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Waveform modeling of historical seismograms of the 1930 Irpinia
earthquake provides insight on “blind” faulting in Southern
Apennines (Italy)
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[1] The Southern Apennines chain is related to the west-dipping subduction of the
Apulian lithosphere. The strongest seismic events mostly occurred in correspondence of
the chain axis along normal NW—SE striking faults parallel to the chain axis. These
structures are related to mantle wedge upwelling beneath the chain. In the foreland,
faulting develops along E—W strike-slip to oblique-slip faults related to the roll-back

of the foreland. Similarly to other historical events in Southern Apennines, the

Iy = XI (MCS intensity scale) 23 July 1930 earthquake occurred between the chain

axis and the thrust front without surface faulting. This event produced more than

1400 casualties and extensive damage elongated approximately E-W. The analysis of the
historical waveforms provides the chance to study the fault geometry of this “anomalous”
event and allow us to clarify its geodynamic significance. Our results indicate that

the Mg = 6.6 1930 event nucleated at 14.6 + 3.06 km depth and ruptured a north dipping,
N100°E striking plane with an oblique motion. The fault propagated along the fault strike

32 km to the east at about 2 km/s. The eastern fault tip is located in proximity of the
Vulture volcano. The 1930 hypocenter, similarly to the 1990 (My = 5.8) Southern
Apennines event, is within the Mesozoic carbonates of the Apulian foredeep and the
rupture developed along a “blind” fault. The 1930 fault kinematics significantly differs
from that typical of large Southern Apennines earthquakes, which occur in a distinct
seismotectonic domain on late Pleistocene to Holocene outcropping faults.

These results stress the role played by pre-existing, “blind” faults in the Apennines

subduction setting.

Citation: Pino, N. A., B. Palombo, G. Ventura, B. Perniola, and G. Ferrari (2008), Waveform modeling of historical seismograms of
the 1930 Irpinia earthquake provides insight on “blind” faulting in Southern Apennines (Italy), J. Geophys. Res., 113, B05303,

doi:10.1029/2007JB005211.

1. Introduction

[2] In the Tyrrhenian Sea back-arc - Apennines chain
subduction system (Italy) seismicity mainly occurs in the
crust of the overriding plate at depth less than 15 km
(Figure 1a) [Chiarabba et al., 2005]. The events are related
to the upward and lateral pushing of the Tyrrhenian mantle
wedge above the subducting plate [Ventura et al., 2007,
and references therein]. In the NW-SE striking Southern
Apennines belt, where the strongest earthquakes of
Apennines occurred, the epicenters concentrate along the
chain axis. Available focal mechanisms suggest prevailing
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normal faulting along NW-SE striking structures [Frepoli
and Amato, 2000]. Moderate magnitude (My < 6) strike-
slip events locate east of the chain axis (Figure 1b) [Di
Luccio et al., 2005a, 2005b]. In Southern Apennines,
highly destructive earthquakes, e.g., the 1456, 1688,
1857, 1930, and 1980 events (X < I, < XI MCS;
Figure 1b), caused thousands of fatalities and only few of
these had surface faulting [Valensise and Pantosti, 2001a;
DISS Woking Group, 2006]. In this area, the seismic
potential is high: the recurrence time of events with M >
6.5 is between 60 and 140 years [Jenny et al., 2006].

[3] The Irpinia 1930 earthquake (M. = 6.7) [Gasperini et
al., 1999] produced more than 1400 casualties and no
surface faulting. On the basis of intensity [Gasperini et
al., 1999] and bulletin data [Kdrnik, 1969], the epicenter is
located between the chain axis and the foreland, about 15 km
east of the main seismogenic belt defined by both historical
and instrumental earthquakes (Figures 1b and 2). The
damage area is approximately elongated in E-W direction
[Gasperini et al., 1999]. In the picture of the Southern
Apennines seismotectonic setting, the location and the
elongation direction of the damage area are relatively
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Figure 1. (a) Schematic geodynamic picture of

16 E(°)

~ Outcropping thrust front of Southern Apennines
Buried front of Southern Apennines

* Epicenter of the 1930 earthquake

Italy and epicentral distribution of events occurred

between 1981 and 2002 (simplified and modified from Chiarabba et al. [2005] and Ventura et al

[2007]). (b) Structural map and focal mechanisms

(M, > 3.5) from Regional Centroid Moment Tensor

catalogue http://www.ingv.it/seismoglo/RCMT/) and Ventura et al. [2007] (and references therein).
Seismogenic sources of Mg > 5.5 historical earthquakes are from DISS Working Group [2006].

anomalous. For these reasons, the 1930 earthquake repre-
sents a key-event for (a) the characterization of the active
tectonic processes in the peculiar subduction setting of
Southern Apennines and (b) a better constrained evaluation
of the seismic hazard.

[4] The scarcity of instrumental seismicity in the epicen-
tral zone of the 1930 event prevents a precise definition of
the seismotectonic picture of this area (Figure 2) and forces

20

the analysis of the historical seismograms recorded by
mechanical and early electromagnetic instruments. As dem-
onstrated by other studies [e.g., Kanamori, 1988; Pino et
al., 2000; Baroux et al., 2003; Alvarado and Beck, 2006],
these seismograms, although hard to collect and analyze,
represent an invaluable source of information for the source
characterization of important past earthquakes.
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Figure 2. Geological sketch map of the Irpinia region of Southern Apennines. Geology is from Improta
et al. [2003], epicenter and fault of the 1930 earthquake are from this study, faults and directions of
extension are from Hippolyte et al. [1994], epicenters of historical earthquakes are from DISS Working
Group [2006], epicenters of 1981—-2002 instrumental earthquakes are from Ventura et al. [2007].

[5] In this paper, we study the 1930 Irpinia earthquake
source by using original records from European stations. We
apply modern analysis tools to obtain information on the
location, magnitude, focal mechanism, seismic moment,
directivity function, and slip distribution along the fault
strike. We analyze the results in light of the available
geological and seismological data, provide a seismotectonic
picture of this area of the Apennine subduction, and discuss
the geodynamic implications.

2. Geological Setting

[6] The Apennines chain is an east-verging thrust belt
related to the west-dipping subduction of the Apulian
lithosphere [Doglioni et al., 1996, 1999]. The subduction
system includes the Tyrrhenian back-arc basin to the west of

the chain and the Apulia foredeep to the east (Figure la).
The basin—thrust belt—foredeep-foreland system migrated
eastward from Late Tortonian to Lower—Middle Pleistocene
due to the rollback of the subducting slab [Malinverno and
Ryan, 1986; Patacca and Scandone, 1989; Patacca et al.,
1990]. The Apennines consists of two main segments: the
arc-shaped Northern Apennines and the NW-SE striking
Southern Apennines, which was affected by out-of-
sequence thrust-propagation processes (Figure la). In
Lower-Middle Pleistocene, WNW-ESE striking left-lateral
strike-slip faults dissected the Southern Apennines, includ-
ing the Mesozoic carbonates of the western platform and the
overlying accretionary wedge terrains [Cinque et al., 1993;
Monaco et al., 2001; Catalano et al., 2004]. These faults
moved in response to a NE-SW compression [Hippolyte et
al., 1994]. From Middle-Late Pleistocene up to now, the
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Figure 3. The great circle path to the stations where at
least one seismogram was digitized and analyzed.

axial zone of Southern Apennines underwent uplift and a
NE-SW extensional tectonics, which is responsible for
formation of NW—SE striking faults [Cingue et al., 1993;
Hippolyte et al., 1994]. This change in the stress regime in
Pleistocene times is believed to be related to a detachment of
the slab below the Southern Apennines [Hippolyte et al.,
1994; Ventura et al., 2007]. As indicated by borehole
breakouts analysis [Admato and Montone, 1997] and focal
mechanism of large earthquakes in Southern Apennines
(Mw up to 6.9) [Chiarabba et al., 2005], the NE-SW
extensional stress regime is still active.

[7] The Southern Apennine seismicity concentrates in the
uppermost 15—-20 km of the crust along the chain axis
(Figure la) [Chiarabba et al., 2005; Ventura et al., 2007].
Paleoseismological, historical [Valensise and Pantosti,
2001b], and slip data on faults affecting Holocene terrains
[Hippolyte et al., 1994] confirm the above reported seismo-
tectonic picture and reveal that the historical Apennine
seismicity also concentrates along the axial zone of the chain
(Figure 1b). To east, in the Apulian foreland, the seismic
activity is more widespread, deeper (up to 20—30 km depth),
and develops along WNW-ESE to WSW—ENE striking,
right-lateral strike-slip faults. These faults are related to the
larger hinge rollback rate of the Adriatic lithosphere to the
north, with respect to the Apulian lithosphere to the south
(Figure 1a) [Di Luccio et al., 2005b; Milano et al., 2005].
The seismogenic WNW—ESE striking structures which
affect the easternmost sectors of the Southern Apennines
chain at lat 41°.5, e.g., the fault responsible for the 1456
earthquake (Figure 1b) are interpreted as splays of the major
E-W striking faults of the Apulian foreland [Fracassi and
Valensise, 2007].

[8] The 1930 epicentral zone is located in the outer thrust
system of the Southern Apennines, in an area where the
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deposits of the thrust sheet—top clastic sequences [Upper-
Messinian—Early Pleistocene], the Miocene siliciclastic
flysch, the Tertiary sequence of the Lagonegro Basin, and
the vulcanites of the Vulture edifice diffusely outcrop
(Figure 2). This area is one of the most active seismic
zones of the Southern Apennines and large seismic events
occurred in historical and more recent times: earthquakes
occurred in 989, 1466, 1561, 1694, 1702, 1732, 1851, 1857,
1930, 1962, and 1980 [Galli et al., 2006]. The 1466, 1694
[I[p = X MCS], 1930 [Mw = 6.6] and 1980 [Mw = 6.9]
events are the largest ones. In this area, the now inactive
Apennine thrusts strike between WNW-ESE and NW-SE.
The outcropping normal faults, including that responsible
for the 1980 earthquake, strike NW-SE and affect the Late
Pleistocene to Holocene deposits. The available gravity
modeling [Improta et al., 2003] of this area of Southern
Apennines shows that the 1930 event epicentral zone over-
lies a synform-like structure characterized by an eastward
thickening of the Miocene flysch deposits.

3. Waveform Data and Instrument Responses

[9] We collected seismograms from the 1930 Irpinia
event in the frame of the EuroSeismos project [Ferrari
and Pino, 2003]. The project itself is aimed at the digital
preservation of recordings from earthquakes in the Euro-
Mediterranean area and relevant station bulletins. It saw
initially the participation of researchers from 15 countries,
soon extended to 29 and, by the end of 2005, has been
capable to put together about 25,000 historical seismograms
from a list of 611 earthquakes chosen by the participants.
More information can be found at http://storing.ingv.it/
es_web/index.htm.

[10] For the present study we gathered 96 seismograms
from 29 stations (Figure 3). Not all of the recordings are
suitable for waveform digitization and analysis because of
poor image quality, scarce information on the instrument
response, or too slow paper speed to distinguish distinct
oscillations. Sometimes the amplitude of first P wave
arrivals is too low to be useful. Also, due to amplitude
clipping, some waveforms are usable for source study from
analysis of first arrivals but not for magnitude estimate.
Overall, we digitized 28 seismograms from 15 stations. The
epicentral distances are comprised between 4.7° and 20°,
with a single station at 35°, while the azimuthal coverage is
about 190°, with most stations being in 40°, between N325°
and N5° (Table 1). The relative high density of stations in
central/northern Europe provides redundant coverage which
is particularly desirable to cross check possible errors in the
data, such as wrong component polarity and instrumental
constants.

[11] When possible, we recovered instrument response
parameters from the original station bulletins relative to the
time of the studied event, otherwise we used the instrument
constants reported for closest available time period. The
instrument characteristics of the stations used in the present
analysis are summarized in Table 2. The set of seismometers
consists of a few electromagnetic Galitzin and mostly of
different types of Wiechert, very common in Europe and
providing good quality recordings. In some cases, these
instruments have been operating for about a century, until a
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Table 1. Stations Used in the Present Study
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Station Latitude, deg Longitude, deg A, deg Azimuth, deg Backazimuth, deg
ATH 37.97 23.72 7.16 112.90 298.20
BER 60.38 5.33 20.31 345.57 157.71
cop 55.68 12.43 14.75 353.47 171.27
DBN 52.10 5.18 13.05 331.12 143.70
DUO 54.77 358.42 17.73 326.31 133.64
EBR 40.82 0.49 11.25 273.60 83.86
GTT 51.55 9.96 11.12 342.28 158.38
VI 61.20 311.87 42.61 320.20 88.16
JEN 50.95 11.58 10.22 346.42 163.70
LUN 55.70 13.19 14.71 355.15 173.51
MNH 48.15 15.60 7.08 1.30 181.46
SCO 70.48 338.05 35.06 339.23 127.08
TOL 39.88 355.51 14.82 271.76 79.14
ucc 50.80 4.36 12.37 325.56 137.64
UPP 59.86 17.63 18.86 3.54 185.30
VIE 48.25 16.36 7.21 5.33 186.04
ZAG 45.83 16.00 4.78 5.32 185.75

few years ago (e.g., Uppsala, up to 1998 [Bodvarsson,
1999]) or are still in use (e.g., Gottingen [Ritter, 2002]).

4. Source Analysis
4.1. Location

[12] The ISS (International Seismological Summary) bul-
letin reports 112 station arrival time observations (109 P
phase and 95 S phase) for the 23 July 1930 Irpinia
earthquake. We used these readings and located the hypo-
center of the 23 July 1930 Irpinia earthquake by means of
the computer program NonLinLoc (NLL) [Lomax, 2005].
The code performs a probabilistic location by using an
importance-sampling method based on an efficient global
cascading grid-search, to obtain an estimate of the posterior
probability density function (PDF) in 3D space. The cell
with highest probability is divided in eight cells and this
space is resampled. This procedure is repeated until a
termination criterion is reached. As a result, where the
probability is higher the sampling is denser. The PDF is
obtained by means of an equal differential-time formulation
of the likelihood function, containing the calculated and
observed differences between two stations, summed over
all the pairs of observations. This likelihood definition
makes the algorithm independent on any origin time esti-
mate, then the hypocenter location is reduced to a 3D
problem, increasing the robustness of the method. The
maximum likelihood point may be assumed as the “optimal”
location. In case of a single, well defined, maximum, this
represents a reliable estimate of the hypocenter. The proce-
dure is applied iteratively, with automated and manual
reassociation of the arrival phases and elimination of the
outliers. However, due to the definition of the PDF [Lomax,
2005], the method is not sensitive to the presence of
outliers. This feature makes NLL particularly suitable for
the location of historical earthquakes, usually displaying a
relatively large number of outliers, which in turn could
result from phase mis-identification and difficulties in
reading arrival times on analog, possibly smoked, paper
recordings, and from poor clock synchronization.

[13] We used P and S waves adopting the 1D akl135
model [Kennett et al., 1995] and a specific crustal model

[Basili et al., 1984] for traveltime computations of tele-
seismic and local observations, respectively. The predicted
times were assigned 1 s error in order to account for 3D
structural complexities. The search for the hypocentral
solution was performed over the region 30°N to 50°N in
latitude, 5°E to 25°E in longitude, down a depth of 700 km.
We used arrival time data from the ISS bulletin and applied
the procedure starting with 100 phases from 57 stations. By
iteratively reassociating the phases and removing all obser-
vations with residuals greater than 3 s, the final solution
(Figure 4 and Table 3) was obtained after 5 iterations, with
63 phases (38 P and 25 S) from 42 stations, with an
azimuthal gap of 66°. The zone of highest PDF is well
constrained in space, with a single maximum located
approximately in the center. The RMS associate to this
location along with the expectation hypocenter and the
68% confidence ellipsoid approximation to the PDF are
also reported in Table 3. The ellipsoid represents the
formal error of our hypocentral location, which gives an
uncertainty of £3.06 km in depth, +4.9 km in the NNE
direction and about 7.7 km in the ESE direction, at an
angle of 101°.

4.2. Magnitude

[14] For this earthquake, Karnik [1969] obtained a mag-
nitude Mg = 6.5, in accordance with the value Mg = 6
reported by Gutenberg and Richter [1954]. More recently, a
further instrumental estimate of Mg = 6.6 [Margottini et al.,
1993] and an equivalent moment magnitude M, = 6.7
[Gasperini et al., 1999] have been also published. By taking
advantage of the relatively high number of seismograms
collected for this study, not available before, we computed
the event magnitude on each suitable waveform. The
instrument parameters of Table 2 have been used to obtain
the ground displacement from the original seismograms. As
previously mentioned, not all the available waveforms could
be used for evaluating the magnitude. On the contrary, some
for which the magnitude was computed could not be used
for moment rate retrieval from first P wave arrivals.
Because of the multiple sources of error, mainly associated
with uncertainties in the instrumental parameters, we pre-
ferred to compute the magnitude on each waveform, sepa-
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Table 2. Characteristics of the Instruments Used in This Study®

PINO ET AL.: 1930 IRPINIA EARTHQUAKE

B05303

Instrument
Station  Component  (Mechanic) (Electromagnetic)’  Mass (kg) K Natural Period (s) Ty, T, (s)  Magnification 4; (mm)  Damping [ (mm)
ATH E Wiechert 1000 7.2 165 0.404
ATH N Wiechert 1000 9.2 75 0.404
ATH Z Wiechert 1300 4.0 140 0.307
ATH N Mainka 136 6.0 80 0.442
BER E Wiechert 1000 7.5 102 0.183
BER N Wiechert 1000 7.5 144 0.230
cop E Wiechert 1000 9.6 195 0.426
COP N Wiechert 1000 9.6 225 0.421
cop V4 Wiechert 1300 5.6 165 0.415
cop N Galitzin 105 12.60; 12.63 1000 125
cop zZ Galitzin 95 8.00; 11.55 1000 144
cop E Milne-Shaw 12.0 300 0.690
Ccop N Milne-Shaw 12.0 300 0.690
DBN E Bosch 25 18.0 20 0.404
DBN N Bosch 25 18.0 20 0.404
DBN E Galitzin 11 25.0; 25.0 1380 127
DBN Z Galitzin 175 12.0; 12.0 1380 6
DUO N Milne-Shaw 12.0 250 0.690
EBR E Mainka 157 7.8 110 0.280
EBR N Mainka 1500 14.8 200 0.400
GTT z Wiechert 1300 3.6 233 0.240
VI E Wiechert 1000 9.0 210 0.404
IVI N Wiechert 1000 8.9 180 0.378
VI z Wiechert 1300 4.7 190 0.330
JEN E Wiechert 1200 9.3 240 0.311
JEN N Wiechert 1200 9.2 235 0.391
JEN z Wiechert 1300 4.1 165 0.330
LUN E Wiechert 1000 11.9 197 0.515
LUN N Wiechert 1000 11.6 196 0.500
MNH E Wiechert 1200 8.9 198 0.491
MNH N Wiechert 1200 9.2 187 0.488
SCO E Galitzin 39 9.5, 10.12 1000 12
SCO z Galitzin 34 11.9; 11.92 1000 141
TOL NE Wiechert 1000 12.5 360 0.460
TOL NwW Wiechert 1000 12.5 250 0.460
TOL z Wiechert 1200 4.5 120 0.370
ucc E Wiechert 1000 10.1 167 0.347
ucc N Wiechert 1000 10.9 145 0.367
ucc V4 Wiechert 1300 4.8 151 0.306
ucc E Galitzin 40 24.5; 24.5 1030 123.8
ucc N Galitzin 42 24.5; 24.5 1030 124.7
ucc V4 Galitzin-Wilip 110 8.0; 11.5 106 6
UPP E Wiechert 1000 9.1 187 0.384
UPP N Wiechert 1000 9.1 188 0.355
VIE E Wiechert 1000 11.2 210 0.400
VIE z Wiechert 1200 3.0 200 0.400
ZAG NE Wiechert 80 5.1 15 0.520
ZAG NW Wiechert 80 43 17 0.540

“k is the galvanometer sensitivity factor; T} is the pendulum period; 7, is the galvanometer period; 4, is the mirror-paper distance; / is the pendulum
reduced length. For the Milne-Shaw only period, magnification, and damping are reported.

rately. We estimated Mg on 41 seismograms obtaining the
results displayed in Table 4. Assuming the mean value as
the magnitude of the 1930 event, we obtained Mg = 6.6.

4.3. Focal Mechanism

[15] Several authors have computed a focal mechanism
for the 1930 Irpinia event (Figure 5a and Table 5). In
particular, the first analysis was made by Martini and
Scarpa [1983] who inverted 11 first motion polarities from
European stations, obtaining a normal fault mechanism with
about NS tensional axis. Their solution displays a consid-
erable amount of strike slip component and nodal planes
striking at N54° and N280°. Successively, Jiménez [1991]
inverted horizontal waveforms of single station data from

JEN (Germany). She tested two different crustal models in
the source region, deriving different solutions: one almost
pure strike slip and the other, more stable, displaying a
normal fault with important strike slip component. More
recently, Emolo et al. [2004] used 8 polarities from Martini
and Scarpa [1983] data set and applied a couple of different
methods, obtaining two solutions only differing by 10° in
strike with roughly ESE-WNW striking planes. Based on
forward modeling of the intensity field, they eclaborate a
third solution displaying same planes strike but substantially
different dip, proposing the south dipping surface as the one
associate to the rupture. It should be noted that the latter
focal mechanism visibly does not satisfy the polarities of
Martini and Scarpa [1983]. We integrated the first motion
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Figure 4. NonLinLoc relocation result. The PDF is represented by the clouds of red points. The yellow
star indicates the maximum likelihood location. The location reported by Oddone [1930] (square), ISS
bulletin (diamond), and Karnik [1969] (circle) are also shown for comparison.

polarity data set with more readings from the collected
seismograms, gathering 18 P wave observations in addition
to 3 SH polarities from stations with naturally rotated
components. Our best solution for the focal mechanism
(Figures 5a and 5b) was obtained by using the FOCMEC
package [Snoke, 2002]. In Figure 5b the solution is dis-
played along with the P and SH wave polarities.

4.4. Moment Rate Functions: Seismic Moment
and Directivity Analysis

[16] We analyzed the available waveforms with the aim of
getting more information about the source in terms of
(1) seismic moment, (2) discrimination between the nodal
planes, (3) fault extension, and (4) rupture kinematics. We
attempted at the retrieval of the moment rate functions by
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Table 3. HypoCentral Location of the Irpinia 1930 Event

68% Confidence Ellipsoid

axis 1 axis 2 axis 3

Expect. Hypocenter

Maximum Likelihood Hypocenter

Lat, deg  Lon, deg  Depth, km Az, deg Dip,deg Len, km Az deg Dip,deg Len,km Az deg Dip, deg Len, km

41.07

Lat, deg Lon, deg Depth, km Rms, s

41.07

Time

Date

15.4

0.9 78 6.12 191 11.8 9.8 101

14.7

15.36

1.3

14.6

15.36

07/23/1930  00:08:39.5
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Table 4. Magnitude

Station Component Instrument Magnitude
ATH E Wiechert 6.09
ATH N Wiechert 5.98
ATH N Mainka 6.45
ATH Z Wiechert 6.36
BER E Wiechert 7.51
BER N Wiechert 7.38
Ccor E Wiechert 6.53
COopP N Wiechert 6.72
CcopP Z Wiechert 6.79
cop N Galitzin 6.36
Ccopr Z Galitzin 6.76
CcopP E Milne-Shaw 6.3
Ccopr N Milne-Shaw 6.87
DBN E Bosch 7.51
DBN N Bosch 7.09
DBN E Galitzin 7.21
DUO N Milne-Shaw 7.17
EBR E Mainka 6.27
EBR N Mainka 5.92
GTT Z Wiechert 6.87
VI E Wiechert 6.54
VI N Wiechert 6.69
VI Z Wiechert 6.59
JEN E Wiechert 6.73
JEN N Wiechert 6.62
JEN Z Wiechert 6.75
LEI E Wiechert 6.63
LEI N Wiechert 6.2
LUN E Wiechert 6.48
LUN N Wiechert 6.62
MNH E Wiechert 6.38
SCO E Galitzin 7.1
SCO Z Galitzin 6.42
TOL NE Wiechert 6.87
TOL NW Wiechert 6.64
TOL Z Wiechert 6.16
ucc Z Wiechert 6.79
ucc N Galitzin 6.03
UPP E Wiechert 6.64
UPP N Wiechert 6.85
ZAG NE Wiechert 6.2

inverting P waveforms for the apparent source time func-
tions (STFs). At this stage, we neglected the north compo-
nent at EBR because no useful P pulse could be
distinguished, due to the backazimuth.

[17] As previously remarked, the source geometry of the
1930 earthquake is very singular for this area and no other
event recordable at regional distances has occurred in the
same region area, with similar mechanism. As a conse-
quence, no empirical Green function exists for our analysis,
and then we computed synthetic seismograms. Waveforms
were obtained by using a method based on the generalized
ray theory [Helmberger, 1983] with 1-D models and
the focal mechanism derived above. We also included in
the computation P to S conversion at the Moho below the
recording site: at regional distances this phase may have
important effect, producing incorrect STF in the inversion
of horizontal components when not accounted for [Pino et
al., 2000].

[18] The Euro-Mediterranean area is known to be char-
acterized by strong lateral heterogeneity, in particular at
upper mantle depths which affect regional recordings. Then,
this approach is mostly effective when reliable structural
models are known for the available source-receiver paths.
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Figure 5. (a) Focal mechanism for the 1930 Irpina earthquake derived from the indicated references.
The solution derived in the present study corresponds to 280, 64, —123 and 155, 41, —41, for strike, dip,
and rake of the two nodal planes, respectively. (b) Focal mechanism derived in this study with indication
of first motion polarities. Continuous and dashed lines represent the P (right) and SH (left) wave nodal

B05303

planes, while circle and triangle mark emergent compression and dilatation, respectively.

However, Pino et al. [2000] demonstrated that similar STFs
result when either specific or global models (e.g., PREM)
are used in this region. It the same paper, by using recent
events with known source characteristics, they also devel-
oped a regional model for southern Italy to-central/northern
Europe paths, which proved to be very effective for STF P
waveform inversion and here we adopted this one for the
similar paths. For the western Mediterranean basin (TOL
and EBR) we used the model WMP2 obtained by Pino and
Helmberger [1997] from the waveform modeling of the
upper mantle triplications. No structural model is available
for the path to ATH; then, after several tests with different
models resulting in no significant differences, we adopted
for ATH the same model as the one used for the central
European stations.

[19] We computed the moment rate function by search-
ing for the linear combination of elementary seismograms
best approximating the recorded waveforms. This is ac-
complished by solving the overdetermined linear system
Gm = d in the least squares sense, with the constraint of
nonnegative solution. The elementary seismograms corre-
spond to the theoretical Green function computed for 1 s
triangular source and displaced by multiples of the half
duration. Because of the multiple sources of error associ-
ated with the seismogram digitization and the instrumental
responses, we preferred to invert separately the single
waveforms. The stations azimuths with respect to the
source location span more than 180° and this implies that
different duration could result, whichever the real rupture
plane. However, most stations are comprised in 40°,
between N325° and N5°, all located in central/northern
Europe. On this base, we first inverted the seismograms
relative to these stations, searching for stable STFs show-

ing significant similarities. In order to avoid the effect of
the long period PL waves, mainly composed of crustal
reverberation, we started from larger epicentral distances.

[20] The moment rate functions resulting for the wave-
forms from stations in central/northern Europe are displayed
in Figure 6a. All the STFs have very similar shape, includ-
ing the ones for the closer stations, with the stable presence
of a well defined secondary maximum at the end. The
durations are between 16.5 s and 20.5 s, and the seismic
moment in the range 1.32 x 10'*-1.69 x 10*° Nm, with
80% comprised between 3.5 x 10'"® Nmand 3.9 x 10" Nm.
In addition, we notice that the two highest values are relative
to the east component of stations located approximately due
north (LUN, MNH)), i.e., almost transversal component; the
lower signal-to-noise ratio, possible imprecise orientation of
the horizontal components, and local structural heterogene-
ities might be affecting these results.

[21] As next step, we considered the remaining stations
(TOL, EBR to the west; ATH to the east), looking for STFs
with similar shape but allowing for variation in the apparent
rupture time. The results are shown in Figure 6b. Different
source duration is displayed at TOL, EBR, and ATH with

Table 5. Source Mechanisms for the Irpinia 1930 Event

Reference Strike, deg Dip, deg Rake, deg

Martini and Scarpa [1983] 280 55 —60
Jiménez [1991] A 348 69 5

Jiménez [1991] B 343 38 —43
Emolo et al. [2004] 1 290 60 -90
Emolo et al. [2004] 2 280 60 -90
Emolo et al. [2004] 3 290 35 -90
This study 280 64 —123
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Figure 6. (a) Source time functions resulting for the 1930 Irpinia earthquake at the stations located

approximately to the north, along with the comparison between data and synthetics. The numbers on top
of each seismogram indicate station azimuth and distance. (b) Same as Figure 6a for the stations to the
west and east.
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respect to station to the north, with about 22 s to the west
and 11 s to the east, with My in a comparable range. The
overall variability of the seismic moment for the closer
stations is probably due to the structural model approxima-
tion and the effect of PL waves. As a matter of fact, the
largest scatter results at shorter distances. In particular, M
relative to stations located at less than 12° are distributed in
an approximately double range than the ones beyond 12°.

[22] By dropping the results for the east component of the
stations located almost due north (LUN, MNH, VIE), we
assumed the average value as a good estimate of the seismic
moment getting 1.16 (£0.43) x 10'® Nm, corresponding to
My = 6.64. This results is in very good agreement with the
computed Mg (Table 4), but also very similar to what
obtained by Gasperini et al. [1999] from the analysis of
the felt reports.

[23] As for the apparent durations of the resulting STFs, a
clear decrease from west to east is displayed. This pattern
could derive from a rupture along an approximately E-W
striking plane, with mostly unilateral rupture propagation
toward east. If true, this would candidate the north dipping
plane (strike N280°) of the focal mechanism as the one
associated to the fault. We tested this hypothesis by invert-
ing the deduced durations for fault parameters. We adopted
a simple Haskell [1964] unilateral rupture of length L, with
constant velocity v,. Then, the apparent duration is given by:

t=L(1/v, — cosb,/c) (1)

where c is the velocity of the considered waves and 6, the
station azimuth relative to the rupture direction. In principle,
the rupture does not have to be parallel to the fault strike.
The inversion scheme is again a least squares approach
where, by keeping 6, fixed, we searched for the best line
with slope 1/L and intercept —1/, approximating the data.
The whole azimuth space was then spanned by 10°
increments. In Figure 7a the variance is displayed as a
function of the azimuth. N100°E is the angle giving the
smallest value, with a very well defined minimum. This is
exactly corresponding to the strike of one of the nodal
planes of the focal mechanism obtained above. The best
rupture length and velocity (Figure 7b) resulting for this
azimuth are 32 km and 2 km/s, respectively.

[24] We also checked our results looking at the SH phases
at EBR, where well developed SH components are ob-
served. Besides, with a backazimuth of about 84°, the
horizontal component at this station are almost naturally
rotated. First, we derived the apparent source duration for §
waves predicted by equation (1) for our preferred L, v,, and
fault strike; then, we computed synthetic waveforms for the
stations with naturally rotated components. The comparison
between predicted and recorded seismograms is shown in
Figure 7c. The similarity of the waveforms corroborates the
results for P waves obtained above, with longer apparent
source duration observed to the west. In particular, the
transversal component at EBR are well reproduced by
the duration of 26 s predicted for a unilateral propagation
of the rupture in direction approximately E—W, for a
horizontal length of 32 km.

[25] In equation (1) the fracture must not necessarily
propagate along the fault strike direction. In principle, L
and v, can be referred to the horizontal projection of the
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rupture length and velocity, respectively. On this basis, our
results could be interpreted as relative to an updip break on
the SW, 158°-striking plane, but this would give an unre-
alistic rupture length of about 42 km. We recall here that the
hypocenter is at 14.6 km depth. Then, we conclude that our
directivity analysis allows the discrimination of the actual
fault plane, being strongly in favor of the N100E°-striking
(i.e., N280°) one as responsible for the 1930 Irpinia earth-
quake. It is remarkable that the fault azimuth deduced from
our analysis perfectly corresponds to the one obtained by
Gasperini et al. [1999] from the analysis of the macro-
seismic intensity data (108° + 11°).

[26] Following Kanamori et al. [1992], as successfully
accomplished by Pino et al. [2000] for the 1908 Messina
Straits earthquake, we transformed the moment rate func-
tion to obtain the slip distribution along the fault. We chose
the source time function obtained for north component at
COP, scaled for the evaluated seismic moment and fault
length. In the hypothesis of horizontal rupture propagation
and assuming a fault width of 13 km and rigidity =3 X
10'° N/m?, we derived the function shown in Figure 8,
where the slip value represents the width-averaged disloca-
tion at each distance. A maximum displacement of 2 m is
located approximately halfway along the strike.

[27] We also compared our results for the 1930 Irpinia
event with those for the other normal fault Apenninic major
earthquakes with known characteristics [Pino et al., 1999;
Valensise and Pantosti, 2001a]. In particular, the relation
between seismic moment and fault length appears to be
consistent, with all the events giving static stress drop
~30 bars computed for circular faults with area equivalent
to a rectangular fault with aspect ratio L/w = 2.5.

5. Discussion and Conclusions

[28] The analysis of the original instrumental data allows
us to characterize the source geometry and kinematics of the
1930 earthquake in Southern Apennines. In particular, we
derive the following parameters: (1) the hypocentral location,
(2) event magnitude Mg, (3) focal mechanism, (4) source
time function, seismic moment, and moment magnitude My,
(5) main source directivity, fault plane discrimination and
length, and slip distribution.

[29] As reported above, we use a probabilistic approach
to compute the hypocentral location. A relevant feature of
our result is that, despite the presence of large outliers, the
associated error is comparable to any modern event tele-
seismic location.

[30] The event magnitude computed on the suitable
seismograms has a quite large scatter, with estimates smaller
than 6 and significantly larger than 7 (Table 4). Neverthe-
less, the resulting average Mg = 6.6 is in good agreement
with what computed by other authors and with the equiv-
alent magnitude derived from intensity data [Gasperini et
al., 1999]. Moreover, it is almost coincident with our result
for the moment magnitude (My = 6.64) obtained from the
integration of the moment rate.

[31] As for the focal mechanism, except for the source A
of Jiménez [1991], all the published solutions display
normal faulting with null axis oriented approximately
E-W (Figure 5a). More in detail, the sources from Emolo
et al. [2004] are purely normal fault whereas a significant
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(a) Variance as a function of fault rupture direction (black) along with the corresponding fault
length (red) and rupture velocity (blue). (b) P wave pulse observed duration as a function of azimuth. The
curve represents the apparent duration predicted for a unilateral 32 km-long fault, propagating toward
N100°E at 2 km/s. The ATH E and Z observations, at about 112°, are coincident. (¢) EBR SH waveform
compared to the synthetic computed for a source duration of 26 s. This corresponds to the apparent S
wave duration of a 32 km-long rupture, propagating in the N100E® direction, at 2 km/s.
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Figure 8. Along-strike slip distribution derived from the moment rate function by using a rigidity of =
3 x 10" N/m? and a fault width of 13 km. The dashed lines represent the error as derived from the

seismic moment uncertainty.

strike-slip component is present by Martini and Scarpa
[1983] and Jiménez [1991] B, and our solution, with the
latter displaying dextral lateral component while opposite
motion is associated with the others. The geodynamic
interpretation of the earthquake source obviously would
be different in one case or the other.

[32] Finally, the retrieved moment rate functions allowed
the estimate of the rupture length and velocity, the determi-
nation of the nodal plane associated with the earthquake,
and the reconstruction of the slip distribution along the
fault. The estimated 32 km fault length and My, = 6.64 are
derived independently from each other, resulting from the
duration and duration x amplitude of the source time
functions, respectively. These numbers, besides being very
close to what obtained from the intensity data, are in very
good agreement with the empirical relation of Wells and
Coppersmith [1994], predicting a moment magnitude of
6.66 for such a fault length. Their equations also associate a
maximum displacement of 1.96 m to a normal fault with
My = 6.64, very similar to our estimate of 2 m for the
maximum slip.

[33] In summary, the 1930 hypocenter is located at 14.6 +
3.06 km depth, and the focal mechanism shows an oblique
(normal/right-lateral) rupture along a north dipping (64°),
ESE-WNW striking plane. The rupture propagated unilat-
erally toward N100°E with an average velocity of 2 km/s.
The average slip is 0.9 m with a maximum of 2 m at about
13 km along the fault strike and a minimum at about 25 km.
A 0.8 m local slip maximum occurs at the eastern tip of the
fault (Figure 8).

[34] The above results are crucial in the individuation of
the fault responsible of this important event in Southern
Apennines, the interpretation of its geodynamic signifi-
cance, and the evaluation of the associated hazard. The
rupture of the 1930 event nucleated within the southwest
dipping carbonate rocks of the Apulian platform, which
extends from 10 to 18 km depth (Figures 9a and 9b). Our
results indicate that the eastern tip of the 1930 fault crosses

the Vulture volcano (Figure 2), whose last activity (132 ka)
produced multiple WNW—ESE aligned monogenic cones
[De Astis et al., 2006]. An explanation for the 0.8 m local
slip maximum may be the propagation of the rupture trough
the high rigidity, completely crystallized Vulture plumbing
system.

[35] The hypocentral depth of the 1930 event is consistent
with that of the major seismic events of Southern Apennines
(e.g., the 1980, Mw = 6.9 event; depth = 12 km; [Bernard
and Zollo, 1989; Chiarabba et al., 2005]). These latter
earthquakes affected the flysch units and carbonates of the
chain and were characterized by almost purely normal slips
along NW—SE striking faults moving in response to a NE—
SW extension [Frepoli and Amato, 2000; Ventura et al.,
2007]. On the contrary, the 1930 hypocenter is within the
Mesozoic carbonates of the Apulian foredeep-foreland
(Figures 9a and 9b), and its focal mechanism displays
oblique slip (normal-right-lateral) along a N280° striking
fault moving in response to the same extension direction.
Therefore the kinematics of the 1930 event significantly
differs from that typical of Southern Apennines earth-
quakes and late Pleistocene to Holocene outcropping faults
[Hippolyte et al., 1994; Galli et al., 2006]. In fact, the 1930
fault strike is nearly the same of the E-W dextral strike-slip
faults responsible for the 1851 (Ip =X MCS), 1990, Mwnax =
5.8, Potenza sequence, and 2002, Mwmax = 5.8, Molise
seismic sequences [Di Luccio et al., 2005a, 2005b]. Both
the 1990 and 2002 main shocks nucleated within the
Apulian domain, in response to the stress field acting within
the foreland, which is characterized by a NW—SE compres-
sion and NE—SW extension [Milano et al., 2005]. However,
while the 2002 epicenters locate in the foreland, east of the
thrust front, the 1851, 1990 and 1930 epicenters locate
immediately west of the Southern Apennines thrust front
and east of the chain axis (Figure 9a). The two 1456
earthquakes (I = X MCS), occurred along north dipping,
N280° striking fault segments at about 25 and 75 km,
respectively, northwest of the 1930 event, also locate
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Figure 9. (a) Interpretative sketch of the Southern Apennine seismotectonic setting (data from
Figure 1b). (b) Depth distribution of the seismicity in Southern Apennines on interpreted seismic
reflection profile (modified from Ventura et al. [2007]). Events fall within a = 30 km band. Focal
mechanisms of the 1980 and 1990 events are from Di Luccio et al. [2005b]. Focal mechanism of the
1930 earthquake is from this study (Figure 5b). The trace of the faults of the 1930 earthquake (this
study) and 1980 events [Amoruso et al., 2005] are also reported. The main geodynamic processes are
summarized according to Doglioni et al. [1996, 1999] and Ventura et al. [2007].

between the chain axis and the thrust front [Fracassi and
Valensise, 2007]. Therefore the 1930 earthquake occurred in
the same structural domain of the 1851, 1990, and 1456
earthquakes, i.e., in the zone of transition between the chain,
which is characterized by NW-SE striking normal faults

related to the upwelling of the mantle wedge beneath
Southern Apennines [ Ventura et al., 2007], and the foreland,
which, according to [Doglioni et al., 1996, 1999] is affected
by strike-slip to oblique, E-W to WNW-ESE striking
faults moving in response to the higher hinge rollback of
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the Adriatic lithosphere with respect to the Apulian litho-
sphere (Figure 9b). The seismic belt depicted by the 1456,
1851, 1930, and 1990 earthquakes is within this back-
rolling, hinge zone of the Apulian lithosphere, which is
characterized by WNW-ESE to E-W striking faults that
date back to the Mesozoic age [Chilovi et al., 2000]. We
propose that the above reported events developed along
these faults, which, on the basis of the 1930 and 1990 focal
mechanisms, move with oblique or strike-slip kinematics
depending on depth and locally prevailing Apennines or
foreland stress fields. Finally, it is worth nothing that surface
failure is not reported for any of these earthquakes, suggest-
ing that the seismogenic faults underlying the external
sector of Southern Apennines mainly affect the Apulian
carbonates. This observation rules out the possibility that
the 1456, 1930, and 1990 events represent the re-activation
of the outcropping WNW-—ESE striking strike-slip faults
that dissected the flysch and underlying carbonates of the
Southern Apennines chain in Lower-Middle Pleistocene
[Catalano et al., 2004] (see also section 2). We conclude
that the sector of the Apulian foreland-foredeep underlying
the Southern Apennines chain is affected by WNW—-ESE
“blind” faults capable of highly destructive events like the
1930 earthquake. Geophysical and geochemical investiga-
tions are needed to detect the possible occurrence of other
seismogenic “blind” structures.
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