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Abstract. Historic analogue seismograms of the large 1956the Santorini~Amorgos graben. Since crustal thickness in the
Amorgos twin earthquakes which occurred in the volcanicAmorgos area is generally less than 30 km, a source depth of
arc of the Hellenic subduction zone (HSZ) were collected,25 km appears to be more realistic.
digitized and reanalyzed to obtain refined estimates of their The second earthquake exhibits a conspicuously high ra-
depth and focal mechanism. In total, 80 records of the eventsio of body wave to surface wave amplitudes suggesting
from 29 European stations were collected and, if possiblean intermediate-depth event located in the Hellenic Wadati—
digitized. In addition, bulletins were searched for instrumentBenioff zone. This hypothesis is supported by a focal mech-
parameters required to calculate transfer functions for instruanism analysis based on first-motion polarities, which in-
ment correction. A grid search based on matching the digi-dicates a mechanism very different from that of the first
tized historic waveforms to complete synthetic seismogramsevent. A waveform matching grid search done to support the
was then carried out to infer optimal estimates for depth andntermediate-depth hypothesis proved not to be fruitful be-
focal mechanism. Owing to incomplete or unreliable infor- cause the body wave phases are overlain by strong surface
mation on instrument parameters and frequently occurringvave coda of the first event inhibiting a waveform match.
technical problems during recording, such as writing nee-However, body to surface wave amplitude ratios of a modern
dles jumping off mechanical recording systems, much lesdntermediate-depth event with an epicenter close to the is-
seismograms than collected proved suitable for waveforrmand of Milos observed at stations of the German Regional
matching. Seismic Network (GRSN) exhibit a pattern similar to the
For the first earthquake, only seven seismograms fronone observed for the second event with high values in a fre-
three different stations at Stuttgart (STU), Goéttingen (GTT) quency band between 0.05Hz and 0.3 Hz. In contrast, a shal-
and Copenhagen (COP) could be used. Nevertheless, tHew event with an epicenter in western Crete and nearly iden-
waveform matching grid search yields two stable misfit min- tical source mechanism and magnitude, shows very low ra-
ima for source depths of 25 and 50 km. Compatible faulttios of body and surface wave amplitude up to 0.17 Hz and
plane solutions are either of normal faulting or thrusting type. higher ratios only beyond that frequency. Based on this com-
A separate analysis of 42 impulsive first-motion polarities parison with a modern event, we estimate the source depth of
taken from the International Seismological Summary (ISSthe second event to be greater than 100 km. The proximity in
bulletin) excludes the thrusting mechanism and clearly favordime and space of the two events suggests a triggering of the
a normal faulting solution with at least one of the potential second, potentially deep event by the shallow first one.
fault planes striking in SW-=NE direction. This finding is con-
sistent with the local structure and microseismic activity of
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1 Introduction

37° — 5137
On 9 July 1956 (03:11 GMT), one of the strongest earth- : = = ; )
quakes in the southern Aegean in the 20th century oc- s g — J ."
curred between the islands of Amorgos and Santorini with || ¢ _x/ =% - We 5 .
a magnitude oMs = 7.4 (Makropoulos et a).1989. A sec- A : i o
ond strong earthquake (03:24 GMT) with a magnitude of RGOV S - X p.‘
Ms = 7.2 occurred just 13 min later in the same region. Both Zag:. TR ‘ecg ®, TN A e
earthquakes were located in the Santorini-FAmorgos graben W [I1SAGl S Astypaled’ ,r-". e
within the central Hellenic volcanic arc (HVA) of the Hel- /;f[ . TS i P
lenic subduction zone (HSZ; Fid.). The first earthquake = 4 @. depth [km] Ll
was located at the northern flank of the graben southwest of : e 0100120 03
Amorgos Comninakis and Papazachd®86 Makropoulos s O

et al, 1989 Okal et al, 2009. Epicenter locations of the 26°

second earthquake vary from the northern graben ShOUIdel*—:igure 1. Well-located microseismic events observed during the

southwest of Amorgosqomninakis and Papazachd®98§  cycNET (CYClades NETwork) and EGELADOS (Exploring the
and the northeastern Santorini—Coloumbo volcanic compleXsEodynamics of subducted Lithosphere using an Amphibian De-

(Makropoulos et a).1989 to the southern graben shoulder ployment Of Seismographs) experiments in the Santorini~Amorgos
near Anafi Okal et al, 2009. region Brustlg 2012. Included are locations of major fault struc-
The HSZ is the seismically most active region of tures in the area according Rerissoratis and Papadopou(@899
the European—Mediterranean regiohicKenzig 1972 and Stiros et al.(1994. SAG: southern Amorgos graben; NAG:
PapazachqQsl977). Here, the oceanic African slab segment northern Amorgos_graben; CoV: Coloumbo volcano; SaV: Santorini
(Hellenic slab) subducts to the north beneath the conti-Y0!cano; AnG: Anidros graben.
nental Aegean plate with a relative velocity of 4 cmyr
(McKenzie 197Q Reilinger et al. 2006. Due to the roll-
back of the Hellenic slab the Aegean plate is under extenby continuous high seismic activity and volcanic unrest. Lo-
sional strain leading to a thinning of the crust (25—-27 km) cal seismicity occurs at depths of 3—9 km within a 3 km wide
beneath the southern Aegean as evidenced by seismic reflegertical column beneath the northeastern flank of the subma-
tion profiles Makris, 1978 Bohnhoff et al, 2001), receiver  rine volcano as a result of magmatic intrusioBsnitriadis
function analysis$odoudi et al.2006 2013, gravity anal- et al, 2005 Bohnhoff et al, 2006 Kolaitis et al, 2007
ysis (Tirel et al, 2004 and tomographic studiePfakatos Dimitriadis et al, 2009 Hensch 2009. Focal mechanisms
et al, 1997 Papazachos and NoJet997 Karagianni et al.  of these earthquakes also tend to show NE—SW striking nor-
2002 2005 Karagianni and Papazach@§07 Endrun et al. mal faulting mechanisms implying a strong connection to the
2008. Shallow seismicity of the central HVA is domi- Kameni—Coloumbo fracture, the southern extension of the
nantly located within the upper crust of the Aegean platewestern Santorini-FAmorgos fault zone. Intermediate-depth
at hypocenter depths of less than 15-20 km and follows theseismicity is observed at 120-160 km depth indicating the
northern Santorini-Amorgos graben shoulder southwest ofVadati—Benioff Zone (WBZ) of the subducting Hellenic slab
Amorgos (Fig.2). The northern graben southeast of Amor- (Knapmeyer 1999 Papazachos et al200Q Meier et al,
gos only shows low seismic activitgbhnhoff et al, 2006 2007 Brustle 2012.
Bristle 2012. Stress tensor inversions of fault plane so- The island Amorgos is part of the northern footwall of
lutions Bohnhoff et al, 2006 Friederich et al.2014 de-  the graben structure (Fid). Neotectonic investigations on
rived from available firsP motion polarities of shallow high- Amorgos infer a tensional NW-SE trending stress pattern
quality hypocenter locations indicate a SE-NW oriented ten-(Papadopoulos and Pavlidek992 and backtilting (subsi-
sional principal stress axis. dence of the north coast, uplift of the south coast) of the
The Santorini-Coloumbo volcanic complex is located inisland Gtiros et al. 1994. The southern coastline of the
the southern extension of the western SantoriniiAmorgossland has been uplifted by about 30cm as a result of the
graben shoulder. During the last 60 yr the Santorini volcanoseismic activity in July 1956. Seismic reflection profiles of
exhibited only weak background seismicitifnitriadis the Santorini-FAmorgos graben point to a large recent sedi-
et al, 2005 2009 Bohnhoff et al, 2006 Hensch 2009, ment slumping event between Santorini and Amorgos, which
except for a period of unusually high seismicity lasting is also associated with the seismic activity in July 1956
from January 2011 to January 2012, with local magnitudegPerissoratis and Papadopoyl®899.
up to 3.2 accompanied by surface deformations within the The shallow origin of at least one of the earthquakes
Caldera as a result of magma upwellingefvman et al.  seems to be evident from the reported tsunami waves, which
2012 Chouliaras et al.2012 Vallianatos et al.2013. In caused damage within a region of about 100 kmbraseys
contrast, the submarine Coloumbo volcano is characterized96Q Stiros et al. 1994). Detailed studies were undertaken
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1. event 2. event

Y¢ Okal et al., 2009 @)
Y& Makropoulos et al., 1989 @
% Comninakis & @]
Papazachos, 1986
# intensity after Papadopoulos & Pavlides (1992)
10 max. tsunami height (m) after Ambraseys (1960)
and Galanopoulos (1960)
10" max. tsunami height (m) after Okal et al. (2009)
10** max. tsunami height (m) after
Dominey—-Howes et al. (2000)

24° 25°
Figure 2. Map of locations of the two earthquakes on 9 July 1956 at 03:11 and 03.24 UTC investigated in this study. Also shown are

isoseismal lines and tsunami heights (in meters) taken from eye withdgsésgseys196Q Galanopoulos196Q Okal et al, 2009 and
studies of sedimentary deposiBdminey-Howes et al2000.

to determine wave heights and wave run-ups on the isseverely damaged. Most of these were on Santorini, where
lands in the southern Aegean. Highest sea wave amplithe second event apparently effected the final collapse of
tudes (Fig.1) were observed on the south coast of Amor- houses already damaged by the first evAmifraseys196Q
gos (20—-30m) and the north coast of Astypalea (10—20 m)Galanopoulos1982.
by eye witnesses and are seen from marine flood deposits While the two earthquakes have been unanimously lo-
(Ambraseys 1960 Galanopoulos1960 Dominey-Howes  cated in the Santorini-FAmorgos graben, focal parameters
1996 Dominey-Howes et al.200Q Okal et al, 2009, and focal depth are controversial (Taldlp or affected by
whereas on the coastlines of the two islands which facedarge uncertaintiesGalanopoulos1982 Comninakis and
away from the Santorini-Amorgos graben structure as wellPapazachqsl986 Makropoulos et a).1989. For the first
as on the northern coastline of Crete, on the Dodecanese igvent,Shirokova(1972 proposed a fault plane solution of
lands and the Turkish west coast wave amplitudes of less thaa ENE-WSW striking normal fault with a slight dip to the
4 m were observed. The only exception is the island FoleganSSE, calculated from first-motion polarities @& phases
dros, where wave amplitudes of up to 14.6 m were observedFig. 3); this has been confirmed by stress pattern determi-
locally on the western coast. nation from field observations. Other fault plane solutions
Both earthquakes caused severe damage on the surrounistdicating a strike-slip solutionRapazachos and Delibasis
ing islands, especially on Santorini and Astypalea. In total,1969 Ritsema 1974 were judged of poor quality by the au-
53 people were killed, 100 people were injured and 529thors themselves. The focal mechanism of the second event
buildings were destroyed. More than 3200 buildings wereis essentially unknown.
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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 Location Depth  Magnitude
(GMT) (km)
Galanopoulo$1982 36.7N,25.2E 10(+3) 7.5Ms
36.6N,25.2E 40 (+30) 6.7Mg
Comninakis and Papazachd®86 03:11:40 36.7N, 25.8 E <70 7.5Msg
03:24:03 36.6N, 25.7 E <70 6.9Mg
Makropoulos et al(1989 03:11:43.7 36.64N,25.92E 15 (+10) 7.4Msg
03:24:16.5 36.45N,25.5PE 95 (+15) 7.2Mg
Ambrasey42001) 03:11 36.72N,25.80E 15 7.18Mg
03:24 36.68N,25.70 E 30 6.00Mg
Okal et al.(2009 03:11:45 36.72N, 25.76 E 45  3.910%™
03:24:07 36.39N, 25.78 E - -
*dyn cmMg.
Papazachos & Delibasis 1969 Shirokova 1972 Ritsema 1974 Okal et al. 2009

Figure 3. Fault plane solutions for the first earthquake from previous studies.

Since the data were recorded on analogue devices and Body wave phases of the second event were masked by the
mostly written on paper, the only way to reassess these imsurface wave coda of the preceding earthquake, making it im-
portant earthquakes using modern seismological techniquegossible to perform waveform matching. Clues on the focal
is by collecting, digitizing and reprocessing historic analoguedepth of the second earthquake are gained through compari-
recordings. Recentl¥)kal et al.(2009 digitized teleseismic  son of MFT analyses of the historic seismograms with those
recordings of the first event and inverted them for the spec-of a modern event. Constraints on the focal mechanism of
tral amplitudes of mantle Rayleigh and Love waves and ob-the second event were obtained from first-motion polarities
tained a SW-NE striking normal faulting at a focal depth of published in the ISS bulletingllasefior et al.1997).
about 45km. In the study reported here, analogue seismo-
grams and bulletins of regional stations were collected to re-
fine estimates of focal parameters and focal depth of the twe Ana|ogue seismograms and instrument parameters
earthquakes. The scanned analogue seismograms were digi-
tized and analyzed for their frequency content using a mul-Based on the ISS bulletin/llasefior et al, 1997 of 1956
tiple filter technique according tDziewonski et al(1969.  the two major Amorgos earthquakes were recorded at 317
The MFT (multiple filter technique) allowed us toidentiy  (first event) and 60 (second event) stations worldwide. In to-
S and surface waves of the first event and to distinguish bodyal, more than 80 analogue seismograms from 29 European
waves of the second earthquake from surface wave coda aftations were collected (Fid) to reinvestigate the first and, if
the preceding one. A grid search was applied to the first evenpossible, the second earthquake of 9 July 1956. Seismograms
based on cross-correlation and waveform matching of thevere collected by the first author and mostly scanned as part
digitized analogue seismograms with synthetic waveformsof the SISMOgrammi Storici (SISMOS) projedviichelini
to determine the best fitting focal mechanism and hypocenet al, 2005 or obtained already scanned from the SISMOS
tral depth. In addition, a classical focal mechanism deter-database. The collection of analogue seismograms covers
mination using the HArdebeckSHearer methétadebeck  dominantly western and northwestern Europe with an az-
and Shearer2009 was carried out based on first-motion imuthal coverage of 120and regional distances of 247 to
polarities taken from the International Seismological Sum-2337 km. The digitization of the seismograms was done with
mary (ISS) bulletin Yillasefior et al. 1997 to clarify non-  a plug-in for the GNU Image Manipulation Program (GIMP)
uniquenesses of the grid search result. called TESEO Rintore et al. 2005 Turn the Eldest Seis-

mograms into the Electronic Original ones ). The software
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0} 5° 10° 15° 20° 25° 30° Due to the large magnitude of the first earthquake, high
% g0 E 2 amplitudes, especially of the surface waves, caused clipping

55° %9 : ! . of the waveforms or recording needles jumping off the me-
WA . b chanical recording systems, making a considerable number

2’*) @ e e S of recordings unusable for further investigations. Moreover,
' g e T waveforms are often disturbed by time marks, variable pa-

.“‘C-‘-. ' i 50’ per speed or, in many cases of photo-optical paper record-

fi/t{cé BNSA 'GTTAJE
50° . . - . . LT
ings, by insufficient exposure time. Finally, missing informa-
tion on instrument parameters (to calculate the instrument re-
sponse), on orientation and polarization of the components,
or just missing station and instrument name annotations on
the seismogram paper are reasons why even good recordings
proved unusable. Figur@ shows a typical recording of the
two earthquakes on the vertical component of the 1300 kg
Wiechert seismograph at the station in Géttingen (GTT, Ger-
many). Body wavesk1, S1) and surface waves (sfl) 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.
0 5° 10° 15° 20° o5 30° For both earthquakes only recordings of the fully me-
chanical systems of Wiechert or Mainka seismographs at
Figure 4. Station map for the 80 analogue seismograms coIIectedregiona| distances of about 7o 21° proved suitable for
from 29 European stat_ions. Seven components of the sta?ions STYurther investigations (Tabl@). Table3 provides a detailed
GTT and COP for the first and four components of the Sta,t'ons_‘]ENovervieW of the reasons why other digitized records had to
GTT and COP for the second .earthquake (yellow s@esnninakis be excluded from the waveform matching procedure. Instru-
and Papazachp$986 were suitable for the present study. .
ment responses for the usable stations were noted on the
seismogram paper or documented in the available bulletins
(Table4). The component polarity of station GTT (marked
allows to apply geometrical corrections of the digitized seis-on the seismogram recording) and COP (Copenhagen, Den-
mogram (e.g., curvature of the writing arm, skewness of themark; Charlier and Van Gils1953 was inverse, while the
recording) and to resample the digitized waveform to equallycomponent polarity of station STU (R. Schick, personal com-
spaced data points. munication, 2006) and Jena (JEN, Germa@arlier and
In addition, bulletins and reports were searched or takerVan Gils 1953 can be assumed to be correct. Figushows
from the SISMOS database to gain detailed information onthe digitized waveform sections (black) for the two earth-
instrument dimensions and parameters for further processguakes which were suitable for waveform matching. For the
ing. This is very important, as seismometer instruments werdirst earthquake, they comprise the following phasesind
not standardized at that time. Most observatories had theiS phases on all three components of station GTT, on the
unique seismograph with individual orientation of the instru- N component of station COP and tli#component of sta-
ment and polarization of the components. To obtain sufficiention STU; theP phase only on thé& component of station
amplification, the damping of the instruments was either veryCOP and theV component of station STU. For the second
weak in comparison to today or instruments were recordingearthquake, three of the four digitized waveforms (GTT-Z,
without any damping (e.g., vertical pendulum at Ebro (EBR) GTT-E, JEN-Z) cover the entire time window of body and
in Spain, Milne seismograph at Malta (MLT)). Also, each ob- surface waves, whereas only body waves are available on the
servatory adjusted instrument parameters quite frequently t&v component of station COP.
obtain the best resolution on the recording paper (Bay.
At that time, the stations were equipped with mechanical
as well as electrodynamic or electromagnetic instrumentsS INstrument responses

The recordings were carried out mechanically or galvano-

metricallv on smoked or bhotoaraphic baper. Because ogn a first step transfer functions were calculated from avail-
y P graphic paper. .able instrument parameters. The standard transfer function

the absence of broadband seismometers many observator|e§ . : . .
) . . of a fully mechanical seismograph system is defined by the
were equipped with more than one seismograph, each covet

ing a different frequency band. A very impressing example ollowing expression:
was the station STU at the Stuttgart observatory (Bm.

During the studied time period about seven seismograph sys-

tems were recording simultaneously.

45°

40’

35°
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. . . s ; It ? iy
Seismische Station Potsdam Fostreolil, el
Meereshohe: 80 m Linge: 2 = 13°4,1'E Soismischor Bericht des Wirttembergischen Erdbebendicnstes
Untergrund: Sand (diluviale Ablagerungen) Breite: g = 52°22,8'N Stuttegart
Jehr 1951
1, Erdbebenwarte Stuttgart (St), Wiirtt. Hauptstation fir Erdbeben~
o forschung und Zentrale des Wirtt. Erdbebendienstes.
Instrumente und Konstanten 1957 Leitung: Profossor Dr, Ing, habil, W. Hiller,
B Mi’c.arbgitor: Dipl-Phys, Hans Berckhemer und Frau Hanna Urban.
I. Halbjalr B = 48°46'15% W, L = 9°11'36" B, Gr,; H = 375 m NN,
Untergrund: Mittlerer Keuper (Kieselsandstein),
T v | 71 -T2 Zeitdienst: Riefleruhr Type A3 mit Nickelstahl-Kompensations~
o | 5 it pendel Type J.
T4glicher Uhrvorgleich nach den Zeitsignalen des Observatoriums
Wiechert 1000 kg NS T.0s 400 3.0 0020 Neuenburg (8chwoiz) und der Quarznhr Minchen,
Wiechert 1000 kg BW 3.0s 350 1 5.4 0.014 Instrumente:
T 1) 1 homogener Satz Galitzin-Wilip-Seismographen; Z, NS und EW.
T ‘ Ty ) " { Vrax 2) 1 homogerer Satz kurzperiodiseher Seismographen der Bauart
| I " Stuttgart"; %, NS und EW.
Galizyn-Wilip NS 1LOs tL7s 0.2 1000 b. 6.8 3) 1 kurzperiodischer Vertikal-Seismograph eigener Konstruktion,
Golizyn-Wilip EW 105 1208 | 01 970 L. 7.0 s gekoppolt mit Moll~Mikro-Galvanometer, Nur zeitweise in
~ s = i Betrieb.
Golizyn-Wilip 7 100 14s | —02 M0 b. 6.2s .
: 4) 1 groBer Horizontal-Seismograph nach Wiechert (17t~Pendel);
M = 17 000 kg, NE-SW und NW-SE,
B 5) 1 groBer Vertikal~Séismograph nach Wiechert (kurzperiodisch);
2. Halbjahr M = 1320 ke,
6) 2 Mainke-Pendel; je M = 450 kg, NS und EW,
T V | 2:1 ofTy? 7) 2 langperiodische Horizontalpendelj NS, M = 50 kg und EW,
M = 80 kg.
WFWIwr( 1000 kg NS. 70s | .!23 ] 2.5 0.015 n TMittle:;% Koni‘tantex: a i a3 ®
Wicchort 1000 kg AN 8.0 J 225 4.0 0.011 T . om - T mm(Min
1 T, l " e 1) 2 11,8 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
Golizyn.Wilip NS 156s | Lo 0.1 100 b, 725 2] E; .9 11 ? o) 120 1.3 1055 1310 530
Golizyn-Wilip EW 135 1205 £0.08 760 b, 6.78 23 a%H i:g s 2 b SO G 000 005120
Golizyn-Wilip 4 g 1145 —0.2 980 b. 6.7 4 EX 1,45 1,45 0.00 =~ 160 - - 7000 60-120
0 3) 2xX 0.2% 0,25 +0,15 - 160 - ~ca 25000 60~120
T, ‘ v el >
1 TN r /T v v R
Krumbach 4 kg N 225 570 ‘ wo o L. sgo_ | mm _ mmfseo” | _ _ _ _ _ __ . _ U mn/Min,_
Krumbach 4 kg BW 24 [ 700 4.5 4) NE-SY  1.53% 0.20 . 5.5, 1850 AP
NW~SE 1.52 0.20 - 5.5 1840 60~120
T, oo ow e 5) 2 1.0 020 -~ 5.5 430 60
| 6) Ns 10,0 1.0 0,010 4.5 120 30
Krumbach 4 kg Z 2,08 ' 208 —0.06 1150b. 1.2 W 10,0 2L(o) 0.010 4.5 120 30
7) NS 28,0 004 - 4.5 4 30
Die Amplitude der wahren Bodenbewegung wurde nach den Aufzeichnungen des ?w 28,0 0.03 - 4.5 4 30
Viechert- ke-Pende o ot Mir die Richitung der wahren Bodenbewegung bodeutet + :
Wiechert-1000-kg-Pendels berechnet. Bodenbewegung von unten nach oben, von § nach N, von W nach
E; beim 17t-Pondel von SW nach NE bzw, von SE nach NV,
7

Figure 5. (a) Extract of the bulletin of the stations Potsdam (POT), Halle, Plauen and Sonneberg. In 1957, instrument parameters were
changed twice at the station POGdrecke and Guthl961). (b) Extract from the bulletin “Seismischer Bericht des Wurttembergischen
Erdbebendienstes” of 1951. At the station STU seven seismograph systems were installed recording on smoked and photo-optical pape
(Hiller, 1957).

2 Table 2. Station coordinates associated with analogue seismo-
w (1) grams used in the present study. Distances are given relative to the
\/ ( w% — w24 4d52 w(z) w2 hypocenter location of the first earthquake accordingdmninakis

and Papazachd4986.

|H(w)] = A

whereds is the damping constangy is the angular eigen-

frequency of the instrument antl a frequency-independent . Ele'. Epicenter  Epicenter
- . . . Station Lat Long vation  dist. dist.
calibration factor $chick and Schneidel973. In general,
) . ; . : (N) B (m) (km) ©)
the instrument parameter eigenperi@g)( damping ratio4)
and calibration factor4) are reported in the annual bulletins STU ~ 48.7719  9.1950 ~ 360.0  1907.3 17.183
of the observatories. The damping constant is related to theJEN ~ 50.9350 115830 1950 1949.1  17.559
damping ratio as followsGalizin, 1914): GTT 51.5464 9.9642 272.0 2073.7 18.682
COP 55.6853 12.4325 13.0 2337.2 21.056
_1
ds= (n2+ |n26) *Ine. @)

However, not all instruments were optimally damped back
Figure 8 shows the frequency-dependent normalized transthen, An example is the vertical pendulum at the station EBR,
fer functions of two mechanical seismometers. The transfefynich was completely undamped with a resonance at 0.4 Hz.
function of theZ component of the 1300 kg Wiechert seis-
mograph at the station GTT shows a nearly optimal damping
and a flat response for frequencies above 0.2 Hz and thus en-
sures a constant amplification of the recorded frequencies.
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Table 3.Recording device, paper style, available component and reasons why records of the twin Amorgos earthquakes were of limited use.

Station Seismometer Paper Component Event1 Event2 Comments
type style
ATH Athens,Greece Mainka smoked N (1), S/sf @)
BAC Bacau,Romania (14) photo-opt. D 1), 4 1), @ (10), (12)
BNS BensbergGermany Stuttgart photo-opt. N @) B)P
E ). (4) B)P
Zeisig smoked E (7) sf @)
BUC BucharestRomania (14) photo-opt. N (20)
E (10)
CLL Collm, Germany Benioff photo-opt. Z 1)
(14) photo-opt Z (8)
E 1)
COP Copenhage@enmark 1.3t Wiechert smoked Z ) 2
1.0t Wiechert N (2) sf
E (2), (6) sf (6)
Golizyn photo-opt. Z 1) 1)
N @ @
E @) 1)
(14) z @ @
EBR Ebro Roqueta§pain Vert. pendulum smoked Z (112)
Mainka smoked N,E 3) (12)
GTT GottingenGermany 1.3t Wiechert smoked z
1.2t Wiechert smoked N (6) sf (6)
E (3) sf
HAM Hamburg,Germany Wiechert smoked N Q) (1) (20)
E @) @ (10
ISK Istanbul-Kandilli, Turkey (14) smoked N (2) sf
Wiechert or Mainka E (3,5 P (3)S, (6)sf (6)
JEN JenaGermany 1300 kg Wiechert smoked 4 B)P
1000 kg Wiechert smoked N (2) S/sf, 5) P 2
E 2, 6)P 2
Vertical pendulum N 1) 1)
E (1), (2) sf 2
MES Messinaltaly (14) photo-opt. Z,E 1), 4 1),@ @12
Golizyn or Sprengnether
MLT Malta, Malta Milne—Shaw photo-opt. N (20), (12)
MSS MesstetterGermany 80 kg Wiechert modified smoked z (6) sf (6)
Hiller smoked NW (8) (8) (13)
NE ®) 8 (13)
Stuttgart smoked N (6) sf (6)
E
e)V/e) Vesuviano|taly (14) smoked Z (1) sf (10)
smoked T1 (20), (12)
T2 (10), (12)
T3 (20), (12)
smoked N (2), (2) sf, (3) sf (20)
E (6) sf (6) (10)
PAV Pavia,ltaly 80 kg Wiechert smoked z (20)
200 kg Wiechert smoked N (20)
E (10)
POT PotsdamGermany 1000 kg Wiechert smoked N ®)P (6)
E 6) P (6)
RAC Raciborz Poland Mainka (15) z (5) 5) (20)
N 1), (3 1, (10
N 1), () ) (10)
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Table 3. Continued.

A. Brustle et al.: Focal mechanism and depth of the 1956 Amorgos twin earthquakes

Station Seismometer Paper Component Event1 Event 2 Comments
type style
RAV RavensburgGermany  (14) smoked z 8) 8)
14) N
(14) E
RCI Reggio Calabridtaly 80 kg Wiechert smoked z (20)
200kg Wiechert ~ smoked D* (20), (12)
ROM Rome taly Golizyn-Wilip photo-opt. Z Q) Q) (10)
N 1) ) (10)
STU StuttgartGermany 17t Wiechert smoked NwW (13)
NE (13)
Mainka smoked N (1) sf
E (2) sf @P
Stuttgart photo-opt. N (5)
TAR Taranto Jtaly 200kg Wiechert smoked (20), (12)
TRS Trieste]taly (14) photo-opt. N (2) Q) (20)
E 1) @) (10)
ucc Uccle,Belgium Golizyn photo-opt. N (8) (8)
E @ @
100 kg Wiechert ~ smoked N @), (3) @), (3)
E (EONE) 1.3
Grenet photo-opt. z 9)
Wilip-Somville photo-opt. Z Q) Q) 9)
VIE Vienna,Austria 1300 kg Wiechert  smoked z B)P, (7) (5) P, (7) SIsf
1000 kg Wiechert  smoked N (5) P, (6) sf (6)
E (5) PIS, (6) st (6)
Conrad smoked E B)P @)
WAR Warsaw,Poland Golizyn-Wilip photo-opt. z (2) 1) (10)
N 1) 1) (10)
E 1) @ (10)
ZAG Zagreb,Croatia 1000 kg Wiechert  smoked NE (5) P, (6) sf (6) (20)
ZUR DegenriedSwitzerland (14) smoked z (5) (5)
N (3). (4), () 4), )
E (ONG) 4), )
(14) smoked N (2) sf 2), (5)

* Both horizontal components on one recording paper.
(1) Incomplete waveform recording because of too short an exposure time or bad smoked paper.
(2) Waveform clipped because maximum deflection of recording needle reached.

(3) Incomplete waveform recording because of end of recording paper.

(4) Mixed waveform lines.

(5) Incomplete waveform recording because of time mark.
(6) Recording stopped because needle jumped off the recording system.

(7) Incomplete seismogram paper.

(8) Amplification too low.

(9) Unclear instrument parameters.

(10) No instrument parameters available.
(11) Undamped recording.

(12) Unknown or unclear component orientation.

(13) Component orientation not in N or E.

(14) Unknown or unclear seismometer type.
(15) Unknown or unclear recording paper type.

4 Multiple filter analysis of the analogue seismograms transformed (FFT) into the frequency domain and filtered at

a series of equidistant center frequencies using narrow Gaus-

To identify different phases in the digitized seismogramsSian bandpasses:
and also distinguish phase arrivals of the second event from wo—ay \2|
surface wave coda of the first event, we calculated time—g(g, ¢, ) = exp[—a (w_> ] if wip <@ < wun
frequency spectra with a multiple filter technique (MFT, 0
Dziewonski et al.1969. The digitized data are fast Fourier

®)

otherwise
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undamped vertical pendulum, EBR

Z-component, 1300km-Wiechert seismograph, GT{

[Hw)|

Figure 6. Scanned analogue seismogram from the original smoked "'f
paper of the first earthquake on 9 July 1956. Theomponent of

the 1300 kg Wiechert seismograph at the station GTT is at about
2073 km distance from the epicenter. Body waved ,(S1) and
surface waves (sfl) of the first earthquake are recorded in high s
quality. The recording is clipped at the largest amplitude of the frequency [Hz]

recording and following signals are recorded with an offset of 5— _. . .

10 mm. Theoretically calculated phase arrivals (P2, S2, sf2?) shOV\'/:Igure 8. Frgquency-dependent _normallzed transfer functions of
that the waveform of the second earthquake is hidden by the surfacd nearly optimally damped (station GTT, red) and an undamped

waves of the first earthquake. Component polarity is inverse to the?station EBR, blue) mechanical seismometer. The transfer function

. e . . of the Z component of the 1300 kg Wiechert seismograph shows
real ground motion. ("Up" on the seismogram recording representsa constant plateau for frequencies greater than 0.2 Hz. In contrast
“down” in real ground motion.) p u qu g -2Hz. ,

a resonance from 0.18 to 1.26 Hz of the undamped vertical pendu-
lum disturbs the recordings significantly.

10

P1 St sf1 P2 S2  sf2
coPN M M"MWWM regions of reddish colors whereas blue colors signify low
amplitudes. The time—frequency spectrum of the unfiltered
COP-E e Z component of the 1300 kg Wiechert seismograph at sta-
T ! tion GTT (Fig. 9a) clearly shows the non-dispers@dand
e ”MMMW"W'I” ' S phases at 4.5min and 8 min and the dispersion curve of
GTT-N the surface waves at 8-17 min after event time of the first
orre earthquake. The offset of the dispersion curve at frequen-
WWMMWFWWWMWMMWWW cies less than 0.02 Hz corresponds to a vertical displacement
JEN-Z (clipped recording) of the recorded seismogram at about
STUN ) 12 min. Phase arrivals of the second event are masked in the
seismogram by the coda of the surface waves of the first
STU-E event. However, the signals of P and S phases are identi-
fied at 16.5 and 20 min in the time-frequency spectra, while
: : : : : : surface waves can not be recognized. The second example
0 5 10 15 20 25 30

shows the unfiltered waveforms of the first and second earth-

quake recorded by an undamped vertical pendulum at station

Figure 7. Usable waveforms (black) of the first earthquake show EBR (Fig.9b). The amplitude spectrum of this record shows

P waves arriving 4—6 min and waves 6-8 min after origin time, high amplitudes in the range of 0.35-0.45 Hz corresponding

while body waves of the second earthquake (15-20 min) are hiddeto the resonance frequency of the calculated transfer func-

in the surface wave coda of the preceding earthquake. The continion. Although the undamped signal of EBR is not as clear

ously digitized waveform of th& component at station GTT (red) as the one recorded at station GTA,(5-7 min) ands (8—

is clippgd during'the recording of the surface waves of the first event; min) phases as well as the dispersion curve (8—16 min) of

at13min (negative offset). the surface waves can be identified for the first earthquake.
Though the second earthquake exhibits a weaker sighal,
(17-19 min) ands (20—22 min) phases can still be identified.

wherew, is the center frequency of the filtes; , andw,,, However, surface waves are missing as for station GTT, sug-

are lower and upper bandpass limits andontrols the res-  gesting a hypocenter at greater depths probably located in the

olution of the filter. Note thag is linearly dependent on fre-  subducting Hellenic slab.

quency in order to optimize the time—frequency resolution

(Meier et al, 2009). After inverse FFT, the envelope of the fil-

tered waveform is calculated and displayed as a color-coded

function of time with the maximum of the envelope normal-

ized to 1. High amplitudes of the envelope are indicated by

time after first earthquake [min]
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Table 4. Instrument parameters that seismograph systems of the recorded analogue seismograms used in the present study. Compone
polarity in writing direction: left is up (+), right is down+).

Station Seismometer Comp. Mass Eigenperiod Amplification Damping Comp.
k (kg) To (s) \ €:1l polarity
STUL26  Mainka N 450 10 120 45 N+/S—
STUL26  Mainka E 450 10 120 45 E+IW—
JEN36 Wiechert z 1300 25 250 2.4 U+ID—
GTT* Wiechert VA 1300 5 182 33 U-ID+
GTT* Wiechert N 1200 11 130 3.8 S+/IN-—
GTT* Wiechert E 1200 10.8 125 2.7 WHIE—
coP8  Wiechert N 1000 8.5 210 40 S+/N—
COP®  Wiechert E 1000 8.5 210 4.0 WH/E-

1 Hiller and Schneidef1962. 2 R. Schick, personal communication, 20865erecke(1950. 4 Written on the seismogran® Jensen
(1957. © Charlier and Van Gil§1953.

time after earthquake [min] time after earthquake [min]
5 10 15 20 25 30 5 10 15 20 25

a)| 'b)|

-
T

amplitude [mm]

amplitude [mm]

frequency [Hz]
frequency [Hz]

-
-

|amplitude (f)
o
o
|amplitude (f
o
(92

(=}
(=}

0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
frequency (Hz) frequency (Hz)

o

Figure 9. Digitized waveform (upper part), time—frequency spectra (middle part) and frequency—amplitude spectra (lower part) of digitized
unfiltered waveforms ofa) the Z component of a 1300 kg Wiechert seismograph at station GT{greh undamped vertical pendulum at

station EBR. Both digitized seismograms clearly shevand 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 i
both recordings from the second earthquake indicates a large hypocentral depth.

5 Focal mechanism and hypocenter depth and the slip direction on the fault plane to determine the cor-
determination from waveform matching responding moment tensor with unit seismic moment and to
calculate synthetic seismograms for this moment tensor and

. . depth. After scaling the observed waveforms to the maxi-
A grid search based on a waveform matching procedure Wagum rms value of all data traces and the synthetic wave-

attempted in order to obtain best fitting estimates of the_fo'forms to the rms value of the corresponding synthetic trace,

o throuah all possible hvoocentral depths and focal mech(—& misfit over all traces is calculated whose minimum points to
90 Y PO yp . p the optimal selection of source depth and focal mechanism.
anisms characterized by the strike and dip of the fault plane
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Epicentral coordinates, origin time and earth model are kepmaximum cross-correlation drives the grid search to solu-
fixed during the search. tions associated with a high similarity of data and synthetic
The synthetic seismograms were calculated for the stantraces. Once a best fitting focal mechanism and hypocentral
dard 1D-earth model AK135Kgnnett et al. 1995 using  depth are found from the grid search, the seismic moment is
the GEMINI (Green function of the Earth by MInor Integra- determined. For this purpose, the energy of all traces is de-
tion) code Friederich and Dalkolmo1999. The program termined by calculating the sum of squares of all waveform
provides complete seismograms for moment tensor poinsamples. The seismic moment is then calculated as the square
sources in a spherically symmetric earth model. The sourceoot of the ratio of the average energy of data and synthetic
time function is a delta function leading to velocity seismo- traces Eq, Es):
grams for a step function moment tensor source. The syn- —
thetics were then filtered in the same way as the data an \/E
Es

convolved with the instrument response of the corresponding 0=
seismograph calculated from the parameters listed in Fable ) ) . )
Finally, they were cut to the same time window as the corre-1 1€ moment magnitude is calculated accordingamamori
sponding data traces and interpolated to identical samplinélgw} by

times. Further processing encompassed the removal of the 2

average and of a possible linear trend due to a drift of theMw = 3 (IgMo —9.05). )
instrument as well as bandpass filtering. Since the synthetics ) _ .

are calculated as velocity waveforms, the data were differenRUPture areaig and the average displacementare esti-
tiated in case they were recorded as displacements. mated followingWells and Coppersmit1994, who pro-

A direct matching of the instrument-corrected syntheticsP0Sed empirical relationships between magnitude and rup-
with the digitized data turned out to be unsuccessful becaus!"® parameters for shallow continental intraplate and inter-
of phase mismatches due to either timing errors in the dat®ate earthquakes of magnitudes larger than 4.5:
or deviations of the.trl'Je earth structgre from the s@andarqg AR = —2.87(+0.5) + 0.82(+0.08) My, and
earth model used. Timing errors are likely for recordings of ~_
the 1950s, where, in general, time was noted manually ofdP = —4.45(£1.59) + 0.63(+0.24) My, (8)
the seismogram paper from a pendulum clock and time ad-
justments of Fhe_pendglum clock were gpplied from the tele-g  Results and discussion
phone or radio time signal once a dagiélandt 1996. To
compensate for these phase mismatches, we first calculatg1 First event
a normalized cross-correlation function of the processed data
and synthetics for lag times ranging fron60 s to +60 s, The grid search for focal parameters was applied in 30 steps
of 12° for strike and rake, in 30 steps of 3or dip and
(@) for depths ranging from the surface to 200 km depth. Vari-
\/IT s(1)2dr \/fT (02 ' ous low-frequency bandpass filters between 0.02 and 0.1 Hz

0 0 were tested to reduce the influence of local crustal structures.

Then, we identify the time lag associated with the local max- | N€ best waveform fits were achieved for a bandpass be-
tween 0.03 and 0.07 Hz. When experimenting with the grid

imum of the cross-correlation closest to zero lag and time )
shift the synthetics by this amount. To accommodate ampli-S€arch, matching both body and surface wave phases lead to

tude differences between data and synthetics, the data apgrsatisfactory waveform fits. Either a good fit of the body
scaled to the maximum rms value of all data tracég.) waveforms or a good fit of the surface waveforms could be
and the synthetics to the rms value of the corresponding Synz_atchleved. A satisfactory fit of both would at least have re-

thetic trace {may). Only after these steps, a misfit between quired a 2-D earth model that reflects the complex crustal
data and synthetic trace is calculated as follows: and lithospheric structure along the wave paths which cross

the Hellenides, Dinarides and Eastern Alps. Since surface
T 2 waves are much more affected by such lithospheric complex-
sz — 1 / (sk t+7) dl )> dt, (5) ity than body waves, we restricted ourselves to matcting
CéaxT Smax dmax andS wave phases only. Finally, since three slightly differing
0 locations of the earthquake have been proposed in the litera-
whereX; is the misfit for thekth trace,si (¢) is thekth syn-  ture (Comninakis and Papazachd986 Makropoulos et a).
thetic trace andix(¢) the k —th data trace. The scaling is 1989 Okal et al, 2009, we performed the grid search for all
trace-independent and therefore preserves relative amplitudef them.
differences between stations and components. The total mis- The smallest waveform misfit achievable for each trial
fit is evaluated as the sum of the individual trace misfits. source depth (Fidl0) varies significantly with depth and ex-
The additional weighting of the trace misfits by the inverse hibits two local minima at 25 and 50 km depth, respectively.

(6)

[y st +)d()dr

C(r)=
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Minimum misfit versus depth COpa22_wf
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Figure 11. Example of a waveform fit for th&€omninakis and
Figure 10. Best obtainable misfit as a function of source depth for Papazacho$1986) location and a source depth of 25km. Black
the three locations by (black)kal et al.(2009, (red)Comninakis  traces are data and red traces are synthetics. Amplitude ratio of data
and Papazachq4986 and (greenMakropoulos et al(1989. and synthetics is correctly reproduced.

Greater source depths can be excluded due to the rapidlidardebeck and Shean002. This method searches the set
growing waveform misfit. As the Moho of the Aegean plate of all fault plane solutions that explain the polarity data given
in the central HVA lies at 25-27 km depth (e.Bapazachos errors in location, seismic velocity model and polarity. Since
and Nolet 1997 Bohnhoff et al, 200J), a value of 25 km for  the effect of location errors and velocity model on fault plane
source depth appears to be more approprigtmgtantinoyl solutions is hard to estimate, we adopted a heuristic approach
2010. An example of a waveform fit for the Comninakis— by assuming that the location error mostly influences the az-
Papazachos location and a source depth of 25km is showimuth of the ray leaving the focal sphere while the seismic
in Fig. 11. Owing to the narrow azimuthal coverage and the velocity model affects the take-off angle at the source. The
fact that low-pass filtered data traces are matched, even faazimuthal error is assumed to decrease with distance while
the optimal depths of 25 and 50km, the grid search stillthe error of the take-off angle is assumed to increase with epi-
yields a multitude of fault plane solutions with acceptably central distance. Maximal assumed errors are two degrees for
small misfits. To provide a visualization of the variability azimuth and five degrees for take-off angle. HASH finds 545
of these solutions, we have binned the focal sphere and, focompatible fault plane solutions which are depicted in Egy.
each bin, we use color shading to plot the smallest wavefornby plotting the piercing points of theiP and T axes on
misfit achievable with any fault plane solution whaRexis the focal sphere. Although the piercing points scatter widely
or T axis pierces the focal sphere within this bin (Fig). over the focal sphere, the result demonstrates that only strike-
P as well asT axes associated with small waveform misfit slip and normal faulting solutions are compatible with the
cluster in the central western part of the focal sphere indi-data. Thrust faulting can be excluded based on the polarity
cating either normal or thrust faulting mechanisms compat-data. Remarkably, the distribution of tieaxes on the focal
ible with the historic waveforms. Solutions with nearly hor- sphere looks similar to the one obtained from the waveform
izontal P(T) axes spreading around SE belong to solutionsmatching grid search.

with T (P) axes located in the central western area. Appar- For the sake of completeness, we also show for the three
ently, the historic waveforms are unable to distinguish be-locations and a depth of 25 km the best fitting fault plane so-
tween normal and thrust faulting, but they require solutionslutions resulting from the waveform grid search (Figf).

with steeply dipping £ 45°) P or T axes roughly pointing  All of them represent a SW-NE striking normal fault with
west. This behavior is observed for all three locations the grideither a small dextral motion on a SE dipping fault plane
search was carried out for. (¢p =36°, § =62°/67°, . = —96°/—108) or a small sinis-

To resolve the question of whether normal faulting or tral motion on a NW dipping fault planep(= 240°, § =
thrust faulting is more appropriate, we collected 42 first- 22°/25°, » = —60°/ — 72°). The seismic momendy of
motion polarities marked as “impulsive” from the ISS bul- the these solution ranges between 4.22 af@ ¥ 10'° Nm.
letin (Villasefior et al. 1997, and carried out a focal mech- The mean moment magnitude fra#, is 7.1. According to
anism search using the HASH method as described byVells and Coppersmitfil994) this corresponds to a rupture
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Misfit vs orientation of P—axis, COpa22, 25 km Misfit vs orientation of T—axis, COpa22, 25 km
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Figure 12. Smallest misfit achievable for fault plane solutions with (I¢ftpxes or (right)T” axes piercing the focal sphere at a given bin.
Source depth is 25 km. Location G@omninakis and Papazach@d®86 was used for the waveform grid search. Focal sphere is mapped on

the horizontal plane using a Lambert—Schmidt projection as commonly done when plotting beach balls. North is directed upwards and east
is directed to the right. Color scale is truncated at a waveform misfit of 6.

Event: amorgos_1, Depth: 25.00, Quality: D

Figure 14. Best fitting fault plane solutions for a source depth of
25 km for the three locations by (leffomninakis and Papazachos
(1986, (middle) Makropoulos et al(1989 and (right)Okal et al.
(2009.

areaARg of about 900 krf and an average displacemeénbpf
about 1.0 m. Our estimate of moment magnitude is smaller
than the magnitude values given by other authors (Table
One possible reason could be a directivity effect caused by
the very small azimuthal coverage provided by the few us-
able historic traces.

Among the two possible fault planes, we prefer the dextral
SE dipping normal fault mechanism, as all three hypocen-
ter determinations located the earthquake along the north-
ern shoulder of the Santorini-Amorgos graben. This is in
Figure 13. Compatible fault plane solutions obtained with the agreement with seismic reflection profiles showing a SE dip-
HASH method for first-motion pOlarities of the first AmOngS event p|ng normal fault along the northern graben shoulder as well
taken frgm'the ISS pL_JIIetin. Blue ar_ld turquo_ise dots WiFh station as with neotectonic investigations identifying a NW-SE ori-
names indicate positive and. negative polarity, reSpeCt'.Vely' Redynted tensional stress field and a coseismic uplift of the south
squares “.“ark. the piercing points of theaxes an_d green triangles coast of Amorgos of 0.30 mP@padopoulos and Pavlides
indicate piercing points o_f th& axes. The nodal lines represent the 1992 Stiros et al, 1994 .The fault plane solution shown is
average fault plane solution calculated by HASH. _ " s ) .

also in good agreement with previous focal mechanism de-
terminations ofShirokova(1972 andOkal et al.(2009, and
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Figure 15. Multiple filter technique time—frequency spectra computed for vertical component data of the shallow 2004 western Crete (left)
and intermediate-depth 2002 Milos event (right) recorded at station MOX of the German Regional Seismic Network (GRSN). In each
subfigure, the top panel shows the data trace, the central panel displays the time—frequency spectrum and the bottom panel shows th
amplitude spectrum of the trace.
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Figure 16. Left: multiple filter technique (MFT) time—frequency spectrum for the second Amorgos event computed from vertical component
data of historic station GTT. Right: for comparison, MFT time—frequency spectrum for a modern intermediate-depth event near the island
of Milos computed from vertical component data of station MOX of the German Regional Seismic Network (GRSN). In each subfigure, the
top panel shows the data trace, the central panel displays the time—frequency spectrum and the bottom panel shows the amplitude spectrut
of the trace.

the local stress field obtained from studies of recent seismic2004 Drakatos et al.1997 Papazachos and Nojet997

ity (Bohnhoff et al., 2006; Friederich et al., 201®kal etal.  Karagianni et al.2005 Karagianni and Papazachd@007,
(2009 found a similar focal mechanism, but at hypocen- Endrun et al.2008. The focal depth of the preferred solu-
tral depths of 46 km. This depth seems to be unlikely, as thaion of the present study at about 25 km seems to be more
Moho has been identified as being not deeper than 20—27 kirealistic and corresponds to the observed recent seismic ac-
in the central volcanic arc of the HSZ (e.®lakris, 1978 tivity of the graben regionBohnhoff et al, 2006 Bristle
Bohnhoff et al, 2001; Sodoudi et a].2006 2013 Tirel et al, 2012.
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6.2 Second event Event: amorgos_2, Depth:  B0.00, Quality: D

The analogue seismograms as well as their time—frequency
spectra exhibit a strong interference of surface wave coda
from the first event and body waves from the second event
in a time window of 17 min to 22 min after origin time. For
this reason, all attempts at matching synthetic waveforms to
the data failed. We are therefore also unable to provide an
estimate of the seismic moment. Still, the time—frequency
spectra (Fig.9) rather suggest a deep event because sur-
face waves are very weak compareditand S waves. We
want to corroborate this hypothesis in two ways: (1) a com-
parison of time—frequency spectra of modern shallow and
intermediate-depth events in the Aegean recorded by sta- ¥
tion Moxa (MOX) of the German Regional Seismic Net-
work which is very close to the historic station GTT, and
(2) a HASH fault plane solution search based on first-motion
polarities available from the ISS bulletivi(lasefior et al.
1997).

For the comparison of the time-frequency spectra, we se-
lected a shallow event near Western Crete with magnitude 6.1
and a N-S striking sinistral strike-slip mechanism which
occurred at a depth of 24km on 17 March 2004, and anFigure 17. Compatible fault plane solutions obtained with the
intermediate-depth earthquake which occurred close to th&/ASH method for first-motion polarities of the second Amorgos
island of Milos on 21 May 2002 at a depth of 84 km with mo- eyent taken_fro_m the IS_S'buIIetln. BIue_ and turqumse dots_W|th sta-
ment magnitude 6.0 and nearly identical sinistral NS Strik_tlon names indicate positive and negative polarity, respectively. Red

. . . . . quares mark the piercing points of tReaxes and green triangles
Ing Str'ke'S“p_meChamsm' Values of magthde' depth an ndicate piercing points of th& axes. The nodal lines represent the
fc_>ca| mechanism were taken from the Sywss Earthquake Ser‘,;“,erage fault plane solution calculated by HASH.
vice Moment Tensor Catalogu@&raunmiller et al, 2002.

Figure15shows time—frequency spectra calculated from ver-

tical component data of station MOX for the two events. tgken from the ISS bulletin\llasefior et al. 1997. Al-

For the shallow event, the MFT exhibits very low ampli- though P and 7 axes scatter over the focal sphere, the
tudeS of bodyWaVeS (relative to the surface wave amp"tudeslompatibie Soiutions (Flgl7) indicate a thrusting mech_

in the frequency band between 0.05 and 0.17 Hz. Beyongynism rather than a normal faulting or strike-slip mecha-
0.17 Hz the spectral amplitudes of body waves become comnpjsm which are characteristic of the shallow seismicity of
parable to the surface wave amplitudes. In contrast, for thgne Amorgos region. A thrusting mechanism is characteris-
intermediate-depth Milos event, ratios of body and surfacetic for intermediate-depth earthquakes occurring beneath the
wave amplitude are much higher in the same frequency bangyclades, which preferably show thrust faulting mechanisms

between 0.05 and 0.17 Hz. Figut® shows a comparison \ith steeply dipping’ axes Friederich et al.2014).
of the MFT spectrum for station MOX of the modern Milos

event and that of the second Amorgos event calculated from

the record at station GTT. In both spectra, body waves can bg Conclusions

well recognized beyond 0.05 Hz, while, similar to the 2002

Milos event, surface wave signals are very weak in comparRefined estimates of the hypocentral depth and focal mecha-

ison. Based on the very weak surface wave amplitudes imism of the large Amorgos twin earthquakes of 9 July 1956

the MFT of the GTT record (compared to the Milos event), (03:11 and 03:24 GMT) were obtained from historic seis-

we suggest that the second Amorgos event was even deeparograms by a grid search based on the matching of his-

than the 2002 Milos event, probably located in the Wadati—toric, digitized waveforms to corresponding synthetic seis-

Benioff Zone of the subducting Hellenic slab, which is lo- mograms. In total, 80 historic records of the two earthquakes

cated at 120-160 km depth beneath the Santorini-Amorgogvere collected either at European observatories or taken from

graben Knapmeyer 1999 Papazachos et aR00Q Meier the SISMOS databaséichelini et al, 2005. After scan-

et al, 2007, Brustlg 2012. ning the analogue recordings, the TESEO softw&iatbre
This hypothesis is corroborated by a HASH focal mecha-et al, 2005 was used to digitize the seismograms and to

nism analysisklardebeck and Shear@002, as already de- correct them for distortions. To obtain instrument responses,

scribed for the first event, based on 16 first-motion polaritiesinformation bulletins were searched for relevant parameters.
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Owing to variable recording quality and incomplete docu- Zagreb), Manfred Baer (former member of the Swiss Seismological
mentation of instrument parameters, seven recordings prove8ervice SED), loannis Baskoutas (National Observatory Athens
suitable for subsequent analysis of the first earthquake whilddOA), Josep Batllo (University of Lisbon, former member of the
four records could be used for analyzing the second eventEbre Observatory, Spain), Wolfgang Bristle (Landeserdbeben-
High surface wave amplitudes point to a shallow origin of d"?ﬂftb Bade';'V\g{rﬁ?mbEfg),v)Wzlf%ang I?_rlunk ((\é\;llecherAt’schet
- : o rdbebenwarte Géttingen e.V.), Andreas Tilgner (Georg Augus
the first earthquake while missing surface waves SnggesEniversity Gottingen), Petra Buchholz (University of Leipzig),

a deep hypocenter for the second event. These findings al"Forsten Dahm (German Research Centre for Geosciences GFZ,

confirmed by a ngeform matchlng grid SeafCh_f‘?r deljthformer member of University of Hamburg), Martin Hensch
and focal mechanism resulting in a SW-NE striking nor- (ynversity of Iceland, former member of University of Hamburg),
mal faulting mechanism for the first event at a depth of payline Galea (University of Malta), Klaus-G. Hinzen (University
about 25 5km. The focal mechanism is consistent with of Cologne), Manfred Joswig (University of Stuttgart), Wolfgang
both the location of the epicenter on the northern flank ofLenhardt (Zentralanstalt fir Meteorologie und Geodynamik, Aus-
the SantoriniFAmorgos graben, and a crustal thickness offia), Nurcan Meral Ozel (Kandilli Observatory), Wilfried Steinhoff
less than 27 km of the Aegean crust in the central HVA. The(Géttingen), Tuncay Taymaz (Istanbul Technical University),
seismic moment of the first event is estimated to be 4.2-Roland Verbeiren (former member of the Royal Observatory of

7.02x 10Y9Nm corresponding to a mean moment magnitudeBelgium)’ Pawel Wiejacz (University of Warzawa) and Rolf Schick

of 7.1, a mean slip on the fault of about 1 m and a mean rup{former member of University of Stuttgart).

ture aref’;lof about 900 k%‘nAIthpughthe Santorlnl—Amorgos Special Issue: “Rheology of the Earth — observations, labora-
_graben_ls currently Char_aCte”Z_ed _by sp_a_tlally and temporarfory experiments and numerical modelling from the micro- to the
ily varying clusters of microseismic activity confined to the 5cro-scale”

upper crust that are very likely related to fluid flow and Edited by: H. Thybo and W. Friederich
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