadis et al., 2009; Hensch, 2009).
Focal mechanisms of these earthquakes also show preferably NE-SW striking normal
faulting mechanisms implying a strong connection to the Kameni-Coloumbo fracture,
the southern extension of the western Santorini-Amorgos fault zone. Intermediate-
depth seismicity is observed at 120—160 km depth indicating the Wadati—Benioff Zone
(WB2Z) of the subducting Hellenic slab (Knapmeyer, 1999; Papazachos et al., 2000;
Meier et al., 2007; Brustle, 2012).

The island Amorgos is part of the northern footwall of the graben structure. Neo-
tectonic investigations on Amorgos infer a tensional NW—SE trending stress pattern
(Papadopoulos and Pavlides, 1992) and backtilting (subsidence of the north coast, up-
lift of the south coast) of the island (Stiros et al., 1994). The southern coastline of the
island has been uplifted by about 30 cm as a result of the seismic activity in July 1956.
Seismic reflection profiles of the Santorini-FAmorgos graben point to a large recent sed-
iment slumping event between Santorini and Amorgos, which is also associated to the
seismic activity in July 1956 (Perissoratis and Papadopoulos, 1999).

The shallow origin of at least one of the earthquakes seems to be evident from the
reported tsunami waves, which caused damages within a region of about 100 km (Am-

1904

Jaded uoissnosiq

Jaded uoissnosiqg

L

Jaded uoissnosiq | Jaded uoissnosiq

1|

SED
5, 1901-1940, 2013

Focal mechanism
and depth of the 1956
Amorgos twin
earthquakes

A. Brustle et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/5/1901/2013/sed-5-1901-2013-print.pdf
http://www.solid-earth-discuss.net/5/1901/2013/sed-5-1901-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

braseys, 1960; Stiros et al., 1994). Detailed studies were undertaken to determine wave
heights and wave runups on the islands in the southern Aegean. Highest sea wave am-
plitudes (Fig. 1) were observed at the south coast of Amorgos (20-30 m) and the north
coast of Astypalea (10m) by eye witnesses as well as marine flood deposits (Am-
braseys, 1960; Galanopoulos, 1960; Dominey-Howes, 1996; Dominey-Howes et al.,
2000; Okal et al., 2009), whereas at the coastlines of the two islands averted from the
Santorini-Amorgos graben structure as well as at the northern coastline of Crete, on
the Dodecanese islands and the Turkish W-coast wave amplitudes of less than 4m
were observed. The only exception is the island Folegandros, where locally wave am-
plitudes of up to 14.6 m were observed at the western coast.

Both earthquakes caused severe damages on the surrounding islands, especially on
Santorini and Astypalea. In total, 53 people were killed, 100 people were injured, 529
buildings were destroyed. More than 3200 buildings were severely damaged. Most of
them were reported on Santorini, where the second event apparently effected the final
collapse of houses already damaged by the first event (Ambraseys, 1960; Galanopou-
los, 1982).

While the two earthquakes have been unanimously located in the Santorini—
Amorgos graben, focal parameters and focal depth are controversial (Tab. 1), or
affected by large uncertainties (Galanopoulos, 1982; Comninakis and Papazachos,
1986; Makropoulos et al., 1989). For the first event, (Shirokova, 1972) proposed a fault
plane solution of a ENE-WSW striking normal fault with a slight dip to SSE calculated
from first-motion polarities of P phases (Fig. 2), which has been confirmed by stress
pattern determination from field observations. Other fault plane solutions indicating
a strike-slip solution (Papazachos and Delibasis, 1969; Ritsema, 1974) were judged of
poor quality by the authors themselves. The focal mechanism of the second event is
essentially unknown.

Since the data were recorded on analogue devices and mostly written on paper, the
only way to reassess these important earthquakes using modern seismological tech-
niques is by collecting, digitizing and reprocessing historic analogue recordings. Re-
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cently, (Okal et al., 2009) digitized teleseismic recordings of the first event and inverted
them for the spectral amplitudes of mantle Rayleigh and Love waves and obtained
a SW-NE striking normal faulting at focal depth of about 45 km. In the study reported
here, analogue seismograms and bulletins of regional stations were collected to refine
estimates of focal parameters and focal depth of the two earthquakes. The scanned
analogue seismograms were digitized and analyzed for their frequency content using
a multiple filter technique after (Dziewonski et al., 1969). The MFT allowed to identify
P, S and surface waves of the first event and to distinguish body waves of the second
earthquake from surface wave coda of the preceding one. Finally, a grid-search was ap-
plied based on cross-correlation and waveform matching of the digitized analogue seis-
mograms with synthetic waveforms to determine the best fitting focal mechanism and
hypocenter depth of the two earthquakes. Unfortunately, waveform matching proved
impossible for the second event because of severe overlap of the surface wave coda
of the first event with the body wave phases of the second event at regional distances.

2 Analogue seismograms and instrument parameters

Based on the International Seismological Summary (ISS) of 1956 the two major Amor-
gos earthquakes were recorded at 317 (first event) respectively 60 (second event)
stations world-wide. In total, more than 80 analogue seismograms from 29 European
stations were collected (Fig. 3) to reinvestigate the first and, if possible, the second
earthquake of 9 July 1956. Seismograms were collected by the first author and mostly
scanned within the SISMOgrammi Storici SISMOS project (Michelini et al., 2005) or
obtained already scanned from the SISMOS database. The collection of analogue
seismograms covers dominantly western and northwestern Europe with an azimuthal
coverage of 120° and regional distances of 247 to 2337 km. The digitization of the seis-
mograms was done with a plug-in for the GNU Image Manipulation Program GIMP
called TESEO (Pintore et al., 2005). The software allows to apply geometrical correc-
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tions of the digitized seismogram (e.g. curvature of the writing arm, skewness of the
recording) and to resample the digitized waveform to equally spaced data points.

In addition, bulletins and reports were searched or taken from the SISMOS database
to gain detailed information on instrument dimensions and parameters for further pro-
cessing. This is very important, as seismometer instruments were not standardized at
that time. Most observatories had their unique seismograph with individual orientation
of the instrument and polarization of the components. To obtain sufficient amplification,
the damping of the instruments was either very weak in comparison to today or in-
struments were recording without any damping (e.g. vertical pendulum at Ebro EBR in
Spain, Milne-seismograph at Malta, MLT). Also, each observatory was adjusting instru-
ment parameters quite frequently to obtain the best resolution on the recording paper.
Figure 4 (left) shows e.g. that at station POT of the Potsdam observatory instrument
parameters were adjusted twice in 1957. Unfortunately these adjustments were rarely
reported in the bulletins.

At that time, the stations were equipped with mechanical as well as electro-dynamic
or electro-magnetic instruments. The recordings were carried out mechanically or gal-
vanometrically on smoked or photographic paper. Because of the absence of broad-
band seismometers many observatories were equipped with more than one seismo-
graph, each covering a different frequency band. A very impressing example was the
station STU at the Stuttgart observatory (Fig. 4, right). During the studied time period
about 7 seismograph systems were recording simultaneously.

Due to the large magnitude of the first earthquake, high amplitudes, especially of
the surface waves, caused clipping of the waveforms or recording needles jumping
off the mechanical recording systems, making a considerable number of recordings
unusable for further investigations. Moreover, waveforms are often disturbed by time
marks, variable paper speed or, in many cases of photo-optical paper recordings, by
insufficient exposure-time. Finally, missing information on instrument parameters (to
calculate the instrument response), on orientation and polarization of the components,
or just missing station and instrument name annotations on the seismogram paper

1907

Jaded uoissnosiq

Jaded uoissnosiqg

L

Jaded uoissnosiq | Jaded uoissnosiq

1|

SED
5, 1901-1940, 2013

Focal mechanism
and depth of the 1956
Amorgos twin
earthquakes

A. Brustle et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/5/1901/2013/sed-5-1901-2013-print.pdf
http://www.solid-earth-discuss.net/5/1901/2013/sed-5-1901-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

are reasons why even good recordings proved unusable. Figure 5 shows a typical
recording of the two earthquakes on the vertical component of the 1300 kg-Wiechert
seismograph at the station of Géttingen (GTT, Germany). Body waves (P1, S1) and
surface waves (sf1) of the first event are clearly visible, while the corresponding phases
(P2, S2, sf2) of the second event are overlain by the surface waves coda of the first
event.

For both earthquakes only recordings of the fully mechanical systems of Wiechert-
or Mainka-seismographs at regional distances of about 17° to 21° (Tab. 2) proved suit-
able for further investigations. Instrument responses were notated on the seismogram
paper or documented in the available bulletins (Tab. 3). The component polarity of sta-
tion GTT (marked on the seismogram recording) and COP (Copenhagen, Denmark;
Charlier and Van Gils, 1953) was inverse, while the component polarity of station STU
(R. Schick, personal communication, 2006) and Jena (JEN, Germany; Charlier and
Van Gils, 1953) can be assumed to be correct. Figure 6 shows the digitized waveforms
sections (black) for the two earthquakes which were suitable for waveform matching.
For the first earthquake, they comprise the following phases: P and S phases on all
three components of station GTT, on the N component of station COP and E compo-
nent of station STU; the P phase only on the E component of station COP and the
N component of station STU. For the second earthquake, three of the four digitized
waveforms (GTT-Z, GTT-E, JEN-Z) cover the entire time window of body- and surface
waves, whereas only body waves are available on the N component of station COP.

3 Instrument responses

In a first step transfer functions were calculated from available instrument parameters.
The standard transfer function of a fully mechanical seismograph-system is defined by
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the following expression:

@2

|H@)|=A , (1)
\/(@g - @22 + 40 Wi w2

where d; is the damping constant, @, is the angular eigenfrequency of the instru-
ment and A a frequency-independent calibration factor (Schick and Schneider, 1973).
In general, the instrument parameters eigenperiod (T,), damping ratio (¢) and calibra-
tion factor (A) are reported in the annual bulletins of the observatories. The damping
constant is related to the damping ratio as follows (Galizin, 1914):

1
2

ds = (712 + In26> Ine. )
Figure 7 shows the frequency-dependent normalized transfer functions of two mechan-
ical seismometers. The transfer function of the Z component of the 1300 kg-Wiechert
seismograph at the station GTT shows a nearly optimal damping and a flat response
for frequencies above 0.2 Hz and thus ensures a constant amplification of the recorded
frequencies. But not all instruments were optimally damped back then. An example is
the vertical pendulum at the station EBR, which was completely undamped with a res-
onance at 0.4 Hz.

4 Multiple filter analysis of the analogue seismograms

To identify different phases in the digitized seismograms and also distinguish phase
arrivals of the second event from surface wave coda of the first event, we calculated
time-frequency spectra with a multiple filter technique (MFT, Dziewonski et al., 1969).
The digitized data are Fast Fourier transformed (FFT) into the frequency domain and fil-
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tered at a series of equidistant center frequencies using narrow Gaussian bandpasses

@D—-® 2 .
exp|-a o if®  <®<®
oy {72 [-o(5)]| ronseso, )
0 otherwise,

where @, is the center frequency of the filter, @, , and @, , are lower and upper band-
pass limits and a controls the resolution of the filter. Note, that «a is linearly depen-
dent on frequency in order to optimize the time-frequency resolution (Meier et al.,
2004). After inverse FFT, the envelope of the filtered waveform is calculated and dis-
played as a color-coded function of time with the maximum of the envelope normalized
to one. High amplitudes of the envelope are indicated by regions of reddish colors
whereas blue colors signify low amplitudes. The time-frequency spectrum of the un-
filtered Z component of the 1300 kg-Wiechert seismograph at station GTT (Fig. 8a)
clearly shows the non-dispersed P and S phases at 4.5 min and 8 min and the disper-
sion curve of the surface waves at 8—17 min after event time of the first earthquake. The
offset of the dispersion curve at frequencies less than 0.02 Hz corresponds to a vertical
displacement (clipped recording) of the recorded seismogram at about 12 min. Phase
arrivals of the second event are masked in the seismogram by the coda of the sur-
face waves of the first event. However, the time-frequency-spectra allow to identify the
signals of P and S phases at 16.5 and 20 min, while surface waves can not be rec-
ognized. The second example shows the unfiltered waveforms of the first and second
earthquake recorded by an undamped vertical pendulum at station EBR (Fig. 8b). The
amplitude spectrum of this record shows high amplitudes in the range of 0.35-0.45Hz
corresponding to the resonance frequency of the calculated transfer function. Although
the undamped signal of EBR is not as clear as the one recorded at station GTT, P
(5-7min) and S (8—10min) phases as well as the dispersion curve (8—16 min) of the
surface waves can be identified for the first earthquake. Though the second earthquake
exhibits a weaker signal, P (17-19min) and S (20—22 min) phases can still be identi-
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fied. However, as for GTT surface waves are missing, indicating a hypocenter at greater
depths probably located in the subducting Hellenic slab.

5 Focal mechanism and hypocenter depth determination from
waveform matching

A grid search based on a waveform matching procedure was attempted to obtain best-
fitting estimates of the focal mechanism and hypocentral depth. The basic idea is to
sweep through all possible hypocentral depths and focal mechanisms characterized
by the strike and dip of the fault plane and the slip direction on the fault plane, to
determine the corresponding moment tensor with unit seismic moment and to calculate
synthetic seismograms for this moment tensor and depth. After scaling the observed
waveforms to the maximum rms-value of all data traces and the synthetic waveforms to
the rms-value of the corresponding synthetic trace, a misfit over all traces is calculated
whose minimum points to the optimal selection of source depth and focal mechanism.
Epicentral coordinates, origin time and earth model are kept fixed during the search.

The synthetic seismograms were calculated for the standard 1-D-earth model AK135
(Kennett et al., 1995) using the GEMINI code (Friederich and Dalkolmo, 1995). The
program provides complete seismograms for moment tensor point sources in a spher-
ically symmetric earth model. The source time function is a delta function leading to
velocity seismograms for a step function moment tensor source. The synthetics were
then filtered in the same way as the data and convolved with the instrument response
of the corresponding seismograph calculated from the parameters listed in Table 3.
Finally, they were cut to the same time window as the corresponding data traces and
interpolated to identical sampling times. Further processing encompassed the removal
of the average and a possible linear trend due to a drift of the instrument as well as
bandpass filtering. Since the synthetics are calculated as velocity waveforms, the data
were differentiated in case they were recorded as displacements.
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A direct matching of the instrument corrected synthetics with the digitized data turned
out to be unsuccessful because of phase mismatches due to either timing errors in the
data or deviations of the true earth structure from the standard earth model used.
Timing errors are likely for recordings of the 1950’s, where in general time was man-
ually noted on the seismogram paper from a pendulum clock and time adjustments of
the pendulum clock were applied from the telephone or radio time signal once a day
(Wielandt, 1996). To compensate for these phase mismatches, we first calculate a nor-
malized cross-correlation function of the processed data and synthetics for lag times
ranging from —60s to +60s,

[4 s(t+1)d(t)dt

\//OTs(t)2 dt \//OT d(t)2 dt.

Then, we identify the time lag associated with the local maximum of the cross-
correlation closest to zero lag and time shift the synthetics by this amount. To accom-
modate amplitude differences between data and synthetics, the data are scaled to the
maximum rms-value of all data traces (d,,,,) and the synthetics to the rms-value of the
corresponding synthetic trace (s;,4x)- Only after these steps, a misfit between data and
synthetic trace is calculated as follows:

.
22 1 / (sk(t+'r) ) dk(t))zdt_ )

02 T 0 Smax dmax

C(1) (4)

max

where X, is the misfit for the k — th trace, s,(t) is the k — th synthetic trace and d,(t) the

k — th data trace. The scaling is trace-independent and therefore preserves relative am-

plitude differences between stations and components. The total misfit is evaluated as

the sum of the individual trace misfits. The additional weighting of the trace misfits by

the inverse maximum cross correlation drives the grid search to solutions associated

with a high similarity of data and synthetic traces. Once a best fitting focal mechanism
1912

Jaded uoissnosiq

Jaded uoissnosiq

L

Jaded uoissnosiq | Jaded uoissnosiq

1|

SED
5, 1901-1940, 2013

Focal mechanism
and depth of the 1956
Amorgos twin
earthquakes

A. Brustle et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/5/1901/2013/sed-5-1901-2013-print.pdf
http://www.solid-earth-discuss.net/5/1901/2013/sed-5-1901-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

and hypocentral depth are found from the grid search, the seismic moment is deter-
mined. For this purpose, the energy of all traces is determined by calculating the sum
of squares of all waveform samples. The seismic moment is then calculated as the

square root of the ratio of the average energy of data and synthetic trace (Ey, E):

M, = (6)
The moment magnitude is calculated after (Kanamori, 1977) by:

2
M, = 3 IgM, - 10.7. (7)

Rupture area Ar and the average displacement D are estimated after (Wells and Cop-
persmith, 1994), who proposed empirical relationships between magnitude and rupture
parameters for shallow continental intraplate and interplate earthquakes of magnitudes
larger than 4.5:

IgAR = —2.87(+0.5) + 0.82(+0.08) M,, and
IgD = —4.45(+1.59) + 0.63(£0.24) M,, . (8)

6 Results and discussion
6.1 First event

The grid search for focal parameters was applied in steps of 12° for strike and rake, and

in steps of 1° for dip. Various low-frequency bandpass filters between 0.02 and 0.1 Hz

were tested to reduce the influence of local crustal structures. The best waveform fits

were achieved for a bandpass between 0.03—-0.07 Hz. When experimenting with the
1913
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grid search, matching both body and surface wave phases lead to unsatisfactory wave-
form fits. Either a good fit of the body waveforms or a good fit of the surface waveforms
could be achieved. A satisfactory fit of both would at least have required a 2-D earth
model that reflects the complex crustal and lithospheric structure along the wave paths
which cross the Hellenides, Dinarides and Eastern Alps. Since surface waves are much
more affected by such lithospheric complexity than body waves, we restricted ourselves
to matching P and S wave phases only. Regarding focal depth, high-amplitude surface
waves clearly visible in analogue seismograms and time-frequency spectra, testify that
the earthquake occurred within the overriding Aegean crust and not in the subducting
Hellenic slab at about 120—-160 km depth (Briistle, 2012). As the Moho of the Aegean
plate in the central HVA lies at 25-27 km depth (e.g. Papazachos and Nolet, 1997;
Bohnhoff et al., 2001), we limited the grid-search to hypocentral depths of less than
50 km. Finally, since three slightly differing locations of the earthquake have been pro-
posed in the literature (Comninakis and Papazachos, 1986; Makropoulos et al., 1989)
and (Okal et al., 2009), we performed the grid search for all of them.

The best waveform fit for all three locations (Fig. 9) is obtained for a SW—NE normal
fault at a depth of about 25 + 5 km, with either a small dextral motion on a SE dipping
fault plane (¢ = 36°, 6§ =62°/67°, 1 = —96°/—108°) or a small sinistral motion on a NW
dipping fault plane (¢ = 240°, 6 = 22°/25°, 1 = -60°/ — 72°). The seismic moment M,
of the preferred solutions ranges between 4.22-7.02 x 10'° Nm. The mean moment
magnitude M,, is 7.1. According to (Wells and Coppersmith, 1994) this corresponds to

an average rupture area Ag of about 900 km? and an average displacement D of about
1.0m. The preferred solution (Fig. 10) is the dextral SE dipping normal fault mecha-
nism, as all three hypocenter determinations located the earthquake along the northern
shoulder of the Santorini—FAmorgos graben. This is in agreement with seismic reflection
profiles showing a SE dipping normal fault along the northern graben shoulder as well
as with neotectonic investigations identifying a NW—SE oriented tensional stress field
and a coseismic uplift of the south coast of Amorgos of 0.30 m (Papadopoulos and
Pavlides, 1992; Stiros et al., 1994). The preferred solution is also in good agreement
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with previous focal mechanism determinations of (Shirokova, 1972) and (Okal et al.,
2009) and the local stress field obtained from studies of recent seismicity (Bohnhoff
et al., 2006; Friederich et al., 2013). (Okal et al., 2009) found a similar focal mecha-
nism, but at hypocentral depths of 46 km. This depth seems to be unlikely, as the Moho
has been identified no deeper than 20—27 km in the central volcanic arc of the HSZ
(e.g. Makris, 1978; Bohnhoff et al., 2001; Sodoudi et al., 2006, 2013; Tirel et al., 2004;
Drakatos et al., 1997; Papazachos and Nolet, 1997; Karagianni et al., 2005; Karagianni
and Papazachos, 2007; Endrun et al., 2008). The focal depth of the preferred solution
of the present study at about 25 + 5km seems to be more realistic and corresponds
to the observed recent seismic activity of the graben region (Bohnhoff et al., 2006;
Brustle, 2012).

6.2 Second event

The analogue seismograms as well as their time-frequency spectra exhibit a strong
interference of surface wave coda from the first event with body waves from the second
event in a time window between 17 min and 22 min after origin time. Surface waves
from the second event are apparently missing (Fig. 8). Since the body wave phases of
the second event are best recognizable at frequencies above 0.15Hz, a set of various
higher frequency bandpass filters between 0.15 and 0.3 Hz were selected to reduce the
influence of the surface waves coda of the previous event. The grid search was then
carried out for focal depths down to 163 km to cover slab depths beneath the central
HVA. Yet, it did not result in a reliable focal mechanism of the second earthquake
because the remaining surface wave coda of the first event prevents a trustworthy
matching of the body wave signals.

The grid-search was applied to P and S waves and, if available, to surface waves.
For all three locations (Fig. 11), they result in a minimum misfit for depths larger than
135 km. The minimum misfits of 26.4—65.6 are high compared to the minimum misfit
of the first event owing to the overlapping surface wave coda of the first event. Wave-
form misfits extremely increase at depths of less than 40 km owing to the occurrence
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of strong surface waves in the synthetic seismograms not observed in the digitized
recordings. For the location given by (Comninakis and Papazachos, 1986), Fig. 12
compares the best waveform match within the Aegean plate obtained for a hypocen-
tral depth of 18 km with the best waveform match of the entire grid-search obtained
for a hypocentral depth of 159 km. Significant surface wave amplitudes in the synthetic
waveforms (red) can be observed for the shallow hypocenter which are absent both in
the digitized waveforms (black) and in the synthetic waveforms for the deep hypocenter.
The seismic moment M, calculated for all three locations varies between 3.1 x 10" and
6.6x10'? Nm while moment magnitude M,, varies between 6.96 and 7.18 (Table 4). The
great hypocenter depth points to an intermediate-depth earthquake within the WBZ of
the subducting Hellenic slab, which is located at 120—160 km depth beneath the San-
torini—FAmorgos graben (Knapmeyer, 1999; Papazachos et al., 2000; Meier et al., 2007;
Brustle, 2012). Remarkably, recent studies of receiver function analysis (Sodoudi et al.,
2013) and local seismicity (Bristle, 2012) identified a arc normal deformation zone of
the subducting Hellenic slab extending from east of Crete to the region beneath the
Santorini-Amorgos graben, that separates a more shallowly dipping western slab seg-
ment from a more steeply dipping eastern slab segment. We speculate that the second
event may be related to this deformation zone. The only slightly smaller size of the sec-
ond earthquake compared to the first one is surprising in view of the fact that signals of
the second event are barely visible in the historic seismograms. Possible explanations
are: (1) At many stations recording needles jumped off the recording papers when
the surface waves of the first event arrived, and the second event was not recorded
at all. (2) On the remaining analogue seismograms the P and S wave signals of the
second event are often masked by the high-amplitude surface wave signals of the first
event and can be only clearly identified in the time-frequency spectrum (Fig. 8). There,
at least the P wave signals show significant amplitudes. The small amplitudes of the
S waves may be due to differences in the source mechanisms of the two earthquakes.
(3) Large surface wave signals are missing for the second event because of the great
depth of the hypocenter.
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7 Conclusions

Refined estimates of hypocentral depth and focal mechanism of the large Amorgos twin
earthquakes of 9 July 1956 (03:11 and 03:24 GMT) were obtained from historic seismo-
grams by a grid search based on the matching of historic, digitized waveforms to cor-
responding synthetic seismograms. In total, 80 historic records of the two earthquakes
were collected either at European observatories or taken from the SISMOS database
(Michelini et al., 2005). After scanning of the analogue recordings, the TESEO soft-
ware (Pintore et al., 2005) was used to digitize the seismograms and to correct them
for distortions. To obtain instrument responses, information bulletins were searched for
relevant parameters. Owing to variable recording quality and incomplete documenta-
tion of instrument parameters, 7 recordings proved suitable for subsequent analysis
of the first earthquake while 4 records could be used for analyzing the second event.
High surface wave amplitudes point to a shallow origin of the first earthquake while
missing surface waves suggest a deep hypocenter for the second event. These find-
ings are confirmed by a waveform matching grid search for depth and focal mechanism
resulting in a SW—NE striking normal faulting mechanism for the first event at a depth
of about 25 + 5km. The focal mechanism is consistent with both, the location of the
epicenter on the northern flank of the Santorini-Amorgos graben, and a crustal thick-
ness of less than 27 km of the Aegean crust in the central HVA. The seismic moment
of the first event is estimated to 4.2-7.02 x 10'° Nm corresponding to a mean moment
magnitude of 7.1, a mean slip on the fault of about 1 m and a mean rupture area of
about 900 km?. Although the Santorini-Amorgos graben is currently characterized by
spatially and temporarily varying clusters of microseismic activity confined to the upper
crust that are very likely related to fluid flow and the volcanic activity along the fault zone
(Dimitriadis et al., 2005; Bohnhoff et al., 2006; Kolaitis et al., 2007; Dimitriadis et al.,
2009; Hensch, 2009; Bruistle, 2012; Newman et al., 2012; Chouliaras et al., 2012; Val-
lianatos et al., 2013), the first of the Amorgos twin earthquakes remains disquieting
evidence for the extreme seismic hazard in this area.
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Determination of a meaningful focal mechanism for the second earthquake was im-
possible because of the strong interference of surface wave coda from the first event
with body waves from the seond one. Nevertheless, amplitude ratios of body and sur-
face waves from the second event suggest a source at intermediate depths of at least
135km. This depth range is in agreement with the observed depths of the WBZ of
the subducting Hellenic slab beneath the HVA (Knapmeyer, 1999; Papazachos et al.,
2000; Meier et al., 2007; Brustle, 2012). The seismic moment of the second event was
estimated to 3.1-6.6 x 10'° Nm corresponding to a mean moment magnitude of 7.08
indicating that both earthquakes were of comparable size.
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Table 1. Hypocenter parameters of the two earthquakes on 9 July 1956 from previous studies

indicate a large uncertainty of hypocentral depth.

Author

Event time (GMT)

Location

Depth (km) Magnitude

(Galanopoulos, 1982)

36.7°N, 25.9°E
36.6°N, 25.9°E

10 (+3) 7.5 My
40 (+30)  6.75 Mg

(Comninakis and Papazachos, 1986) 03:11:40 36.7°N, 25.8°E <70 7.5 Mg
03:24:03 36.6°N, 25.7°E <70 6.9 Mg
(Makropoulos et al., 1989) 03:11:43.7 36.64°N,25.92°E 15 (+10) 7.4 Mg
03:24:16.5 36.45°N, 25.51°E 95 (+15) 7.2 Mg
(Ambraseys, 2001) 03:11 36.72°N, 25.80°E 15 7.18 Mg
03:24 36.65°N, 25.70°E 30 6.00 Mg
(Okal et al., 2009) 03:11:45 36.72°N, 25.76°E 45  3.9-10°"
03:24:07 36.39°N, 25.78°E - -
* dyncm M.
1925
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Table 2. Station coordinates associated with analogue seismograms used in the present study.
Distances are given relative to the hypocenter location of the first earthquake after (Comninakis

and Papazachos, 1986).

Station Lat(N) Lon(E) Elevation (m) Epicenter dist. (km) Epicenter dist. (°)
STU 48.7719 9.1950 360.0 1907.3 17.183
JEN 50.9350 11.5830 195.0 1949.1 17.559
GTT 51.5464 9.9642 272.0 2073.7 18.682
COP 55.6853 12.4325 13.0 2337.2 21.056
1926
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Table 3. Instrument parameters that seismograph systems of the recorded analogue seismo-
grams used in the present study. Component polarity in writing direction: left is up (+), right is

down (-).

Station ~ Seismometer Comp. Mass Eigenperiod Amplification Damping  Comp.

k [kg] To [sec] \ e:1  polarity
STU"?®  Mainka N 450 10 120 45 N+/S-
STU"?®  Mainka E 450 10 120 45 E+/W-
JEN®®  Wiechert z 1300 25 250 24 U+/D-
GTT* Wiechert z 1300 5 182 33 U-/D+
GTT* Wiechert N 1200 11 130 3.8 S+/N-
GTT* Wiechert E 1200 10.8 125 2.7 W+/E-
COP®®  Wiechert N 1000 8.5 210 40 S+/N-
COP®®  Wiechert E 1000 8.5 210 40 W+/E-

1(HiIIer and Schneider, 1962), 2R. Schick, personal communication, 2006, 8 (Gerecke, 1950), 4 written on the
seismograms, 5 (Jensen, 1957), 6 (Charlier and Van Gils, 1953)

1927
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Author Misfit ¥ Seismic moment M, (Nm) Moment magnitude M,, Depth (km) %
1st earthquake 2 Uit [FEgE
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Fig. 1. Map of locations of the two earthquakes on 9 July 1956 at 03:11 and 03.24 UTC investi-
gated in this study. Intensities (red numbers and ellipses) were taken from (Papadopoulos and
Pavlides, 1992) and tsunami heights (blue numbers) from (Ambraseys, 1960) and (Galanopou-
los, 1960).
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Fig. 3. Station map for the more than 80 collected analogue seismograms from 29 European
stations. 7 components of the stations STU, GTT and COP for the first and 4 components
of the stations JEN, GTT and COP for the second earthquake (yellow stars, Comninakis and
Papazachos, 1986) were suitable for the present study.
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Seismische Station Potsdam

Meereshohe: 80 m

Untergrund: Sand (diluviale Ablagerungen)

Linge: 7 = 13°4,'E

Breite:p = 52°22,8'N

Tnstrumente und Konstanten 1957

1. Halbjahr

T, v | e /Ty
Wiechert 1000 kg NS 708 400 3. 0.020
Wiechert 1000 kg EW 8.0s ‘ 350 “ 5.5 0.014

™ T | ;

% | % ‘ s | Vi

] T
Golizyn-Wilip 11.0s 1.7s
Golizyn-Wilip 1L0s ‘ 1208 ‘
Goligyn-Wilip 1008 148 [
2. Halbjahr

To v | e | T
Wiechert 1000 kg NS 70s | 2% ‘ 25 | 0015
Wicchert 1000 kg EW 805 ’ 225 4.0 0.011

n_ | om | . Vawe
Golizyn-Wilip NS 11.5s —0.1 100b.7.25
Golizyn-Wilip EW 1208 +o0e |
Golizyn-Wilip ¥ l4s | —02 980 b. 875

ES v | e
Krumbach 4 kg NS 228 670 | 7.0 |
Krumbach 4 kg EW 248 1 700 | 45 |

i Vs
Krumbach 4 kg z 20 ‘ 208 | +0.06 ‘ 1150b. 1.2

Dio Amplitude der wahren Bodenbewegung wurde nach den Aufzeichnungen des

‘Wiechert-1000-kg-Pendels berechnet.

Fig. 4. Extract of the Bulletin of the stations Potsdam (POT), Halle, Plauen and Sonneberg (left).
In 1957, instrument parameters were changed twice at the station POT (Gerecke and Giith,
1961). Extract of the Bulletin “Seismischer Bericht des Wirttembergischen Erdbebendienstes”
of 1951 (right). At the station STU 7 seismograph systems were installed recording on smoked

and photo-optical paper (Hiller, 1951).

7

I ——

|

igmischor Bericht dos n

stuttgart
Jenr 1951

. Erdbebenwarte Stuttgart (8t). Wirtt. Heuptetation fir Erdbeben-

forachung und Zentrale dos Wirtt, Erdbebendienstes,

Leltung: Profossor Dr, Ing. habil, W. Hiller,

Hitarbgitor: Dipl-Phys, Hena Berckhemer und Freu Hema Urben.

B = 48946'15% N, T = 9°11/36" B, Gr,; H = 575 m NN,
Untorgrund: Mitiloror Keuper (Kieselsandstein).

Zoitdionst: Riefleruhr Typo A3 mit Nickelstahl-Kompensatione~
pendel Type J.

Tuglichor Uhrvorgleich nach den Zeitsignalon des Observatoriums
Neuenburg (Schwoiz) und der Quarmubr Minchen.

Instrumento:

1) 1 homogener Satz Galitzin-Wilip-~Seismographen; Z, NS und EV.
2) 1 homogener Satz kurzperiodisaher Soismographen der Bausrt
*Stuttgart"; Z, NS und EW,
3)1 scher Vertikal eigener Konstruktion,
mit Holl-Kfkro-g . Nur geitweise in
Betrieb,
4) 1 groBer Horizontal-Seismograph nach Wiechert (17t~Pendel);
M = 17 000 kg, NE-8W und NW~SE,
5) 1 grofier Vertikal-Seismograph nach Wiechert (lursperiodisch);
M= 1320 kg
6) 2 Mainka~Pendel; je M = 450 ke, NS und EW,
2 langgox‘iodische Horizontalpendel} NS, M = 50 kg und EW,
M = 80 k
Micvler% Kongtanten:
[ v k A 1 kA Vmax R
...... see_ _gec [ _ ____.._.oem _em T ___myMin,
13z 1.8 11,8 +0,08 101 150 14,9 1015 1260 30
NS 12,0 -11;9 +0.06 120 100 11.2 1070 1330 30
BV 1li9 1119 +0.08 119 100 113 1055 1310 30
2) 2x 1.45 1.45 0,00 - 160 - - 7000 60.120
NX 145 1,45 0,00 -~ 160 - - 7000 60-120
EX 1,45 1045 0,00 -~ 160 - - 7000 60-120
3) 2xx 0.25 0,25 +0,15 - 160 ~  ~ca 25000 60~120
2, r o/ v v R
PR, ogo. _ _mp_mmfeec? L S
4) NE-8W 1,53 0.20 - 5.3. 1850 60-120
W-SE - 1,52 0,20 - 5.5 1840 60-120
5) 2 1.05  0.20 ~ 5.5 430 60
6) N 10,0 1.0 0,010 45 120 30
10,0 1.0 0.010 45 120 30
7) NS 28,0 0.04 - 4.5 4 30
BN 28,0 0,03 - 45 4 30

Fur die Rickiunz der wahren Bodenbewegung bodoutet + :
Bodenbevegung von witen nach oben, von § nach N, von W nach
E; beim 17t-Pondel von SH nach NE'bzw, von SE nach NW,
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Fig. 5. Scanned analogue seismogram from the original smoked paper of the first earthquake
on 9 July 1956. The Z component of the 1300 kg-Wiechert seismograph at the station GTT is at
about 2073 km distance from the epicenter. Body waves (P1, S1) and surface waves (sf1) of the
first earthquake are recorded in high quality. The recording is clipped at the largest amplitude
of the recording and following signals are recorded with an offset of 5-10 mm. Theoretical
calculated phase arrivals (P2, S2, sf2?) show that the waveform of the second earthquake is
hidden by the surface waves of the first earthquake. Component polarity is inverse to the real
ground motion (UP on the seismogram recording is DOWN for real ground motion).
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Fig. 6. Usable waveforms (black) of the first earthquake show P waves arriving 4—6 min and
S waves 6-8 min after origin time, while body waves of the second earthquake (15-20 min)
are hidden in the surface wave coda of the preceding earthquake. The continously digitized
waveform of the Z component at station GTT (red) is clipped during the recording of the surface
waves of the first event at 13 min (negative offset).
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Fig. 7. Frequency-dependent normalized transfer functions of a nearly optimally damped (sta-
tion GTT, red) and an undamped (station EBR, blue) mechanical seismometer. The transfer
function of the Z component of the 1300 kg-Wiechert seismograph shows a constant plateau
for frequencies greater than 0.2Hz. In contrast, a resonance from 0.18 to 1.26 Hz of the un-
damped vertical pendulum disturbs the recordings significantly.
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Fig. 8. Digitized waveform (upper part), time-frequency spectra (middle part) and frequency-
amplitude spectra (lower part) of digitized unfiltered waveforms of (a) the Z component of
a 1300 kg-Wiechert seismograph at station GTT and (b) an undamped vertical pendulum at
station EBR. Both digitized seismograms clearly show P and S phases and dispersed surface
waves from the first earthquake, whereas the body phase arrivals from the second earthquake
can only be identified in the time-frequency spectrogram. The absence of surface waves in both
recordings from the second earthquake indicates a large hypocentral depth.
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Fig. 9. Upper part: best 10 focal solutions per depth obtained from matching digitized to syn- 5
thetic waveforms for the first earthquake and hypocenter locations of (a) (Comninakis and Pa- g g
pazachos, 1986), (b) (Okal et al., 2009) and (c) (Makropoulos et al., 1989). The size of the —
beach balls scales inversely with misfit value. All focal solutions indicate SW-NE striking nor-

mal faulting at hypocentral depth of 25 + 5 km. Lower part: the corresponding digitized (black)
and synthetic (red) waveforms at 25km hypocentral depth are bandpass filtered from 0.03—
0.07 Hz and the mistfit values y? range from 1.078 to 1.467.
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Fig. 11. Minimum waveform misfit vs. depth for the locations of (a) (Okal et al., 2009), (b)
(Makropoulos et al., 1989) and (c) (Comninakis and Papazachos, 1986).
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Fig. 12. Comparison of bandpass filtered (0.15-0.3 Hz) digitized waveforms (black) and syn-
thetic seismograms (red) calculated for the best-fitting focal solution at a depth of (a) 18 km and
the best-fitting focal soluction of the entire grid-search down to 163 km at a depth of (b) 159 km.
Epicentral location of (Comninakis and Papazachos, 1986) was assumed. Note strong surface
waves of the synthetic seismograms for shallow source at 33—35 s not observed in the digitized
data, indicating a subcrustal origin of the second earthquake.
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