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On 21 August 1962 an earthquake sequence set off near the city of Benevento, in Italy's southern Apennines.
Three earthquakes, the largest having M,, 6.1, struck virtually the same area in less than 40 min (at 18:09,
18:19 and 18:44 UTC, respectively). Several historical earthquakes hit this region, and its seismic hazard is ac-
cordingly among the highest countrywide. Although poorly understood in the past, the seismotectonics of this
region can be revealed by the 1962 sequence, being the only significant earthquake in the area for which modern
seismograms are available.
We determine location, magnitude, and nodal planes of the first event (18:09 UTC) of the sequence. The focal
mechanism exhibits dominant strike-slip rupture along a north-dipping, E-W striking plane or along a west-dip-
ping, N-S striking plane. Either of these solutions is significantly different from the kinematics of the typical large
earthquakes occurring along the crest of the Southern Apennines, such as the 23 November 1980 Irpinia earth-
quake (M,, 6.9), caused by predominant normal faulting along NW-SE-striking planes.
The epicentre of the 21 August 1962, 18:09 event is located immediately east of the chain axis, near one of the
three north-dipping, E-W striking oblique-slip sources thought to have caused one of the three main events of
the December 1456 sequence (I, XI MCS), the most destructive events in the southern Apennines known to date.
We maintain that the 21 August 1962, 18:09 earthquake occurred along the E-W striking fault system responsible
for the southernmost event of the 1456 sequence and for two smaller but instrumentally documented events that
occurred on 6 May 1971 (M,, 5.0) and 27 September 2012 (M,, 4.6), further suggesting that normal faulting is not
the dominant tectonic style in this portion of the Italian peninsula.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

1990-1992, 1997-1998, 2012, and 2016, to mention just the most re-
cent ones (Milano et al.,, 2006; ISIDe Working Group, 2016).

On 21 August 1962 at 15:56 (UTC) an earthquake sequence com-
menced approximately 20 km east of the city of Benevento, in the
southern Apennines (southern Italy). Three larger shocks occurred
within a 35 min timespan at 18:09, 18:19 and 18:44 (UTC). According
to Guidoboni et al. (2007), the second shock was the most destructive
event (I, IXMCS, M,, 6.1).

Seismic hazard in the Benevento region is particularly high (Gruppo
di Lavoro ZS9, 2004). Over its history, the city was repeatedly struck by
earthquakes that produced many causalities and severe damage (Figs. 1
and 2). Notable earthquakes occurred in 1456 (M,, 6.9), 1688 (M,, 7.0),
1702 (M, 6.5), 1732 (M,, 6.6), 1930 (M,, 6.6) (Guidoboni et al., 2007;
Rovida et al., 2011), and lower magnitude sequences occurred in
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The largest historical and instrumental earthquakes of the region oc-
curred within a relatively narrow corridor along the axis of the Apen-
nines chain (panel A in Fig. 1; Guidoboni et al., 2007; Rovida et al.,
2011). The moment tensor solutions of the largest recent events show
that the axial zone of the chain is characterized by normal faulting
with NE-SW oriented T axes (see panels B and Cin Fig. 1). The southern
Apennines would therefore appear to be dominated by extension per-
pendicular to the NW-SE trend of the chain, with a strike-slip regime
dominant in the Gargano Promontory (panels B and C in Fig. 1). Normal
faulting regime should include the Benevento region, where no damag-
ing earthquakes have been instrumentally recorded so far Fig. 1 and ref-
erences therein), although the focal mechanisms available for the area
do show some complexity (panels B and C in Fig. 1).

The 21 August 1962 earthquakes are thus key events to understand
the seismotectonic setting of this stretch of the Apennines. The epicen-
tral area of the 1962 sequence is located near Benevento, between the
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well-known NW-SE striking normal faults of the Apennines chain axis
and a roughly E-W striking, oblique-to-strike-slip fault system that
was postulated based on regional subsurface geology and historical seis-
micity (Fig. 2; DISS Working Group, 2015 and reference therein).
Previous instrumental analyses of this sequence were poorly
constrained due to the incompleteness of the instrumental datasets
available to these early workers. In particular, the seismogenic sources
responsible for the three main events of the 21 August 1962 sequence
are largely unknown. Despite the 1962 events being relatively recent,
no attempt has been made to attribute these earthquakes to specific
faults, in part due to the inherent difficulties in the investigation of a se-
quence of earthquakes of comparable magnitude that are tightly clus-
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tered in time and space. Complex earthquake sequences are rather com-
mon over the whole Italian territory, may have any kinematics (see
Table 4 in Vannoli et al., 2015a), and their investigation is especially
challenging. The identification of the faults responsible for the largest
shocks of the 1962 sequence is made even harder by (a) the lack of re-
ported surface faulting, (b) the geological complexity of the area, and
(c) the absence of reliable focal mechanisms.

Standard analyses that treat the spatial distribution of macroseismic
intensities (e.g. the Boxer code by Gasperini et al., 1999, 2010) have
been extensively and successfully used to support the characterization
of many Apennines earthquakes (e.g. Vannoli et al., 2015b). However,
these are of little use when dealing with complex sequences where
the damage areas of adjacent and quasi-contemporaneous multiple
earthquakes of comparable magnitude coalesce, thus making respective
effects indiscernible. We maintain that a detailed elaboration of the
available instrumental data and a geological perspective upon the re-
sults are the only means to identify the seismogenic sources of such
multiple earthquakes.

Earthquakes focal mechanisms are among the most valuable data to
assess the geometric and kinematics parameters of seismogenic faults,
along with location and magnitude estimates. Vannoli et al. (2015b) re-
cently derived the main source parameters of the M,, 5.8, 30 October
1930 Senigallia, central Italy earthquake by retrieving, processing and
analyzing a large number of historical seismograms collected, digitized,
and stored by SISMOS (http://sismos.ingv.it) for that event - and for
many more. These seismograms represent an invaluable source of infor-
mation for the seismotectonics analysis of key earthquakes of the 20th
century.

Building on that experience, in this paper we carried out a compre-
hensive review of the 1962 sequence in search of its causative faults,
with a detailed instrumental analysis of the first event. We calculated
new seismic parameters, including earthquake location, seismic mo-
ment, magnitude estimate, and focal mechanism.

The occurrence of three relatively strong shocks in close space and
time proximity caused the contamination of individual event signals
(see in Fig. 1 in supplementary information), so that estimating the
focal mechanism of the first mainshock with the method applied in
Vannoli et al. (2015b) and described in Bernardi et al. (2016) would re-
turn inaccurate results. Therefore, we calculated the focal mechanism
solution of the 18:09 shock with the first motion polarities recorded at
several European and worldwide stations.

2. Seismotectonic settings

The Southern Apennines chain is an east-verging fold-and-thrust
belt related to the west-dipping subduction of the Apulian lithosphere
(e.g. Doglioni et al., 1996). Both the Apennines subduction and the relat-
ed accretionary wedge and back-arc extension migrated eastward, in-
corporating sediments deposited over the Mesozoic passive
continental margin of the Adriatic plate and of the Ionian oceanic

Fig. 1. Panel A: Instrumental and historical earthquakes with (original or proxies)
magnitude M,y in Italy (Gasperini et al., 2013) which covers the period span from 1981
to 2014 and extended backward in time up to 1960 (unpublished report) by adding the
open file CAING of the then Istituto Nazionale Geofisica. The catalogue is then extended
backward in time up to 1005 adding earthquakes of CPTI (Rovida et al., 2011). Panel B:
Available focal mechanisms from (a) EMMA database (Vannucci and Gasperini, 2004,
and unpublished update); (b) Swiss Federal Institute of Technology in Zurich (ETHZ);
(c) Global CMT Catalog (GCMT); (d) INGV-Time Domain Moment Tensor (TDMT); (e)
INGV-Regional Centroid Moment Tensor (RCMT). Panel C: Focal mechanism sum, by
using Kostrov (1974) technique and hexagonal mesh with a 10 km side. For each cell
the tectonic style is represented with an RGB colour taken by the point of the Frohlich
(1992) ternary diagram, where the corresponding focal mechanism sum is plot. P and T
axes on horizontal planes are displayed. Dashed rectangle in all the panels shows the
area of Fig. 4. Earthquakes of 23 July 1930 (1), 6 May 1971 (2), 14 February 1981 (3), 3
May 1990 (4), 5 May 1990 (5), 18 March 1992 (6), 31 October 2002 (7), 1 November
2002 (8), 21 May 2005 (9), 27 September 2012 (10-12, at 1:08, 3:47 and 8:35 UTC,
respectively) and the sequence of 21 August 1962 (a, b, ¢, at: 18:09, 18:19, 18:44 UTC,
respectively) are indicated in A and B panels.


http://sismos.ingv.it

P. Vannoli et al. / Tectonophysics 691 (2016) 375-384 377

o 15°
a2° o
" Tectonic ©
Stress
y ey 8
o_ 0 [
g : =
- 2002 2002 <
Q ] Fig. 4

/

(D3

-41°

16° 50 km
@ [ e— e— |
@ @\
N\ o
Adriatic Sea
©
s 156¢
Barie
41°

Fig. 2. Seismotectonic sketch map of the Sannio-Irpinia area and surroundings. Individual and Composite seismogenic sources are shown as rectangles and ribbons, respectively (DISS
Working Group, 2015). The sources are shown with the colors of the Frohlich diagram (top right) according to their kinematics. The sources are considered responsible for the shown
earthquakes (white labels refer to the sources not supported by a focal mechanism, i.e. for earthquakes occurred before the instrumental era). The focal mechanisms of earthquakes
having M > 4.0 are shown according to the Frohlich diagram (see Fig. 1 for the IDs of the selected events). Historical earthquakes without a seismogenic source and/or a focal
mechanism are shown with black squares (Guidoboni et al., 2007). The external thrust and the main tectonic features of the southern Apennines are shown in grey (Bigi et al., 1989).
Notice 1) the lack of normal focal mechanisms along the backbone of the chain in the Benevento area (with the exception of the poorly constrained focal mechanism of the second
main shock of 1962 sequence); and 2) the lack of extensional sources between those responsible for the 1688 (north) and the 1980 earthquakes (south).

basin during the eastward roll-back of the subduction hinge
(Malinverno and Ryan, 1986). The roll-back at the front of the Southern
Apennines appears to have slowed down during the Late Pleistocene
due to the interference with the thick continental Apulian swell (see
Doglioni et al., 1996 and references therein). The Southern Apennines
chain has been subsequently uplifted and partially dropped by large
normal faults straddling its crest. In fact, the recent evolution of the
chain axis has been dominated by and extension orthogonal to the
NW-trending mountain belt. The Apennines have been the locus of sev-
eral destructive earthquakes with magnitude up to M 7 occurring in the
uppermost 12-15 km of the crust (e.g. the 23 November 1980, M,, 6.9;
Fig. 2). Much of this seismicity is due to a well-documented normal
faulting mechanism that can produce surface faulting, such as for the
23 November 1980 Irpinia (e.g. Westaway and Jackson, 1984), and the
13 January 1915 Fucino earthquakes (e.g. Michetti et al., 1996).

Large historical (e.g. December 1456, M,, 6.9; Guidoboni et al., 2007)
and recent instrumentally-recorded (5 May 1990, M,, 5.8; 31 October
2002, M, 5.7; 1 November 2002, M,, 5.7; Rovida et al., 2011) earth-
quakes have occurred in the Adriatic foreland, east of the southern Ap-
ennines chain (Fig. 2). The focal mechanisms of the 1990 and 2002
events are similar and show deep-seated strike-slip ruptures along E-
W striking planes (Fig. 2).

An earthquake having M,, 6.6 (I, XI MCS; Locati et al., 2011) took
place on 23 July 1930 in the eastern portion of the Sannio-Irpinia region,
WNW of the Vulture Mt. (Fig. 2). Detailed instrumental analyses suggest
that 1930 earthquake ruptured a WNW-ESE plane with a dip-slip mech-
anism having a significant right-lateral component (Pino et al., 2008; ID
1 in Figs. 1 and 2).

The 5-30 December 1456 seismic sequence is the largest destructive
sequence to have ever occurred in the southern Apennines, and is one of
the strongest sequence of the entire Italian seismic history. The excep-
tionally large size of its damage area, its magnitude and its intensity dis-
tribution cumulates the effects of multiple shocks. On the grounds of (a)

the time-and-space analysis of the earthquake sub-events, (b) the dam-
age scenario, unfit for NW-SE trending dip-slip causative sources, (c) in-
strumental evidence from adjoining strong earthquakes nearby, and (d)
the presence of deep-seated regional structures ca. E-W striking,
Fracassi and Valensise (2007) suggested that the 1456 multiple sub-
events were generated by oblique right-lateral reactivation of segments
of large, pre-existing E-W fault systems (Fig. 2; DISS Working Group,
2015).

Some instrumentally recorded seismic events occurred near Bene-
vento in the Sannio-Irpinia area (Figs. 1 and 2), and were all character-
ized by a more or less prevalent strike-slip component along ca. E-W
striking faults: (a) the 6 May 1971 Monteleone, M,, 5.0 (ID 2 in Figs. 1
and 2; Gasparini et al., 1982); (b) the 14 February 1981 Baiano, M,,
4.9 (ID 3; Locati et al., 2011); (c) the 3 May 1990, M,, 3.9 (ID 4;
Frepoli and Amato, 2000); (d) the 18 March 1992, M,, 4.1 (ID 6;
Frepoli and Amato, 2000); (e) the 21 May 2005 Irpinia, M, 3.5 (ID 9;
Li et al., 2007); and (f) the recent 27 September 2012 Benevento, M,,
4,6 earthquakes (ID 10; Adinolfi et al., 2015).

All these historical and instrumental seismic events unveiled the
presence of a fault system not fully understood up to now, that should
involve large segments of deep-seated, E-W strike-slip to oblique-slip
faults, with no (known) surface faulting. Several studies (DISS
Working Group, 2015 and reference therein) suggest that such faulting
belongs to inherited, pre-existing, shear zones with a long tectonic his-
tory, currently undergoing their most recent phase of right-lateral
reactivation.

3. Instrumental analysis

To study the first mainshock of the 21 August 1962 sequence we
used records from the database of the INGV - SISMOS project. The
SISMOS project, initiated in 2001 by Istituto Nazionale di Geofisica e
Vulcanologia (INGV) scientists, involves digitizing, archiving and
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distributing historical seismograms, station bulletins, log books, and re-
lated information retrieved from Italian and Euro-Mediterranean obser-
vatories, with data from as far back as 1895 (Michelini et al., 2005;
Ferrari and Pino, 2003; http://sismos.ingv.it). So far, SISMOS has re-
trieved and processed seismograms recorded by about a thousand
strong earthquakes occurred in the Euro-Mediterranean area since the
late 19th century.

The 1962 seismic sequence occurred in a peculiar period of the his-
tory of instrumental seismology. The early 1960s are considered a turn-
ing point in modern seismology, having witnessed the rise of two
standardized global networks: the World-Wide Standardized Seismo-
graph Network (WWSSN) by USA initiative (Peterson and Hutt, 2014),
and the Unified Seismic Observation System (ESSN) by the former USSR
(Shishkevish, 1974). Both networks were officially installed for global
seismology purposes, although both USA and USSR were interested in
the detection of underground nuclear explosions. In any case, the time
was ripe for modern seismology to get hold of accurately calibrated
and accurately timed standardized seismographs.

The installation of WWSSN stations started in October 1961 and was
completed in 1967. Out of 127 stations, 54 were installed before the
1962 earthquakes, only 11 of which in the Euro-Mediterranean area.
The ESSN consisted of 168 seismic stations, either already existing or
new ones. Short-period and long-period Kirnos system seismographs
(e.g. SKD, SK, SKM, Vegik) were the most widely used in the ESSN.
China, France, French-speaking countries in Africa, and Canada did not
participate in either network.

As regards seismology, the development of these networks meant
that, for the first time, the variation of waveform amplitude, shape,
and timing could be compared over a broad region - or the entire
Earth - to infer characteristics of the source and propagation medium
using quantitative seismology (Peterson and Hutt, 2014).

However, most of the Euro-Mediterranean seismological observato-
ries and stations continued to operate with the most diverse and hetero-
geneous instrumentation, often designed at the beginning of the 20th
century. In particular, these consisted of mechanical seismographs,
such as Wiechert and Mainka, or electromagnetic ones with galvano-
metric recording, such as Galitzin.

The use of seismograms recorded by the latter instruments is
constrained by difficulties arising from (1) static magnification,
which in general is significantly smaller than WWSSN seismographs
or modern digital broadband seismometers, causing smaller ampli-
tudes and less waveform details; (2) the irregular speed of the
seismograph's drum, which introduces phase distortions in the
seismograms; (3) fast motion of the seismograph recording system
(nib for mechanical seismographs, light beam for galvanometric
ones) that causes weak or absent traces on the recordings of stations
close to the epicenter; (4) the inaccurate synchronization of the sta-
tion clock used for reading arrival times; (5) the limited frequency
range response and short periods of seismographs (1-20 s and 10—
30 s for mechanical and electromagnetic instruments, respectively;
Bernardi et al., 2005); and (6) uncertain knowledge of the polarity
of the seismographs (direction of motion of the steady mass corre-
sponding to upward motion on the seismogram).

For the 21 August 1962 earthquakes, the SISMOS database supplied
245 high-resolution scans (300 components) of the seismograms re-
corded at 58 different stations by 40 different standard and non-stan-
dard instruments, both on smoked and photographic paper. The
magnification for the different types of seismographs ranges from 60
to 300 (30%) for mechanical recording, from 1000 to 3000 (Long Period
- LP -, 40%), and from 20,000 to 100,000 (Short Period - SP -, 10%) for
galvanometric recording.

To calculate the focal mechanism of the first main shock (18:09 UTC)
we analyzed the available 300 records; despite such large number, it
was possible to unambiguously recognize just 29 polarities. This is due
mainly to: (a) background noise that “covers” frequently weak ampli-
tudes of first motions; (b) low amplification of the mechanical

instruments; (c) the distance of many long period seismographs; and
(d) the first motion corresponding to the time-mark, often represented
by an interruption of the track.

In addition, one of the many critical issues in the use of historical
seismograms is the knowledge of the polarity of the seismographs
with mechanical and galvanometric recording system that operated in
the Euro-Mediterranean area. This information is not easy to find and
rarely appears in the seismological literature or seismic bulletins. Peri-
odical collections, on a global scale, of these and other information of in-
strumental parameters are not always reliable or they do not refer to the
same convention of polarity.

Therefore, when not indicated on the seismogram, one needs to
search for the instrumental polarity in the available literature, paying at-
tention to the convention used by the source of information. One of
these important sources for such data is Charlier and Van Gils (1953),
which, however, uses a convention different from that in use since the
introduction of WWSSN. In particular, the authors consider an upward
movement in the seismogram (+): the movement of the mass down-
ward, in the direction E and in the direction N. According to the conven-
tion in use, only the polarity of the vertical component indicated by
Charlier and Van Gils (1953) is coincident, while it is the opposite for
the horizontal components.

3.1. Location

A list of hypocentral coordinates for the 21 August 1962, 18:09
earthquake available in literature is reported in Table 1. The first instru-
mental location was published by Di Filippo and Peronaci (1963). As
remarked by Westaway (1987), their results were unreliable due to
the poor azimuthal distribution of the few regional stations used in
the location algorithm, covering mainly the NW quadrant, except for
one station to the SE (Ksara). A more robust location, based on a much
larger number of stations, was reported in the ISS bulletin (1967). In
the following years, the hypocentral coordinates were published in
other papers such as Carrozzo et al. (1973), and Westaway (1987). Fi-
nally, this earthquake was also included in the ISC-GEM Global Instru-
mental Earthquake Catalogue (Storchak et al., 2013), as the result of a
special effort to improve currently existing bulletin data of large global
earthquakes by means of modern location algorithms and Earth models.

Westaway (1987) remarked that not only the first location given by
Di Filippo and Peronaci (1963), but also those reported by the Interna-
tional Seismological Summary (ISS) are most likely biased by the un-
even distribution of stations. According to his study, such locations are
systematically mislocated to the north of the true epicentral area. In
order to avoid or at least reduce this problem, Westaway (1987) applied
a relative location technique of the 21 August 1962, 18:09 earthquake
with the epicenter of the 18:19 mainshock (i.e. the highest magnitude
among the 1962 events). This worker included in his calculations the
epicenter of the 1980 Irpinia earthquake too, considered more reliably
located because of the improved quality of the international seismolog-
ical networks in the meantime. Unlike most of the previous studies,
which locate the hypocentral depth of the 1962 earthquakes below
25 km, Westaway (1987) obtained a depth of only 8 km, based on
waveform analysis.

To locate the 21 August 1962 18:09 earthquake and estimate the as-
sociated 90% confidence ellipse, we used the fully nonlinear earthquake
location package NonLinLoc (NLL; Lomax, 2005) with an Equal-Differ-
ential Time (EDT) misfit function. We used data from the ISS bulletin,
compared and integrated with data from station bulletins (all data
available at http://sismos.ingv.it/en/index.php/bulletins) and literature
(e.g. Di Filippo and Peronaci, 1963).

The NLL code performs a probabilistic hypocentral location, quanti-
fied by a Probability Density Function (PDF) in a 3D space. The PDF is ob-
tained by means of an EDT formulation of the likelihood function,
containing the calculated and observed differences between two sta-
tions, summed over all observations pairs. We adopted the ak135
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Table 1

379

Locations, Magnitude and focal mechanisms of the first event (18:09 UTC) of the 1962 sequence from the literature. References in column “R” (1: Di Filippo and Peronaci, 1963; 2:
Costantinescu et al., 1966; 3: ISS, 1967; 4: Carrozzo et al., 1973; 5: Gasparini et al., 1982, 1985; 6: Bonasia et al., 1986; 7: Westaway, 1987; 8: Kiratzi and Papazachos, 1995; 9: Storchak
etal., 2013 (ISC-GEM); 10: Villasefior and Engdahl (2005; EHB); 11: International Seismological Centre (ISC) (2015). #St: Number of stations used for the location; w: M,,; s: Mg F: Fixed;
R(n): original value taken from authors indicated by the number in column R; —: not available data.

R Lat Lon Dep #St M Mo Strike Dip Rake Strike Dip Rake Beach ball
) *) (km) (dy * cm) 1 1 1 2 2 2
E24 @) @) @) @) @) @)
1 41171 15.116 495 13 - - 83 75 - 7 58.5 -
2 41.2 15.1 - 40 5.75 53 317 58 -35 67 59 —144
3 41.23 15.01 25 177 - - - - - - - - -
4 411 15.1 36 - - - - - - - - - -
5 (R3) (R3) (R3) - 5.7 45 298 81 155 32 65 10
6 (R3) (R3) - - 57s 6.2 (R5) (R5) (R5) (R5) (R5) (R5) (R5)
7 41.135 15.018 8F 66 5.2w 0.8 310 65 —130 193 46 —36
8 41.0 15.0 - - 56s 4.67
9 41.25 15.07 20F - - - - - - - - - -
10 41.178 14.993 20F 169 56s - - - - - - - -
11 41.248 15.070 20F 180 - - - - - - - - -

model (Kennett, 2005) for teleseismic phases, and a standard Italian
crustal model (Basili et al., 1984) for local phases. The NLL procedure
converges to the final solution (41.22°N, 15.01°E, and 9 km depth)
after five iterations, using 44 phases (out of 352; 25 P and 19 S) from
39 stations (out of the 179 available ones), with a maximum azimuthal
gap of ca. 90° (Fig. 3). Arrival phases were both automatically and man-
ually re-associated, and the outliers were deleted at each iteration.

However, the formulation of the EDT function (Lomax, 2005) is such
that the method is relatively unaffected by the presence of outliers.

3.2. Magnitude

Our dataset for this event consists of both low-gain analog and long-
period electromagnetic regional seismograms recorded by high gain
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and high quality WWSSN seismographs (Fig. 3). We thus determine
earthquake size from the well recorded surface waves.

The surface wave magnitude M, originally defined by Gutenberg
(1945) and later by Soloviev (1955), Karnik et al. (1962), and Vanék
et al. (1962), is proportional to the maximum ground velocity given
by the term (A/T)max:

Ms = <é> +1.66 « logA+Cp
T max

where A is ground displacement in micrometers and T is the corre-
sponding period in seconds, distance A is in degrees, and C, equals 3.3
(Karnik et al., 1962). Common current practice is to measure the maxi-
mum ground displacement at a reference periods Tyo = 20 s at
teleseismic distance. At local and regional distances (A < 20°) surface
waves are dominated by shorter period signals, and (A/T)max is signifi-
cantly larger than (A;,qx/T20). Therefore, measuring A at T>o leads to
systematic bias of M; for smaller events that are predominantly record-
ed at close-by stations.

As already mentioned above, our dataset consists only of waveforms
recorded at regional distance (Table 2). To avoid distance dependent Mg
values, we apply the method described by Bernardi et al. (2005). Such
method computes M,, from surface waves amplitudes for events re-
corded at regional distance.

We measure maximum surface wave amplitudes (one half of peak-
to-peak values) from digitized seismograms. We correct the amplitudes
to account for gain difference between true measurement period T,, and
reference period T, where

Ty = —399+641- In(A)

The reference period T, indicates the appropriate period at which
the amplitude should be measured with respect to the epicentral dis-
tance of the seismic station.

For digitized seismograms, the maximum amplitude A, is measured
at period T,, with gain V,, (see Bernardi et al., 2005). At period T, the
amplitude would be A, - (Va/V,,) (V4 is the gain at T, ). The true ground

Table 2

Seismograms used to compute M,,. For each used seismogram the table is giving: the sta-
tion code, the component (C), the type of instrument (P for mechanical, G for electromag-
netic), the station coordinates, the epicentral distance (A), the observed amplitude (Ax)
and the observed period (Ty), and the instrument parameters. For mechanical instruments
the static amplification (V,,), the free period (T,) and the damping constant (h) are report-
ed. For WWSSN long period seismometers (*) the maximal magnification V. and all pa-
rameters are available on Peterson and Hutt (2014).

Lat Lon Ay Tx

Station C Type (°) ) A(°) (mm) (sec) Vo To h
ATH N P 3797 2372 746 1.90 7.74  80.00 580 0.46
CLL E P 51.31 13.00 10.19 84 144  150.00 10.00 0.50
CLL N P 5131 13.00 10.19 4.9 129 150.00 10.00 0.50
GTT E P 51.55 9.96 1090 12.60 13.50 1920.00 1.47 0.40
GTT N P 51.55 9.96 10.90 8.50 12.00 2150.00 1.39 0.40
POT E P 5238 13.07 1125 22,70 3.60 250.00 8.00 043
RAC E P 50.08 18.19 9.14 30.60 3.00 104.00 6.00 0.40
RAC N P 50.08 18.19 9.14 2810 3.00 13400 6.00 0.40
SKO E P 4197 2144 488 2850 123 156.00 9.00 0.37
SKO N P 4197 2144 488 4210 127 180.00 9.00 0.37
STR E P 4858 7.77 897 1130 320 145.00 840 0.50
STR N P 4858 7.77 897 2670 3.60 145.00 840 0.49
VIE E P 4825 1636 7.10 2290 7.14 14000 880 0.39
VIE N P 4825 1636 7.10 2120 6.86 165.00 9.10 0.38
GTT E P 51.55 9.96 1090 1220 863 160.00 12.00 033
STR E P 4858 7.77 897 1140 3.60 750.00 1.80 0.50
corr E G 55.69 12.43 1458 77.50 21.0 1500.00

cor* N G 55.69 12.43 14.58 40.00 15.0 1500.00

NUR* N G 60.51 24.65 20.21 64.80 134  3000.00

NUR* E G 60.51 24.65 2021 93.00 14.8  3000.00

IST* E G 41.07 29.06 10.60 51.00 12.0 750.00

displacement at T is then Ay, + (Va/Vy) - (1/Va. The amplitude-M, rela-
tion for early instrumental earthquakes then becomes:

logM, = log (é—“’) —logTa +1.66 - logA +K

where K = 14.90 + 0.32 is calibrated for events occurred and re-
corded in the Euro-Mediterranean area, and where Aw is the vector
sum of the two horizontal components (Bernardi et al., 2005). For sta-
tions where only one horizontal component was available, we added
0.15 units to log M,, which assumes that the average maximum ampli-
tudes on both horizontal components are the same.

Table 2 shows all measured amplitudes Ay and periods T,, for each
seismograms used in this study, including the instrument constants
used to compute V,,. Responses of the electromagnetic instruments
are described in Galitzin (1914), Hagiwara (1958), and Willmore
(1979). Table 3 shows the M, values obtained for each station. The av-
erage magnitude for the event is M,, 5.5 + 0.4.

3.3. Focal mechanism

Several studies available in the literature proposed focal mechanism
solutions for the earthquake of 21 August 1962 at 18:09 considered in
our study (Table 1). A comprehensive review of the studies previously
carried out on both the focal mechanism of this earthquake and that
of the larger magnitude mainshock, occurred 10 min later, was pub-
lished by Westaway (1987).

As mentioned above, the first study on the location and focal mech-
anism of the two earthquakes (18:09 and 18:19) of the 1962 sequence
was published by Di Filippo and Peronaci (1963). For the focal mecha-
nism determination they adopted the graphical method introduced by
Byerly (1928, 1942), still popular at the time of their study, before the
introduction of computational methods. Because of a misinterpretation
of the Byerly's method, the solution obtained by these authors is biased
by the arbitrary constraint that the strike directions of the two possible
fault planes (and not the focal planes themselves) should be normal to
each other. In fact, once the first circle representing the intersection of
one fault plane was drawn on the stereographic anti-polar projection,
Di Filippo and Peronaci (1963) used to draw the second circle by merely
selecting its radius according to the observed polarities. In doing so,
though, they imposed that the centre of the second circle should be lo-
cated on the tangent to the first circle on the origin of the projection co-
ordinates. This kind of solution cannot be represented by two
orthogonal nodal planes, and is valid only when both planes are vertical
(plain strike-slip faulting). Moreover, the focal mechanism obtained by
Di Filippo and Peronaci (1963) shows only strike and dip of the two pos-
sible fault planes but lacks rake, either in value or in a plot to choose the
rake from (Table 1). The correct way of applying the Byerly's method
was clearly described by De Bremaecker (1956).

Table 3
M,y and M, values for each station. Only horizontal components are used. M,y = 2/3 log M,
- 6.03 (Hanks and Kanamori, 1979). “#Comp” is the number of components.

Station #Comp My, M, (N-m)
ATH 1 5.47 2.014e + 17
CLL 2 5.48 2.074e+16
GTT 2 5.88 8.359e 417
POT 1 5.07 4.930e+16
RAC 2 5.56 2.685e+17
SKO 2 6.45 5.829e+ 18
STR 2 5.29 1.065e +17
VIE 2 5.78 5.785e+17
GTT 1 5.27 1.011e+17
STR 1 5.44 1.818e +17
cop 2 4.94 3.233e+16
NUR 2 4.79 1.918e+16
IST 1 5.54 2.582e+17
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Table 4

Seismograms used to assess the focal mechanism of the first event (18:09 UTC) of the 1962 sequence. Identifier of the station (#), Source of the first Ground motion polarity (SoG), Station
international code (Station) and its latitude (Lat) and longitude (Lon), Instrument and its component (C), polarity of the first P arrival as recorded on the seismogram (SPol), instrument
polarity (IPol - i.e. direction of motion of the ground corresponding to the upward motion on the seismogram), first ground motion polarity (GPol) as result of the combination of SPol and
[Pol, IPolS source information for IPol. D, A and T are the station-hypocenter distance, the ray azimuth at source and ray take-off at the station respectively. Finally, the Fit column indicates
whether the GPol falls (y) or not (n) in the corresponding quadrant of the focal mechanism's beachball. SoG are: ASK = Annales Seismologiques de Ksara (1963 ), BSC = Boletin sismico
provisional de Cartuja (1962), BSM = Bulletin seismologique de Montreal (1962), DSB = Duhram Seismological Bulletin, ISC = from ISC online bulletin, TS = This study, and
W = Westaway (1987). IPolS are: reported by Charlier and Van Gils (1953, ChVG), standard convention assumed because of the importance of the station (ConvAss), known by the au-
thors experience or reported on other seismograms of the same instrument (Known), and reported on the seismogram (Seism).

# SoG Station Lat (°) Lon (°) Instrument C SPol 1Pol GPol IPolS D(°) A(°) T(°) Fit
1 TS ABE 57.167 —2.100 Milne-Shaw E + — w ConvAss 19.4 331 439 y
2 ISC ALE 82.503 —62.350 D 47.6 350 289 y
3 TS APA 67.569 33.405 Kirnos Z + + C Seism 28.2 15 352.70 n
4 ISC ATH 37.972 23.717 (WWSSN) D 74 113 58.2 y
5 ISC BAN 51.172 —115.558 D 78.1 331 19.8 y
6 TS BER 60.384 5.334 Willmore N + + N ConvAss 20.1 346 273.50 y
7 ISC BLO 39.172 —86.522 C 76.2 307 215 y
8 ISC BUL —20.143 28.613 (WWSSN) C 62.6 166 243 n
9 ISC CDU 30.660 104.011 D 69.7 67 22.6 y
10 ISC CHA 26.833 87.167 D 59.8 79 25.5 y
11 TS CLL 51.308 13.003 Benioff z + + C Seism 10.2 353 146.31 y
12 ISC CMP 45.268 25.038 D 83 58 58.1 n
13 ISC col 40.208 —8.412 D 17.7 274 51.1 n
14 TS copr 55.685 12.433 WWSSN N + + N Seism 14.6 354 206.03 y
15 TS copr 55.685 12.433 WWSSN z -+ -+ C Seism 14.6 354 206.03 y
16 BSC CRT 37.190 —3.596 C 149 260 55.8 y
17 TS DBN 52.102 5177 Galitzin E — + w ChVG 12.8 332 181.83 n
18 ISC DBQ 42.507 —90.683 C 72.8 312 21.5 y
19 ISC DUG 40.195 —112.813 (WWSSN) D 85.8 323 18.1 y
20 DSB DUR 54.768 —1.585 Wilson-Lamison D 17.4 327 51.1 y
21 ISC EBM 46.390 96.260 D 56.2 55 26.0 y
22 ISC FRU 42.833 74.617 D 434 67 149.9 y
23 ISC GRS 39.500 46.333 D 238 84 394 y
24 TS GTT 51.546 9.964 Wiechert N + — N Known 109 343 156.00 n
25 TS HLW 29.858 31.342 WWSSN N + + N Seism 17.4 125 51.1 y
26 TS HLW 29.858 31.342 WWSSN E — + w Seism 174 125 51.1 y
27 w IST 41.046 28.996 WWSSN 10.5 86 57.9 n
28 TS KEW 51.468 -0.313 Galitzin Z - + D ChVG 14.7 319 55.8 y
29 ISC KIM —28.752 24,780 D 70.6 171 1579 y
30 WY KON 59.649 9.598 WWSSN Z D Seism 18.7 351 439 n
31 TS KRA 50.056 19.940 Charina z + + C Seism 9.5 20 58.1 y
32 ASK KSA 33.823 35.890 C 18.1 107 439 n
33 ISC LAN 36.050 103.833 D 66.4 62 232 y
34 ISC LHA 29.637 91.037 (WWSSN) D 61.1 75 249 y
35 w MAL 36.728 —4411 WWSSN z C Seism 15.7 260 55.8 y
36 ISC MAT 36.543 138.207 (WWSSN) C 86.5 42 17.5 n
37 TS MES 38.199 15.555 Wiechert 80 Z + — D Known 3.1 172 583 y
38 ISC MHT 39.200 —96.581 (WWSSN) C 78.3 313 19.8 y
39 BSM MNT 45.503 —76.623 (Benioff) z D 62.9 308 243 n
40 TS MOS 55.738 37.625 Galitzin z + + C ConvAss 20.7 38 419 y
41 TS MOS 55.738 37.625 Galitzin z + + C ConvAss 20.7 38 419 y
42 ISC MRG 39.633 —79.954 C 68.3 304 226 y
43 ISC NDI 28.683 77.217 (WWSSN) D 514 83 27.8 y
44 TS NUR 60.509 24.649 WWSSN E + + E Seism 20.2 14 419 y
45 TS NUR 60.509 24.649 WWSSN N -+ + N Seism 20.2 14 419 y
46 TS NUR 60.509 24.649 WWSSN z + + C Seism 20.2 14 419 y
47 TS NUR 60.509 24.649 WWSSN E + + E Seism 20.2 14 419 y
48 TS NUR 60.509 24.649 WWSSN N -+ + N Seism 20.2 14 419 y
49 TS NUR 60.509 24.649 WWSSN z + + C Seism 20.2 14 419 y
50 TS PCN 45.050 9.667 Wiechert 1T N — + S ChVG 55 316 583 y
51 TS PCN 45.050 9.667 Wiechert 1T E - - E ChVG 5.5 316 58.3 y
52 ISC PNT 49317 —119.617 D 81.1 332 19.2 y
53 ISC PTO 41.139 —8.602 (WWSSN) C 17.7 278 51.1 y
54 w QUE 30.188 66.950 WWSSN N D Seism 429 88 30.1 y
55 TS PRU 49.988 14.542 Wood Anderson N — - N Seism 8.8 358 58.1 y
56 TS RAC 50.083 18.194 SD-57 E — — E ConvAss 9.1 13 58.1 y
57 TS RDP 41.758 13.717 Wiechert 80 z + — D Known 1.8 288 85.5 y
58 ISC REN 39.540 —119.813 C 89.4 327 16.9 n
59 TS ROM 41.903 12.513 Wiechert 1 T N + + N ChVG 2.0 291 60.1 y
60 ISC SCH 54.817 —66.783 C 53.1 315 27.2 y
61 ISC SHL 25.567 91.883 (WWSSN) D 64.0 78 23.8 y
62 ISC SIA 34.248 108.920 D 70.8 61 221 y
63 ISC SOD 67.371 26.629 D 26.9 10 33.8 y
64 TS STR 48.585 7.766 Wiechert 1T E — + W ChVG 9.0 328 58.1 n
65 ISC TIF 41.717 44.800 C 22.2 79 394 n
66 TS TOL 39.881 —4.049 WWSSN z + + C Seism 14.5 271 55.8 y
67 ISC YAK 62.031 129.681 D 64.2 28 23.8 y
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Some disagreements exist between the solutions reported in two
subsequent papers too. According to Gasparini et al. (1982, 1985), the
mechanism of the 18:09 event was a clear example of strike-slip faulting
with WNW-ESE or NE-SW striking planes. Westaway (1987) pointed
out that their solution contained numerous inconsistent polarities, and
was also inconsistent with most of the long period WWSSN data.
Westaway (1987) also identified predominant normal faulting with a
NW-SE striking plane, parallel to the trend of the Apennines, considered
as the dominant feature of the seismotectonics of the region.

In this study we integrated the first motion polarity dataset read on
the SISMOS seismograms with 30 polarities from the ISC online bulletin,
4 from Westaway (1987), and 4 from selected station bulletins, for a
total of 67 polarities from 58 different stations (Table 4; Fig. 3).
Westaway provides 7 polarities, although just 4 of them are comple-
mentary to those read on the seismograms. Our best solution for the
focal mechanism was obtained using the Esmed_glob unpublished
code, originally developed at INGV for local networks data and then
modified for teleseismic P arrivals in a spherical earth model.

Esmed_glob contains specific features that make it suitable for our
study, since this code accepts polarities observed on the horizontal com-
ponents, which can be weighted according to the clarity of the first
onset. The algorithm performs a systematic search of the optimal set
of focal parameters ¢ (strike), 6 (dip) and A (rake) in steps of 10°. The
search is then restricted within smaller ranges in steps of 3°, and finally
in steps of 1°. The optimal solution is automatically selected among all
the possible sets of focal mechanism parameters that achieve the mini-
mum number of inconsistent polarities. This is achieved by minimizing
a misfit function based on the angular distance with respect to the nodal
planes, i.e. Esmed_glob weights P-arrival observations by their theoreti-
cal amplitudes on the focal sphere. Finally, to assess the robustness of
the final solution, the code explores the range of all the three focal pa-
rameters, so as the minimum number of inconsistent polarities remains
the same.

The results for the focal mechanism for the 18:09 event are 278°, 60°,
—161° and 178°, 73°, —31°, for strike, dip, and rake of the two nodal
planes, respectively (as shown in Table 5 and Fig. 4). It is a predominant-
ly strike-slip mechanism, with a normal oblique component.

The reliability of our solution is supported by the good azimuth and
distance distribution of the data used in the focal mechanism determi-
nation (Figs. 3 and 4). Out of 67 polarities, 53 are consistent with the so-
lution; as for the remaining 14, 10 originate from Westaway (1987) and
other sources, and therefore cannot be verified. As mentioned above,
our algorithm includes a test for the robustness of the solution based
on the range of the values by which the three focal parameters can be
changed without increasing the number of inconsistent polarities. Due
to the fact that several stations happen to fall close to focal planes in
the lower hemisphere focal projection (Fig. 4), this test has shown a
range of variability of just & 1° for strike ¢ and of 4-2-3° for dip 6 and
rake A angles.

4. Discussion and conclusions

We characterized the source of the first shock of the 21 August 1962
(18:09 UTC) Irpinia sequence by obtaining well constrained parameters,
such as its hypocentral location, magnitude, seismic moment, and focal
mechanism (Fig. 4 and Table 5).
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Fig. 4. Epicentral locations of the 21 August 1962, 18:09 earthquake from the literature
and this study, with relevant error ellipses (if provided); focal mechanism from this
study. We maintain that the north dipping, E-W striking, strike-slip fault plane is the
most reliable plane.

We located this event with the NLL package obtaining the following
hypocenter: 41.22°N, 15.01°E, and 9 km depth. Our epicenter is located
between those by ISC (7 km to the SSW) and ISC-GEM and EHB (8 km to
the NE), and is also in good agreement with the “old” ISS location. The
error ellipse of our location partly overlaps those of ISC and ISC-GEM.
Concerning the depth, we cannot compare our calculated value with
the more recent results because they were fixed (see Table 1).

We computed magnitude and seismic moment (see Table 5) from
the well recorded surface waves of our SISMOS seismograms scans.
This raster dataset consists of low-gain analog and long-period electro-
magnetic regional seismograms recorded by high gain and high quality
WWSSN seismographs (Fig. 3).

We calculated the focal mechanism for the 18:09 event from the first
motion dataset read on the SISMOS seismograms integrated with those
from Westaway (1987), and with 30 polarities from the ISC online bul-
letin, for a total of 67 polarities from 58 different stations (Table 4; Fig.
3). The reliability of our solution is supported by the very good azimuth
and distance distribution of the data used to attain the focal mechanism.
The test for the robustness of the solution has shown a limited range of
variability of just 4- 1° for strike ¢, and of 4-2-3° for dip 6 and rake A. The
focal mechanism exhibits strike-slip motion with a normal oblique
component; nodal plane are north dipping, E-W striking, and west dip-
ping, N-S striking, respectively (Fig. 4; Table 5).

The 21 August 1962 18:09, M,, 5.5, event occurred beneath the axial
zone of the Apennine chain, and its causative fault roots at about 9 km.
Given its location, the kinematics of this shock is currently considered
rather unexpected. As a matter of fact, the strike-slip kinematics of the
first event of the 1962 sequence significantly differs from that typically
expected on the crest of the Apennines, characterized by almost purely

Table 5
Locations, magnitude, seismic moment, and focal mechanism of the 21 August 1962 18:09 UTC event from this study.
Lat Lon Depth My Mo Strike Dip Rake Strike Dip Rake
) ) (km) (dy * cm) 1 1 1 2 2 2
E24 @) ) ) @) ) )
41.22 15.01 9 55 4 04 7.02 278 60 —161 178 73 —31
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normal motion along NW-SE striking faults (e.g. 23 November 1980, M,,
6.9; Figs. 1 and 2).

The epicentre of the first event of the 21 August 1962 sequence is lo-
cated near the earliest and southernmost source out of the three respon-
sible for the destructive 1456 multiple earthquake (I XI MCS; Fig. 2).
The seismogenic source responsible for the southernmost 1456 event
falls onto a ca. E-W tectonic trend, previously identified through
macroseismic and geological analyses (Fracassi and Valensise, 2007),
characterized by right-lateral motion (Basili et al., 2008; DISS Working
Group, 2015).

The characteristics of the 21 August 1962, 18:09 source are nearly
coincident with those of the E-W right-lateral strike-slip faults respon-
sible for (a) the earliest earthquake of the 1456 sequence; (b) the 6
May 1971, My, 5.0, Monteleone earthquake; (c) the 18 March 1992,
M,, 4.1, earthquake; and (d) the 27 September 2012, M,, 4.6, Benevento
earthquake (see Fig. 2).

Therefore, our preferred fault plane for the mechanism of the first
event of the 21 August 1962 is the E-W striking one, as inferred from
the geological features of the region, and from neighbouring
seismogenic faults responsible for historical and instrumental events.

Our instrumental results confirm the existence in the Benevento
area of an E-W striking, north dipping seismogenic fault system with
right-lateral strike-slip kinematics. We do not know whether this fault
system is also responsible for the other two main events of the 21 Au-
gust 1962 sequence, since the parameters for the latter events are cur-
rently poorly constrained and in-depth studies are required. Hence,
the locations and the geometric and kinematics parameters of the
seismogenic sources responsible for the 1962 earthquakes are crucial
to evaluate the extents and the continuity of the E-W shear zones be-
neath the Southern Apennines chain axial zone.

We conclude that (a) the first event of the 1962 sequence was gen-
erated by an individual segment of the regional E-W fault system; (b)
the Sannio-Irpinia region is affected by a strike-slip fault system capable
of destructive events like the main shocks of the 1962 and 1456 seismic
sequences; and (c) strike-slip faulting participates in the tectonic defor-
mation beneath the axial zone of the southern Apennines.

For the first time, instrumental data of a significant earthquake (M,,
5.5) shed light on strike-slip faulting beneath the Southern Apennines,
suggesting that normal faulting is not the dominant tectonic style in
this portion of the Italian peninsula. We maintain that the detailed
study of the whole 1962 sequence will allow to explore the mechanisms
of fault interaction in the southern Apennines between the extensional
and transcurrent adjacent portions of the seismogenic layer.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tecto.2016.10.032.
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