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Abstract This paper presents a joint analysis of instru-
mental and macroseismic data regarding the 19 Ju-
ly 2019, Greece M,5.1 earthquake occurred west of
Athens. This earthquake ruptured a blind, south-
dipping normal fault, 23 km WNW of the center of
Athens, while its relocated epicentre lies in close vicin-
ity to the one of the 1999 M,;6.0 earthquake. The
maximum macroseismic intensity of the 2019
mainshock reached IEMS98 =7.5. Scarce damage and
intensities up to 5—6 were reported in the epicentral area.
Higher intensities were observed at larger distances, 12—
15 km east and ESE of the epicentre, alongside the
banks of Kifissos River, likely related to ground motion
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amplification due to soft alluvial formations. Similar
selectivity of increased ground motions to the east of
the epicentre with respect to other azimuths, also ob-
served during the 1981 and 1999 earthquakes, supports
eastward rupture directivity of the 2019 mainshock, an
effect that is possibly common for the region’s fault
system. Damping of seismic effects was observed east
of Aegaleo Mountain, a structure suggested to impose a
stopping phase in the time histories of the 1999 and
2019 earthquakes (Fig. Al).
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1 Introduction

On 19 July 2019, 11:13 GMT (14:13 local time), a
strong, damaging earthquake with magnitude M,5.1
(Fig. 1) and 8 km depth (NKUA solution; Kapetanidis
et al. 2020) struck the broader area of Athens, causing
damage to its western suburbs. This moderate event
signalled a general alarm in the whole metropolitan area
with people rushing out of buildings, resulting in inter-
ruption of mobile communication for at least 2 h and
heavy traffic jams. The epicentre, associated with a
normal fault, was located 5 km north of Magoula (Fig.
Al), in the prefecture of Attica, a broader area delimited
by the coordinates 37.8-38.2° N, 23.4-24.1° E.

The mountainous area of Parnitha (Fig. Al) is a
relatively low strain-rate area of Central Greece (~ 30—
50 nanostrain/year). Strain-rates are dilatational and in-
crease from east towards west, while the extension

direction is in general NNE-SSW (Chousianitis et al.
2015). The northern part of Parnitha Mt. is bounded by a
series of north-dipping active fault segments, while the
southern part by south-dipping active faults, respective-
ly. The slip rates of active faults are less than 1 mm/year
(Ganas et al. 2005), and average earthquake recurrence
intervals are expected to be in the order of a few thou-
sands of years.

On 7 September 1999, the area east of the 2019
earthquake was activated with an M,6.0 event
(Papadimitriou et al. 2002), which resulted in 143 fatal-
ities and considerable damage estimated at €3 billion to
a large number of municipalities north, west and south
of Athens, as well as in the capital city itself. Damage
was particularly heavy in the western and north-western
suburbs of Athens, severely affecting a population of
approximately one million (Kouskouna and Malakatas
2000). This unexpected earthquake was the main cause

E X

39.2°N T Ba
N\ V2 o fiee \g Mw
| -t
N et <4.0
39.0°N e 3 . =
e - ¥ e <55
e LN gL,
® - i = / o L] ® <6.5
- 4 \__ A o ®
OFN ’. <7 5
o0 s/.
! - Depth (km)
\_ﬂz a 4 -
38.7°N Al S s - b e Depth (km) 0-5
'y o= ~ Y g (e é - 6‘\;
———_ & 1 1 e
SN A N < 0-200 = 5-10
38.5°N oo == U—a
R £ 1 g
e P / ) N = / B 23hegs . 5°E 23.6°€ 23.7°€ 3
s - 2k - &L e \36 2 ——:/ ~Z ;
= B~ S @ o<==_ ‘ﬂ/c/ S Ao
: I~ - =L | e
(.\ o o] > \ /-
38.2°N— < >
P = /( = b L
b () = Ja.gv - 38.2°N
o ) BEEE o o g
38.0°N-| = Athlens= e —\%" . v~/ .
— ° W
—_ >t 38, C = 381N
. 5 °.(e
.‘._’,:‘ T\ - j ™~ $
L ~ ° ‘\ ; & tieTT 38.0°N
1 \\ [=aud
~_ \
> , Nlg 3
‘L‘)’Source P éa\GﬂE}V AA‘,mat‘ion 3
W"’T Gar ig, H ;n-"'; "E\n' €5 Sources: Esri{GEBCO, NOAA, Natibnal Geographic,
Pl geontr butors, Es li”ngmir§SE & (1) ULy contributofs, Esr, Garmin, GEBJO, NOAA NGDC,
rg_{_,-—- - i oY | g aorﬁ 5 2010 0s B o
- : 3 ql o ) i 23.6% 2.7 238 23.8%
22.8°E 23.0°E 24.3°E

23.2°E 23.3°%E 23.5°E 23.7°E 23.8°E

24.0°E 24.2°E

Fig.1 Map of'the broader epicentral region showing focal mechanisms and epicentres of earthquakes with M > 4.0 after 1964 (solid circles).
Thin blue lines are active faults. Inset box indicates the study area (from Kassaras et al. 2020)
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Fig. 2 Map showing the relocated Mw5.1 mainshock of 19/07/
2019 (red star) and the aftershock sequence (solid circles coloured
according to depth,). Blue triangles indicate locations of temporary
seismic stations which were complementary used in this study.

for the update of the national seismic code to adopt 3
PGA zones instead of the previous 4 for the entire
country. Athens metropolitan area belongs to zones |

23.6°

Beachball displays the focal mechanism of the earthquake (NOA
solution). The M6.0 earthquake of 7/9/1999 is plotted with a
purple star. Cross-sections a-al-a2 and b1-b2 are shown on Fig. 3

(eastern part) and II (western part), with design acceler-
ation values 0f 0.16 g and 0.24 g for a 10% exceedance
in 50 years (EAK 2000, amendment of 2003).
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Fig.3 Cross sections of hypocentral locations along the profiles a
and b in Fig. 2. A south-dipping fault plane is inferred from the
geometry of the aftershock distribution (beachball indicates
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projection of focal mechanism solution of the mainshock). The
M6.0 earthquake of 7/9/1999 is projected with a purple star
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Despite the magnitude of the 2019 earthquake, the
macroseismic report, published by our team, on the
extent and magnitude of damage (Kouskouna et al.
2019) showed that post-seismic repairs to damaged
buildings in areas already affected by the 1999 earth-
quake, likely contributed to the damage extent during
the 2019 earthquake. In that macroseismic report, we
refer to the 2019 earthquake as the Magoula earthquake,
keeping in mind that Athens is the largest city affected
near the epicentre.

The first part of this work deals with the improve-
ment of hypocentral locations via nonlinear relocation.
Following, we present the collection and processing of
macroseismic data. Next, we discuss the analysis of
strong motion recordings of the mainshock provided
by the NOA (bbnet.gein.noa.gr) and ITSAK (www.
itsak.gr) networks (ITSAK 2019). Lastly, we combine
macroseismic, instrumental data and fault model, in
order to estimate ground motion parameters of engineer-
ing interest, that affect the macroseismic field towards a
better understanding of seismic risk in the broader met-
ropolitan area of Athens.

2 Data and methods
2.1 Relocation of mainshock and aftershock sequence

One question arising regards the source of the 2019
event and whether it (a) would comprise the western
segment of the Parnitha (Fili) normal fault that produced
the M,6.0 earthquake on 7 September 1999 (Fig. 1, Al
and 2; Pavlides et al. 1999, Papazachos et al. 2001,
Lekkas 2001, Ganas et al. 2001, 2004, Papadimitriou
et al. 2002, Atzori et al. 2008) or (b) if it is caused by
another active fault sub-parallel to the latter.

For the period 19 July 20196 September 2019, 154
aftershocks were relocated using phase data from
HUSN (Hellenic Unified Seismic Network) and a tem-
porary local network of six stations installed by NOA
and NKUA (Figs. 2 and 3). The nonlinear location
software NonLinLoc (NLL; Lomax et al. 2000) was
applied. NLL follows the probabilistic formulation of
nonlinear inverse problems (Tarantola and Valette
1982), yielding a probabilistic solution, much more
robust in the presence of outliers, thus avoiding location
uncertainties, typically derived from linearised earth-
quake location algorithms (Husen et al. 2003).
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Several velocity models, available from previous stud-
ies in the region, were tested in order to obtain the most
accurate hypocentral solutions (Tables Al, A2). The se-
lection was done after evaluation of the spatial uncer-
tainties for each event and additionally the travel time
residuals for each station (Table 1). The best results were
obtained using the velocity model of Zahradnik (2001) and
a Vp/Vg=1.78 ratio (Table Al). Overall, the hypocentral
solutions have low spatial errors, with an average horizon-
tal (ERH) and vertical error (ERZ) of 1.3 km and 1.5 km
respectively, and an average RMS=0.15 s (Fig. A2,
Table 2). The mainshock (July 19, 2019 11:13:15.95
UTC) was relocated at 38.1080° N-23.5327° E at a depth
of 10.7 km (+ 1.3 km, Table 1, Fig. 2). The largest after-
shock, occurred on the same day (19 July 2019, 12:11:54
UTC; M; noa =4.3) and was relocated at 38.1112° N—
23.5802° E at a depth of 6.28 km. One hundred fifty-four
aftershocks were finally relocated having (a) ERH less
than 2 km and ERZ <2.5 km, (b) RMS<0.7 s and (c)
azimuthal GAP < 250°, (Fig. 2, A2).

A cross section drawn in NNE-SSW direction indi-
cates that the mainshock occurred on a south-dipping
normal fault (Fig. 3, section al-a2). Most aftershocks
occurred up-dip of the hypocenter between 5 and
10 km depths. In addition, most aftershocks occurred
on the hanging-wall block either co-planar to the
mainshock or within 1-2 km distance from the fault
plane, indicating release of elastic strains close to the
main rupture. The hypocenter of the mainshock is
located at the deepest part of the rupture (see also
section bl-b2). The dip-angle of the activated fault
indicated by the alignment of aftershocks is ~52°
(measured in section al-a2), close to the value of the
one of the nodal planes determined by moment tensor
inversion of the mainshock by NOA, USGS, INGV and
AUTH (50-61°; Table 3). In general, the aftershocks
are distributed in an overall WNW-ESE orientation
and tend to form two clusters, one near the mainshock
and a smaller one to the southeast (Figs. 2, 3b). This
pattern agrees with the WNW-ESE orientation of the
nodal planes of the moment tensor solutions (Table 3).
Thus, we conclude that a WNW-ESE, south-dipping
normal fault seems to be the causative fault.

2.2 Macroseismic data collection, vulnerability
and intensity assignment

The transition from traditional questionnaire reports of
the community persons-in-charge for online
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Table 1 Earthquake hypocentral parameters and associated errors
determined for the mainshock. No number of stations used, DM
epicentral distance to the nearest station, GAP azimuthal gap, RMS

root mean square error of time residuals in sec, ERH horizontal
error in km, ERZ, vertical error in km

Time (UTC) Lon Lat Depth

No Dm Gap RMS ERH ERZ

190,719,111,315.95 23.533 38.108 10.6

75 7 38 0.69 0.9 1.3

questionnaires and citizen seismology is apparent within
two decades between the two major earthquakes west of
Athens (07 September 1999 M,,6.0 and 19 July 2019
M,,5.1). For the 1999 event, 266 intensity values,
assigned from traditional questionnaire reports, were
published in the monthly bulletin of GI-NOA, while
for the 2019 event, online intensity values and felt
testimonies were reported to EMSC (https://www.
seismicportal.eu/) and USGS, accompanied by
questionnaire responses from in situ observations.

With regard to the 2019 earthquake, macroseismic
information was collected through all possible practices
(Fig. 4): in situ damage observations and distribution of
questionnaires, damage inspections by engineers and on-
line reports. The Macroseismic Field Investigation Team
of the Department of Geology and Geoenvironment,
National and Kapodistrian University of Athens
(NKUA), distributed and collected the answers from 63
questionnaire felt reports based on EMS-98 and 48 dam-
age photos from a number of suburbs, villages and towns
near the epicentre, within a few hours after the earthquake
and in the following week. The Field Investigation Team
of the National Observatory of Athens (NOA) performed
a field survey for the identification of slope failure effects
at 8 sites. The Directorate General for Natural Disasters
Rehabilitation, Ministry of Infrastructure and Transport
(GDAEFK), conducted first- and second-order inspec-
tions to 4451 reported damaged buildings. Finally, 451
online testimonies and thumbnail were submitted to
EMSC.

Table 2 Results of the aftershock statistics in tabular form. RMS
is in s, location errors are in km, respectively

Metric RMS ERH ERZ
Average 0.17 13 1.5
Min 0.04 0.6 0.5
Max 0.69 1.9 2.4
Median 0.16 1.3 1.4
St. deviation 0.07 0.34 0.5

In downtown Athens, the walls of a couple of aban-
doned buildings partially collapsed, and failure of non-
structural elements was observed in a few others. In
Piraeus port, part of an old abandoned conveyor col-
lapsed. More damage was observed at the NW suburbs
of Athens, situated E and SE of the epicentre (Fig. 5). In
general, the earthquake caused structural damage to a
few, high vulnerability specific buildings and slight-to-
moderate damage, mainly to non-structural elements to
ordinary buildings.

Evidence of minor rock falls along the road network to
the SE of the epicentre was observed. No landslides were
triggered, and no bedrock scarp or outcropping fault
plane or surface breaks were observed, as expected due
to the moderate magnitude of the mainshock (Fig. 4).

2.3 Intensity data and analysis

The variety of available macroseismic information from
villages, towns, suburb municipalities, or urban munic-
ipal boroughs, requires an independent handling of each
dataset, in order to resolve final intensity assignment. At
a first glance, most information is reported from the
prefecture of Attica, with the intensities greater than 5
confined within this region. Three data sources, i.e.
EMSC, NKUA and GDAEFK were used and elaborated
(Kouskouna et al. 2019).

2.3.1 EMSC data

While macroseismic intensities have been traditionally
collected through online questionnaires, such as the
DYFI system (Wald et al. 2011), EMSC has been one
of the pioneers for citizen intensity felt reports through a
set of cartoons depicting the 12 levels of the EMS98
scale (Bossu et al. 2017). Contrary to online question-
naires where intensities are derived from answers to
different questions, values are user-assigned and are of
an integer value. Only intensities up to 10 are consid-
ered. They compare well with the USGS DYFI re-
sponses (despite a minor correction factor) and with
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Table3 Moment tensor solutions from various institutions determined for the 19 July 2019 mainshock. Numbers in columns strike/dip/rake
denote angular parameters (°) of nodal planes 1 and 2, respectively. Source: EMSC web pages

Institution Magnitude Depth (km) Latitude Longitude Moment tensor solution
(Mw)

Nodal plane 1 Nodal plane 2

Strike Dip Rake Strike Dip Rake
NOA 52 13 38.118 23.530 274 29 - 100 106 61 -84
GFZ 5.3 13 38.090 23.480 272 50 -107 119 43 - 68
INGV 52 16 37.950 23.600 250 56 =50 126 50 —133
OCA 53 8 38.150 23.510 270 45 - 122 132 53 - 62
AUTH 5.2 8 38.140 23.530 275 38 —101 109 53 - 81
UOA 53 10 38.120 23.520 300 31 =77 105 60 -98
USGS 53 16 38.124 23.509 275 29 -103 110 61 - 82

some manually derived macroseismic datasets (Bossu
et al. 2017). The number of collected felt reports of
intensity 7 and above is often limited immediately after
the earthquake occurrence, a phenomenon called the
“doughtnut effect” (Bossu et al. 2018), likely indicating
existence of damage. As a consequence, cartoon felt
reports can be essential to rapid situational awareness
(Bossu et al. 2020).

Reported quasi real-time information (76% within
the first hour following the earthquake occurrence)
provided 451 geocoded thumbnail intensity values

Fig. 4 Damage photographs at
Ano Liosia (top) and slope failure
at Aegaleo ring road (bottom)

@ Springer

ranging between 1 <Igysos <8, accompanied with
descriptive felt reports and comments (Bossu et al.
2018). Most responses came from Attica, with their
distribution presented in Fig. 5. With the exception of
a few dubious, extreme cases of thumbnail images
intensities that did not correspond to the textual de-
scription, i.e. 11 cases of I =1 and one case of [=8,
the majority of intensities derived from the textual
description in testimonies were found in agreement
or close to the corresponding intensities from thumb-
nail images. Twenty-nine percent of intensities (red
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Fig. 5 Map showing macroseismic data and damage distribution
due to the 19 July 2019 earthquake. Numbers represent assigned
intensity values: NKUA (blue), EMSC (black), EMSC adjusted

in Fig. 5) from pictorial description needed adjust-
ment up to one intensity degree, in order to better
correspond to the textual description of the earth-
quake. The intensities shown in black in Fig. 5 are
those with best fit between pictorial and textual de-
scription. Finally, seven cases were not taken into
account, as the reported coordinates did not corre-
spond to the locality noted in the text. The final
dataset of EMSC intensities ranges within 2 <
Igmsos <7 (Table 4).

2.3.2 NKUA data

The intensity dataset was enhanced with geocoded EMS98
intensities assigned from in situ collected questionnaire

LI

(red). Circles represent damaged (“red”, “yellow”, “green”) build-
ings distribution. The earthquake epicentre and causative fault
azimuth and dimensions are also depicted

reports, following the traditional macroseismic surveys
practice. In order to obtain azimuthal coverage of the
macroseismic field near the epicentral area and considering
that very few EMSC intensities were reported from the
vicinity and to the west of the epicentre, the field team
visited the villages and towns of this sparsely populated
mountainous area shortly after the earthquake, as well as a
number of urban suburbs in Athens metropolitan area. The
team distributed and collected answers from 63 question-
naires. Macroseismic information obtained was handled as
follows:

For the remote, secluded localities to the east, west

and south of the epicentre, the answers to question-
naires from several sites within them resulted in one
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Table 4 Number of macroseismic data from the various sources used in this study

EMSC Intensities NKUA Questionnaires GDAEFK Buildings inspections
Total Red Yellow Green

Thumbnail 451
Descriptive 451
Dubious 12
Not identified 7
Traditional questionnaires 63
Photographs 48
Total buildings inspections 1436 8 681 730
Undamaged 25
Not identified addresses 17

EMSO98 intensity value for each place, as insignifi-
cant discrepancies of up to half intensity degree
were noted.

—  For the questionnaires distributed in urban, densely
populated municipalities, the addresses were
geocoded, and one EMSO98 intensity value was
assigned for each one, similarly to the EMSC
practice.

— Damage photos were also geocoded and added to
the damaged buildings dataset described below, as
additional evidence.

The intensity values obtained from the actions during
the above-mentioned field work range within 4 <
IEMSQg <5-6 (Flg 5, Table 4)

2.3.3 GDAEFK data

Damage to buildings due to the 2019 earthquake was
observed in the densely populated central, western and
southern metropolitan Athens urban web. Although the
population has remained broadly unchanged since 1999,
the then damaged buildings have been retrofitted or
some new ones have been constructed in their replace-
ment, following the recent, more rigorous building code,
issued after the 1999 earthquake (EAK 2000,
amendment of 2003).

The initial and final safety inspections, according to
the GDAEFK (www.yas.gr/prodlist.asp) damage
categorisation, conducted by teams of engineers at 33
municipalities, reported that § buildings suffered heavy
structural damage (permanently unusable, “red”), 681
slight-to-moderate damage (temporarily unusable,

@ Springer

“yellow”), i.e. safe for use after interventions according
to the GDAEFK (www.yas.gr/prodlist.asp) damage
categorisation and 730 minor damage (usable,
“green”). All buildings were geocoded using their
addresses and QGIS software. In the few cases of
identical street names at different municipalities, the
coordinates were assigned manually using Google
Earth. For a total number of 1455 geocoded damaged
houses (Table A3), 25 were found undamaged by the
final inspections and 17 addresses were not identified
(Table 4). The general remark on damage due to the
2019 event is that the heavy or slight-to-moderately
damaged and the majority of slightly affected buildings
were observed in densely populated urban areas.

Following Kouskouna and Malakatas (2000), who
proposed a correlation between the 3 classes (“green”,
“yellow”, “red”) of buildings’ damage categorisation
practice applied in Greece and the 5 EMS98 damage
grades, we assessed EMS98 damage grades range for
each building (Fig. 6, Table A3). Specifically, buildings
with negligible to slight damage (grade 1, EMS98) are
characterised as “green”, those with moderate or sub-
stantial to heavy damage (grades 2-3, EMS98) as “yel-
low” and those with very heavy damage or destruction
(grades 4-5, EMSO98) as “red”.

2.3.4 Vulnerability assessment

In certain parts of the municipal boroughs that were
heavily damaged by the 1999 earthquake, some new
houses have been built. The remaining building stock
has not changed considerably since then, according to
the vulnerability results of the 2011 census (EL.STAT.,
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Sakellariou et al. 2019). At present, the building stock of
the broader area presents a heterogeneity: old, vulnera-
ble structures co-exist with new, earthquake-resistant
ones. The vast majority of the constructions affected
by the 2019 earthquake belongs to the first category
(Fig. 6).

All damaged buildings were classified (Table A3,
Fig. 6) according to the vulnerability assessment princi-
ples and vulnerability table proposed by EMS98
(Griinthal 1998). In situ damage inspection reports and
photographic material were exploited for assessing vul-
nerability with the aid of Google Street View applica-
tion, when necessary. In the damaged area, with urban
metropolitan characteristics, many damaged buildings
were of vulnerability class B-C and C, with probable
range at B and C-D and less probable range at A-B, D
and E.

The use of two probable classes, e.g. C-D, was
necessary due to uncertainties regarding the year of
construction, likely meaning that buildings have ex-
perienced an earthquake prior to 2019, thus leading
to higher vulnerability. For example, a building of
vulnerability class D that was struck by the 1999
earthquake, is considered as class C-D because some
of these buildings have not been adequately repaired,
retrofitted and maintained in order to withstand a
future earthquake, which, in this case, occurred
20 years later (Griinthal 1998). For the post-1999
earthquake buildings, built according to the most
recent code (EAK 2000, amendment of 2003), their
vulnerability assessment is straightforward.

Vulnerability assessment has been based on the 2011
building census according to the construction period,
height and construction material. From the analysis, it
is evident that the majority of damaged buildings falls
within classes C and D.

2.3.5 Intensity analysis

Due to irregular geographic pattern of the assigned
intensities in the entire prefecture of Attica and the
damaged buildings distribution to the east, south and
southeast of the epicentre, identification of any spatial
clustering was considered necessary. Geographical co-
ordinates of intensity sites and geocoded addresses of
damaged buildings allowed for their grouping within
grid cells, following the approach proposed by Wald
et al. (1999a, 2011), who subdivided uneven ZIP code
areas into regularly sized grids of a few kilometres and

Van Noten et al. (2017), who assessed intensity at
100 km? grid cells. For the studied earthquake, the dense
population distribution of Athens metropolitan allowed
the selection of grid cells size at 4.957 km?, each con-
taining more than 3 intensity values and/or at least 3
damaged buildings. With such a configuration, 33 grid
cells were considered (Fig. 7). The selection of grid cells
size is also justified by the 2011 census data (EL.STAT.)
on population density and number of buildings per
municipality area. For example, Peristeri, the most dam-
aged municipality, which covers 2.157 grid cells, has a
population of 146,743 and a total number of 28,162
buildings, according to EL.STAT. This means that in
this municipality, one grid cell contains 13,053 build-
ings (Fig. 7 left). Figure 7 (right) presents the density
distribution of Intensity Data Points (IDPs), as well as
the maximum intensity derived from EMSC and NKUA
reports at each cell.

Given that individual intensity values include a cer-
tain degree of inherent uncertainty, EMSC and NKUA
intensities were averaged per cell, according to the
EMS98 practice (Griinthal 1998; Van Noten et al.
2017), but only for those cells that contain IDPs and
had no damaged buildings. No significant effects are
expected due to such averaging, as IDPs values do not
exceed one EMS98 degree of difference in each cell.
Average intensity values were then rounded at the first
decimal number. For the cells with no IDPs and with
damaged buildings, EMS98 intensity was assigned by
expert judgement based on the percentage of “red”,
“yellow” and “green” buildings according to the
EMS98 practice (Griinthal 1998).

Intensity re-assignment by expert judgement was
also performed for those cells containing both aver-
aged intensity and damaged buildings. It is noted that
the above-mentioned averaged intensity values are
constrained by a certain level of subjectivity and
correspond, in some cases, to places with negligible
damage. In the cells with higher intensities (Fig. 8),
observed significant, structural damage prevails, in
comparison to the felt reports. However, in certain
cells, it was safer to rely on the available IDPs, than
to one or two houses with negligible damage.
Figure 8 shows the distribution of the final intensity
values assigned to all grid cells, with maximum
Igmsos =7.5. For their spatial distribution, the area-
based natural neighbour algorithm was applied, as it
better represents the macroseismic near field (Sakkas
et al. 2010).
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2.4 Ground motion pattern

Ground motion parameters of the mainshock were in-
vestigated using 3-D acceleration recordings at the per-
manent stations of NOA (https://accelnet.gein.noa.
gr/station-information) and EPPO-ITSAK (http://www.
itsak.gr/en/page/acc_network) located in the broader
epicentral area. Acceleration waveforms of 27 stations
(Fig. 9) were corrected for the instrument response,
using SAC2000 (Goldstein et al. 2003) and the Sakkas
and Sakellariou (2018) algorithm for baseline correction
and filtering. Several intensity measures (IMs) were
extracted (Table A4), each of which could relate to
structural damage and consequently affect the
macroseismic field.

As shown in Table A4 and Fig. 10, PGA ranges 3.5~
414 cm/s? in the horizontal component and 2.2-232 cm/
s? in the vertical. PGA and PGV values are similar
pattern of their distribution with distance. In the same
graphs, the mean (continuous lines) and mean + 1o
(dotted lines) of Danciu and Danciu and Tselentis
(2007) and Skarlatoudis et al. (2003) empirical predic-
tive relations of horizontal PGA and PGV values as a
function of epicentral distance are also plotted. These
lines were produced for site conditions stiff soil and
normal faulting type. Instrumental Modified Mercalli
Intensities (MMI) computed using the empirical formula
proposed by Tselentis and Danciu (2008) for Greece
vary between 0.3 and 8.2. However, the recordings at
the nearest station (ELFA, ~ 7 km) exhibit lower values
with respect to more remote stations. This pattern is
similar to the distribution of macroseismic intensities

:&:jntensitiesv -~ Piraeus
_-;4-: L‘Z

P,
Number of

Salamis Isl.
[ Saronic Gulf

0

(I-EMS98) which reveal lower values in the vicinity of
the epicentre (see ellipse in Fig. 10 bottom right). The
highest values of measured and inferred IMs are found
at distances > 15 km, at locations lying sub-parallel to
the strike of the seismogenic fault. The graphs depicting
the variation of the IMs with distance show significant
deviations from the recorded values for distances up to
20 km.

Given the multitude of the observations, we could
reasonably presume complex geology beneath the epi-
central area, leading to de-amplification of the seismic
wave. Moreover, IMs at station MDFB (PGA =414 cm/
s2, MMI = 8.2), appear to be the maximum, somehow
exaggerating the macroseismic intensity, found to be
slightly greater than 6, but at the same time located close
to maximum observed intensity 7.5 and intensity 7 (Fig.
8). This localised ground motion amplification could be
attributed to 2-D or 3-D effects due to the geological
structure. Further research should shed light on local site
effects that could likely be adverse in this region.

Lastly, predominant period of strong ground motion
at small epicentral distances (< 30 km) ranges ~0.1—
0.5 s (frequencies 2—-10 Hz), hazardous for low-and
middle-rise buildings, as is the majority of the exposed
assets of Athens metropolitan area.

Site effects were investigated by means of the
Horizontal-to-Vertical Spectral Ratio (HVSR)
(Nakamura 1989). For each station, site amplification
is approximated by the geometrical mean between hor-
izontal and vertical Fourier spectra of the mainshock
acceleration recordings. The method is based on the
assumption that the vertical ground motion is not

@ Springer


https://accelnet.gein.noa.gr/station--information
https://accelnet.gein.noa.gr/station--information
http://www.itsak.gr/en/page/acc_network
http://www.itsak.gr/en/page/acc_network

J Seismol

23.80°E

Cell Intensity Values

37.80°N
1

5 Intensity from Buildings Saronic Gulf
5 Intensity Averaged
S
0 5 10 15 km

Fig. 8 Final macroseismic intensity distribution of the Athens 19 July 2019 M,,5.1 earthquake based on the grid cells approach and natural

neighbour algorithm for their spatial distribution

amplified by the surficial layers. Therefore, the ratio of
the horizontal over the vertical component represents
the impedance between the uppermost layers and the
underlying bedrock. It is widely accepted that the fre-
quency of the HVSR peak correlates well with the
fundamental frequency of the surficial layers (e.g.
Nakamura 1989, 2000).

The HVSR method has been found to underestimate
at times the actual site amplification (e.g. Bard 1999).
However, several experimental studies reveal a satisfac-
tory correlation between the HVSR and the site ampli-
fication (e.g. Rodriguez and Midorikawa 2002). It is
worth noting that the HVSR method does not account
for the geometry of the subsurface geology or the

@ Springer

topography of the site (2D or 3D effects), towards which
a plethora of array measurements and validation through
geotechnical data is required (e.g. Kassaras et al. 2017).

HVSR curves were computed using the GEOPSY
software (SESAME 2004) which allows the implemen-
tation of several processing tools, i.e. filtering, smooth-
ing, windowing and quick visualisation of the results
through a user-friendly interface. The analysis was per-
formed over the frequency range of engineering interest
(0.5-20 Hz). The Fast Fourier Transform (FFT) was
calculated for each component of the data, and the
spectra were smoothed using a logarithmic window with
a smoothing factor of the order of 15-20 (Konno and
Ohmachi 1998). The procedure was applied to the
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Fig. 9 The accelerometric stations of NOA (https://accelnet.gein.
noa.gt/station-information) and EPPO-ITSAK (http://www.itsak.

whole waveform of the mainshock at each recording
accelerometric station.

The results of this analysis are shown in Fig. 11a and
are listed in Table A4 in terms of predominant frequency
(Fo), i.e. the frequency that exhibits the largest ampli-
tude, and the respective amplification ratio (Ag). Pre-
dominant frequencies range from 0.8 to 6.8 Hz and
amplification ratios range from 2.2 to 7.8. Figure 11a
presents the comparison between HVSR and Average
Horizontal Predominant Frequency (AHPF) measure-
ments for the mainshock, and Fig. 11b showcases
HVSR and AHPF measurements for 6 stations located
at epicentral distances < 25 km. The observed pattern of
high PGA values at PLFA and NSRM could be attrib-
uted to ground motion amplification. Interestingly, co-
herent predominant frequencies between HVSR and
AHFP at PLFA (Fig. 11a) could support a resonance
between ground motion and the soil, explaining thus the

gr/en/page/acc_network) used for the analysis of the strong ground
motion field of the 2019 mainshock

high PGA recordings of the mainshock at this station.
Low PGA values in ELFA likely imply for de-
amplification (ELFA) due to local soil conditions. High
amplification over a large period range (1-10 Hz) at
MDFB that recorded the highest PGAs throughout the
epicentral area, could likely be the result of a complex
geometry of the underlying structures or topography.
However, investigation of site or topographic effects is
beyond the purpose of this study and more data are
needed.

An important observation from the analysis of strong
motion recordings is that highest IMs are distributed SE
of'the epicentre, at azimuths between N100° and N150°,
sub-parallel to the strike of the causative fault (i.e.
N110°) (Fig. 11c, Table A4), likely implying for source
directivity effects.

Significant Duration (SD) has been proposed as an
IM that affects damage as a function of magnitude,
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Fig. 10 Graphs showing the distribution of instrumental IMs’
(PGA, PGV, MMI) and macroseismic intensities (I-EMS98) with
distance for the mainshock. (see Table A3 for the exact orientation
of L and T). The continuous and dashed lines in the upper figures
represent graphically the mean and + 1o empirical predictive

site-source distance, site parameters and near-source
effects, by increasing the seismic demand of a system
(Kempton and Stewart 2006). It is based on the
integral of square of the acceleration, i.e. accumula-
tion of seismic energy in the accelerograms, in terms
of 5-95% built up of the Arias intensity (Bommer
and Martinez-Pereira 1996). The azimuthal distribu-
tion of measured SD indicates that shorter SDs are
concentrated towards the SE (Fig. 12). Figure 13
shows the spatial distribution of PGA and its empir-
ical MMI derivative. Seismic energy is concentrated
to the SE of the epicentre of the mainshock, whereas
ground motions appear weak elsewhere.
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relations of horizontal PGA and PGV of Danciu and Danciu and
Tselentis (2007) and Skarlatoudis et al. (2003), respectively. In the
lower part the graphs depict the distribution of Macroseismic
Intensity with distance. The mean and + 1o relation of Papazachos
and Papaioannou (1997) are also shown

3 Results and discussion
3.1 Fault model

The close relation of the 2019 to the 1999 event is
apparent through their overlap observed in the spatial
distribution of their aftershocks (Fig. 14). The area
covered by the 2019 aftershocks (red dots) is consider-
ably smaller, indicating that the activated western fault
segment is smaller than the 1999 eastern one, in accor-
dance with moment magnitude difference. The 2019
aftershock distribution (154 events) is clustered around
the 2019 mainshock, and mostly towards the north and
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Fig. 11 a Synopsis of the HVSR measurements with respect to
the Average Horizontal Predominant Frequency (AHPF). b Com-
parisons between AHPF (blue bars) and HVSR (black solid lines)

updip. A smaller cluster formed a few km to the SE
of the mainshock. Moreover, our field survey did not
provide evidence of any surface breaks due to
this earthquake, meaning that the rupture did not reach
the surface. This finding is in accordance with
the estimated focal depth (10.6 km) from relocation.
We note that published fault maps for Parnitha region
(Lekkas 2001; Ganas et al. 2004, 2005; Deligiannakis
et al. 2018) do not report an active fault trace in the
surface projection of the seismic fault. It is therefore
concluded that the 2019 earthquake ruptured a south-
dipping, blind normal fault at the north-western edge of
Thriassion plane (Fig. 15), about 5 km to the north of
Magoula.

A uniform-slip fault model indicates that a rectangle
of 5-km length (+ 1 km) by 4 km width (+ 1 km) may fit
the size of the seismic source. The estimated size is
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measurements, to examine possible relation of ground motion to
soil resonance. ¢ Rose plot of epicentral distance for each station
and AHPF

10

based on a forward Okada-type dislocation modelling
assuming elastic half-space (Okada 1985) using the
relocated mainshock source parameters, the fault plane
solution and the Wells and Coppersmith (1994) empir-
ical relationship between fault-length and magnitude
and fault-width and magnitude, respectively. We put
forward two models, one with the hypocenter coincid-
ing with the slip-centroid (2019-1 in Fig. 15) and a
second model with the hypocenter at the middle of the
bottom-fault line as suggested by the relocated after-
shocks (at 10.6 km; Fig. 2, section al-a2). Regarding
the strike/dip of the fault plane, we adopted the values
from seismology (Table 1), therefore the orientation of
the source is ESE-WNW (N106°E) and the dip-angle is
61-52° towards south. The top-fault depth in the case of
the model 2019-1 is 9 +0.2 km, while for case 20192
is 7.2+0.2 km, respectively. The respective solutions
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Fig. 12 Azimuthal distribution of significant duration (5-95% of Arias Intensity)

are presented as surface projections of the two fault
models in Fig. 15.

This fault geometry and location inside the upper crust
of Parnitha resembles greatly the 1999 seismic source
geometry, as it was determined from inversion of geodet-
ic data (InSAR displacements; Kontoes et al. 2000,
Atzori et al. 2008). The strike/dip angles for the 1999
fault plane were determined to 116°/54° (Kontoes et al.
2000; main fault patch) and 110°/60° (Atzori et al. 2008)
respectively. Indeed, the two 2019 fault planes (20191
and 2019-2) do overlap with the 1999 modelled ruptures
(Fig. 15), mostly towards the western termination of it.
The westernmost slip patches of the 1999 rupture were
determined at a depth of 10 km (Atzori et al. 2008) which
is close to the top-fault estimates of this study (7-9 km;
also considering the ERZ of 1.3 km of the relocated
mainshock), while the two sets of ruptures partially over-
lap (Fig. 15). Therefore, it is suggested that the 2019
earthquake ruptured the Parnitha normal fault and it can
be considered as the western continuation of the 1999
event. The examination of the alternative locations of the
1999 fault plane provided by seismological data (e.g.
Louvari and Kiratzi 2001; Baumont et al. 2004) also tend
to support the hypothesis that the 2019 rupture was co-
planar to the 1999 one, however, the derived slip models
are sensitive to the location & depth of the 1999
mainshock which is still subjected to debate because of
the scarcity of near-field stations (at that time).

We note that the 2019 rupture is located inside the
area of the 1999 fault plane that experienced 5-20 cm of
afterslip in the period 1999-2001 (Atzori et al. 2008),
yet it recovered within a period of 20 years and ruptured
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again in 2019. We suggest this occurred because( a)
Coulomb stress transfer towards the west of the 1999
rupture (Atzori et al. 2008) that advanced time-towards-
failure of the western segment, (b) tectonic loading and
(c) shear zone interactions in the lower crust that can
lead to earthquake clustering along normal faults
(Cowie et al. 2013; Copley et al. 2018).

3.2 Macroseismic intensity distribution, strong motion
pattern and directivity effects

The macroseismic field shows an eclectic pattern ESE of
the epicentre, in perpendicular direction to the strike of
the inferred fault (Fig. 8). In the vicinity of the epicentre,
(D <10 km), intensities only up to 5.2 were reported,
with very few isolated cases of negligible damage.
However, structural damage and maximum intensity
Lax 7.5 was observed at larger distances between 12
and 15 km east and ESE of the epicentre, in consistency
with the instrumental IMs values distribution, which
also appear increased towards this direction. During
the 1999 M6.0 earthquake, intensity values 8 and 9 were
assigned at larger epicentral distances inside the Athens
basin, while intensities 7 were estimated near the
epicentre (Anastasiadis et al. 1999). The SE spatiotem-
poral propagation of the 19 July 2019 aftershock se-
quence was observed by Kapetanidis et al. (2020).
Increase of effects eastward was also observed during
the Ms6.7 earthquake on 24 February 1981 at the east-
ern Gulf of Corinth, which caused severe damage in its
broader epicentral area (Tilford et al. 1985). Its
isoseismal map (Fig. 16; Kouskouna et al. 2020)
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Fig. 13 Spatial distribution of
PGA (top-panel), PGV (middle-
panel) and MMI (bottom-panel)
for the 2019 mainshock. MMI
contours were computed by QGIS
tools
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Fig. 14 Relocated aftershock distributions of the 2019 and 1999 Athens earthquakes. Solid stars are mainshock epicentres

indicates elongation of isoseismals towards ~E-W di-
rection, in agreement with the strike of the causative
fault, while highest intensity values, of the order of VII
and VIII were concentrated to the east of the epicentre,
indicating that most of the energy was propagated to-
wards this direction. As stated by Tilford et al. (1985),
soil conditions also played significant role, as the
highest intensities were observed at sites located on soft
soils. Nonetheless, the pattern could be likely associated
with eastward source propagation.

Macroseismic intensities 6 and 7, as well as slope
failure effects were observed along the western Kifissos
riverbeds. This area, dominated by thick fluvial and
sedimentary formations, belongs to a major tectonic
zone that separates Western from Eastern Attica
(Lekkas 2001; Fig. Al). During the Athens 1999
Mw6.0 earthquake, structural damage was concentrated
to the east of the epicentre, and along Kifissos riverbeds
where intensity values reached IX. Figure 13 shows a
similar qualitative pattern for the 2019 earthquake. This
pattern has been explained as due to local topography
and soil effects (Gazetas et al. 2002). Moreover, signif-
icant duration of the 1999 mainshock was found to be
shorter towards the east of the mainshock (Table AS5), in
agreement with Papadimitriou et al. (2002) and
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Baumont et al. (2004) and likely the effect of an east-
ward propagation of the fault rupture.

4 Conclusions

The analysis of strong motion recordings of the
mainshock at 27 permanent stations of NOA and
EPPO-ITSAK indicated systematically larger excitations
to the SE of the epicentre, while site effects, observed by
HVSR analysis, were likely the cause for observed irreg-
ularities at both strong motion recordings and at damaged
buildings distribution. Maximum intensity 7.5 was ob-
served parallel to the fault strike. In general, higher inten-
sities were distributed in a direction perpendicular to the
fault strike, along the Kifissos river (Fig. 8 and Al). The
grid cell approach allowed an improved identification of
the macroseismic field pattern and correlation with strong
motion data. Damage due to near-field strong motion is
mainly related to the long-period wavefield. The peak
ground velocity (PGV) is one of the most important
parameters reflecting the intensity of near-field ground
motion, since it grasps the long-period wavefield with
respect to the PGA (e.g. Wald et al. 1999b).
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Fig. 15 Relief map showing surface projections of seismic fault
planes for the 2019 and 1999 Athens earthquakes. Yellow rectan-
gles represent the 2019 rupture planes; bright with hypocentre at
fault centre, dark with hypocentre and fault bottom edge. Green
and open rectangles indicate the Kontoes et al. (2000) and Atzori

arrive early at the recording stations (Baker 2007). Time
histories are affected by the Doppler effect with respect
to the orientation of the station, i.e. the energy of the
rupture radiation is stacked at the front end of the rup-
ture, while the time it takes for the energy to reach the
back end of the rupture is delayed. PI was found > 0.85
as an early arrival in recordings at stations located SE of
the epicentre, thus, the velocity histories of these sta-
tions are characterised by forward directivity. Signifi-
cant durations, measured as the time of 5-95% Arias
intensity build-up, were found shorter to the SE of the
epicentre, corresponding to high-amplitude accelera-
tion, while the large rise times on the other azimuths
correspond to low-amplitude waveforms. Therefore, it
is reasonable to presume a SE source propagation for the
19 July 2019 mainshock. Thereafter, radiation pattern
(i.e. largest S- and Love-wave amplitudes in the fault-

pnlane direction) and local soil corE’lditions which can
236 23.70°

0°

~| - NOA Faults
CJ FaultPlane

o

et al. (2008) rupture planes, respectively. The blue, hatched rect-
angles indicate the slip patches of Atzori et al. (2008). Beachballs
indicate moment tensor solutions for both events (compressional
quadrants are shaded)

affect seismic energy could play an additional role.

A cutoff of seismic energy occurs east of Aegaleo Mt.,
recognised as a feature that imposed a stopping phase in
the time histories of the 1999 (Papadimitriou et al. 2002)
and 2019 earthquakes. If this is the case, Aegaleo Mt. is
likely the shield of Athens metropolis from local seismic
sources from the west. Alternatively, large excitations
along the eastern foot of Aegaleo Mt. are possibly due to
site-effects emerged from the alluvial formations alongside
the banks of Kifissos River, where heaviest damage oc-
curred during the two events (e.g. Pomonis 2002;
Kouskouna et al. 2019). The site effects hypothesis is
supported by high intensities 6—7.5 and slope failure effects
along the western Kifissos riverbeds during the current
event, and by similar pattern of high intensities observed
during the 1981 Alkyonides and the 1999 Athens
earthquakes.
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Fig. 16 Intensity distribution and isoseismal lines. Left: 7th September 1999 Athens, Right: 24th February 1981 Alkyonides earthquakes

(Kouskouna et al. 2020)

The 2019 rupture is located inside an area at the
western part of the 1999 fault plane that experienced
5-20 cm of afterslip during the period 1999-2001.

Supplementary Information The online version contains sup-
plementary material available at https:/doi.org/10.1007/s10950-
021-09990-3.
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