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Abstract The goal of this study was to estimate
the stress field acting in the Irpinia Region, an
area of southern Italy that has been struck in the
past by destructive earthquakes and that is now
characterized by low to moderate seismicity. The
dataset are records of 2,352 aftershocks following
the last strong event: the 23 November 1980 earth-
quake (M 6.9). The earthquakes were recorded at
seven seismic stations, on average, and have been
located using a three-dimensional (3D) P-wave
velocity model and a probabilistic, non-linear,
global search technique. The use of a 3D velocity
model yielded a more stable estimation of take-off
angles, a crucial parameter for focal mechanism
computation. The earthquake focal mechanisms
were computed from the P-wave first-motion po-
larity data using the FPFIT algorithm. Fault plane
solutions show mostly normal component faulting
(pure normal fault and normal fault with a strike-
slip component). Only some fault plane solutions
show strike-slip and reverse faulting. The stress
field is estimated using the method proposed by
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Michael (J Geophys Res 92:357–368, 1987a) by
inverting selected focal mechanisms, and the re-
sults show that the Irpinia Region is subjected to a
NE–SW extension with horizontal σ3 (plunge 0◦,
trend 230◦) and subvertical σ1 (plunge 80◦, trend
320◦), in agreement with the results derived from
other stress indicators.

Keywords Irpinia Region · Seismicity ·
Focal mechanisms · Stress inversion

1 Introduction

The state of stress within the Earth’s crust is of
particular interest for geologists and geophysicists
as it can provide a better understanding of geo-
dynamic processes (Bott 1959; McKenzie 1969).
The most common methods to determine prin-
cipal stress orientations are that using breakout
data from borehole measurements, which can only
be performed at near surface depths (McGarr
and Gay 1978), and that using slickenside data.
However, in most cases, earthquakes do not show
surface ruptures. For this reason, the background
seismicity and the aftershocks of a strong earth-
quake represent the only tools to study the state
of stress acting in a region at great depth. Conse-
quently, the use of focal mechanisms to estimate
the nature of the stress tensor in the seismo-
genic zone has been frequently used in the past
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(i.e., Gephart and Forsyth 1984; Rivera and
Cisternas 1990; Michael 1984; Angelier 1990).

In this study, we have analyzed the seismicity in
the Irpinia Region to determine the stress field.
It belongs to the most active seismic zones of
the Southern Apennines characterized by large
destructive earthquakes that occurred both in his-
torical and recent times; the last and strongest of
these events was the 23 November 1980 earth-
quake (M 6.9). This earthquake is the best docu-
mented Italian seismic event (Giardini 1993; Del
Pezzo et al. 1983; Deschamps and King 1984;
Westaway and Jackson 1987; Bernard and Zollo
1989; Pantosti and Valensise 1990), and was struc-
tured into three main rupture episodes (known as
those of 0 s, 20 s, and 40 s) that were associated
with a surface rupture of about 40 km (Amato
et al. 1992). The focal mechanism of this event
showed a dominant normal faulting.

The stress field in this region, determined using
moderate to strong earthquake focal mechanisms
and fault and breakout data, reveals that the
Southern Apennines is generally ongoing through
a NE–SW extension.

The aim of the present study was to obtain
information about the stress field using low mag-
nitude earthquakes. In particular, we used af-
tershocks of the 23 November 1980 earthquake
(M 6.9) to determine the best homogeneous stress
tensor, and to compare it with results obtained by
other methodologies.

The principal stress orientations can be deter-
mined directly from earthquake focal mechanisms
through the use of inversion techniques. These
techniques yield four parameters: three unit vec-
tors which specify the maximum, minimum, and
intermediate compressive principal stress axis ori-
entations and a scalar which describes the relative
magnitudes of the principal stresses (Gephart and
Forsyth 1984; Michael 1984; Angelier 1990). The
accuracy of these inversion techniques depends
on the uncertainty of the focal mechanisms and
the fault/auxiliary plane ambiguity. In addition to
these methods, Rivera and Cisternas (1990) devel-
oped a method whose major advance is to use not
previously determined focal mechanisms but the
original data that is the polarities of the P arrival
and take-off angles for source-station pairs. The
focal mechanisms are a by-product of the inverse

problem. This method could be useful when the
number of the polarities is scarce to determine
reliable focal mechanisms.

In this study, we have computed the focal
mechanisms of earthquakes located in 3D and 1D
velocity models in order to estimate the improve-
ment due to the knowledge of a more realistic
model.

We have used the technique developed by
Michael (1987a) for inverting focal mechanisms.
This technique defines the confidence regions on
the quantities obtained through a statistical tool
that is known as bootstrap resampling.

2 Geological and structural setting

Intense hydrocarbon exploration in the South-
ern Apennines has provided numerous seismic
reflection and well data, which have favored the
definition of structural models of the Southern
Apennines and the reconstruction of its tectonic
evolution.

The Apennines are the result of a complex
sequence of tectonic events that were associ-
ated with the collision between the African and
European plate (McKenzie 1972). They are lo-
cated between the rather aseismic Tyrrhenian Sea
to the West and the compressional Adriatic Sea–
Dinarides domain to the East. Over a distance
of 100 km or less, there is the change from the
active extensional domain of the inner Apennines
to areas of active folding and thrusting in the
Adriatic Sea (Pantosti and Valensise 1990).

The compressional tectonics started in the
Middle Cretaceous period and lasted until the
Oligocene with the continental collision. In
the Tortonian age, the rift process started and
caused the opening of the Tyrrhenian Basin.
Then, following the hinge roll-back of the sub-
ducting Adriatic plate, the compressional tec-
tonics migrated towards the East (Patacca and
Scandone 1989; Patacca et al. 1990).

The Southern Apennines is a duplex system
(Patacca et al. 1990) transported over the flex-
ured southwestern margin of the Apulia fore-
land. This duplex system consists of a complex
architecture of carbonate horsts deriving from the
Apulia Carbonate Platform, which is overthrust
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by rootless nappes. The belt is associated with
the Tyrrhenian back-arc basin to the West and
with the Bradano foredeep to the East. From
Late Tortonian to Lower-Middle Pleistocene, the
basin–thrust-belt–foredeep system migrated east-
wards, and progressively involved both the basin
and carbonate platform paleogeographic domains
(D’Argenio et al. 1974) (Fig. 1). Investigations
into the Southern Apennines have highlighted the
extreme structural complexity of the thrust belt
that is due to several factors. The tectonic style
is variable since the basin facies terrains were
mainly subjected to ductile deformation, whereas
the carbonate platform sequences underwent brit-
tle deformation (Menardi and Rea 2000). More-

over, the kinematic evolution was characterized
by out-of-sequence, thrust-propagation processes
(Roure et al. 1991). In addition, the belt was
split up into segments, which underwent differ-
ent tectonic evolution. In particular, the moun-
tain chain can be subdivided into two major arcs:
the NNW–SSE-trending, Molise–Sannio arc to the
north, and the WNW–ESE-trending, Campania–
Lucania arc to the south, which join in the Irpinia
Region.

Finally, starting from the Early-Middle Pleis-
tocene, the axial zone of the chain underwent
NE–SW extensional tectonics. This change in the
tectonic regime was the cause of extensive volcan-
ism on the Tyrrhenian margin of the chain and the

Fig. 1 Simplified geological map of the Southern Apen-
nines showing the major structural features (modified
from Tiberti et al. 2005). 1 Molise–Sannio–Lagonegro
pelagic basin and related foredeep deposits; 2 Apennine

carbonate platform; 3 Apulia carbonate platform; 4
Pliocene–Quaternary terrigenous deposits; 5 Ligurides and
Sicilides; 6 main thrust fronts; 7 main faults. The box
represents the location of Fig. 2
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development of large extensional and transten-
sional structures, which crosscut the pre-existing
compressional structures, thus further complicat-
ing the internal geometry of the thrust belt. This
extensional stress regime causes the seismicity of
the Southern Apennines, with large earthquakes
centered on the axis of the belt, with depths of
mainly around 20 km and characterized by normal
faulting focal mechanisms.

3 Earthquake locations

In this work, we analyzed the earthquakes (M
< 4) that occurred immediately after the 23 No-
vember 1980 main shock (M 6.9). These were
recorded by the National Institute of Geophysics
and Volcanology (Istituto Nazionale di Geofisica
e Vulcanologia; INGV) seismic network and by
a temporary mobile seismic network which was
installed in the epicentral area a few days after the
mainshock (Fig. 2).

The dataset consists of 2,352 earthquakes
recorded by seven stations, on average, result-
ing in a total of about 21,000 P-wave and 6,700
S-wave arrival time picks and 7,620 P-wave po-
larity recordings. The location of the earthquakes
needs a priori the knowledge of the crustal veloc-
ity model. Various one-dimensional (1D) velocity
models have been determined in different studies:
Deschamps and King (1984), Bernard and Zollo
(1989), and Amato et al. (1992) used aftershock
arrival times of the 1980 earthquakes to constrain
velocities; Improta et al. (2000) determined the
velocity structure by interpretation and integra-
tion of gravity data, seismic reflection lines, deep
wells, and subsurface constraints for the Irpinia
Region, up to 7 km in depth. We located the earth-
quakes using the different 1D velocity models
available in literature. The 1D velocity model that
minimizes the residuals between the theoretical
and observed first P-wave and S-wave travel times
is that proposed by Bernard and Zollo (1989).

More recently, Romeo et al. (2007) computed a
3D P-wave crustal velocity model in the epicentral
area of the 1980 Irpinia earthquake using travel
times of aftershocks and background seismicity
that occurred from 1988 to 2004 in the Irpinia
Region. The volume investigated was 144 × 162

× 30 km3, and it was discretized with cell sizes of
9 × 9 × 3 km3, with the best resolved zone ex-
tending from 0 km to about 20 km in depth. This
model overlaps with the volume of the present
study.

Considering that: (1) the top of the crustal ve-
locity model corresponds to sea level; and (2) in
the area, some stations are located over 1,000 m
a.s.l., the present study needed to take into ac-
count station corrections. For each station, we
identified the outcropping stratigraphic–structural
units using geological maps (Amanti et al. 2002).
Then we associated a correction velocity to each
station taking into account the results of Improta
et al. (2000, 2003). Finally, on the ground of a
vertical ray path, we computed station delays.

The hypocenter parameters were computed
again using the Romeo et al. (2007) 3D ve-
locity model with the probabilistic, non-linear,
global search earthquake location method (Non-
LinLoc code; Lomax et al. 2000). These authors
follow the probabilistic formulation of inversion
of Tarantola and Valette (1982) and Tarantola
(1987). The grid of the probability density func-
tion (PDF) values obtained by the grid search
represents the complete probabilistic spatial so-
lution of the earthquake location problem. The
maximum-likelihood (or minimum-misfit) point
of the complete, non-linear location PDF is se-
lected as an “optimal” hypocenter. To make the
location program efficient for complex 3D models,
the travel times between each station and all of
the nodes of an x, y, z spatial grid were computed
using a 3D version of the Eikonal finite differences
scheme of Podvin and Lecomte (1991). To com-
pute the travel times, a regular-sized spatial grid
of 0.5 × 0.5 × 0.5 km3 was used.

Figure 2 shows a map of the earthquake lo-
cations using the NonLinLoc algorithm and the
3D P-wave velocity model. The average values
of location parameters are RMS = 0.4 s, ERH =
3.1 km, and ERZ = 4.3 km. The aftershocks are
located along the three fault segments that were
associated with the mainshock of the 1980 Irpinia
earthquake. Most of the earthquakes occurred
within the first 20 km (upper crust).

The earthquake locations using the 3D velocity
model do not show significant differences when
compared with the locations obtained using the
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Fig. 2 Map of the
Irpinia area showing:
a aftershock epicenters
(circles) and distribution
of the stations of the
INGV seismic network
and the temporary mobile
seismic network
(triangles). A surface
projection of the three
fault segments (thick
black lines) that ruptured
during the 23 November
1980 Irpinia earthquake is
also shown (from Pantosti
and Valensise 1990).
b E–W vertical section
showing the hypocenter
distribution of the
aftershocks

a

b

Bernard and Zollo (1989) 1D layered velocity
model although the earthquake location parame-
ters (rms, erh, erz, gap) are slightly improved.

However, the basic difference lies in the com-
putation of take-off angles. Rose diagram in
Fig. 3a shows that the take-off angles computed
using the 1D layered P-wave velocity model are
centered around 30◦ and 90◦. This is related to the

influence of the layers that make up the velocity
model. As for the 1D layered velocity model, also
the take-off angles computed using a 1D smooth
velocity model (v(z) = (2.27 + 0.4z) km/s) are
centered mainly around 30◦ and 90◦ (Fig. 3b).
The take-off angles, computed using the 3D
velocity model, are more uniformly distributed
(Fig. 3c).



112 J Seismol (2009) 13:107–124
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b

c

� Fig. 3 Rose diagram for the take-off angles computed
using the a 1D layered, b 1D smooth, and c 3D P-wave
velocity models. The length of the radius represents the
20% of data

4 The focal mechanisms

We estimated the focal mechanisms for the after-
shocks of the 1980 Irpinia earthquake from the
P-wave first-motion polarities using the FPFIT
algorithm (Reasemberg and Oppenheimer 1985).
FPFIT is a grid search routine that searches for the
double-couple fault plane solution that provides
the best fit of a given set of first-motion polarities
observed for an earthquake.

To compute the high-quality focal mechanisms
for the selected dataset of the Irpinia earthquakes,
we decided to reject the earthquakes, located in
the 3D velocity model, with less than six polar-
ity readings, with horizontal (ERH) and vertical
(ERZ) location errors larger than 0.8 km, with
an RMS larger than 0.5 s, and with azimuthal
gaps larger than 200◦. Worthy of note is that we
have considered only the P polarities relative to
the P wave arrival time readings with the smaller
reading error. This selection reduced the dataset
from 2,352 to 321 earthquakes. Moreover, from
the computed focal mechanisms, we have selected
those mechanisms that had a single solution or
at most only one discrepant polarity. For these,
among the multiple fault plane solutions relative
to the same earthquake, we have selected the
focal mechanism which is more consistent with the
focal mechanism of the 1980 Irpinia earthquake.
In Fig. 4, examples of the quality of the fault plane
solutions are shown. The final dataset consists of
139 focal mechanisms (see Table 1 and Fig. 5a).

Mostly, fault plane solutions belong to nor-
mal component faulting (pure normal fault and
normal fault with a strike-slip component). Only
some solutions show strike-slip or reverse faulting.
For clearness, the horizontal projections of the
extensional (T) axis are shown in Fig. 5b. The
length of the small line is inversely proportional
to the plunge of the T axis: longer lines represent
T axes with smaller values of plunge. A more
detailed analysis of these values displayed that



J Seismol (2009) 13:107–124 113

Fig. 4 Examples of the quality of the fault plane solutions

115 out of the 139 focal mechanisms have plunge
of the T axis of less than 35◦ (Fig. 6a). The T
axes show a predominant NE–SW direction. The
T axes direction variability is shown in the rose
diagram of Fig. 6b.

5 Stress inversion using events located
in 1D and 3D velocity models

Generally the P axis and T axis of a single fault
plane solution do not coincide with the maxi-
mum and minimum compressive stress orienta-
tions acting in the area (McKenzie 1969). Small

pre-existing faults in the shallow crust may be
conducive to slip when only a small component
of shear stress is resolved along the fault surface.
For this reason, the earthquake focal mechanisms
provide a source of data for stress determination
(Michael 1987a). In this work, we used the method
devised by Michael (1987a) to determine the
stress field from a set of focal mechanisms. Many
studies have developed several inverse techniques
for finding the stress field orientation using slick-
enside data (fault orientation and slip direction).
All of these methods are based on two assump-
tions: first, that the tangential traction on the fault
plane should be parallel to the slip direction; and
second, that the stress field is uniform within the
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Table 1 Parameters of
the 139 selected fault
plane solutions

Date T.O. (h/m/s) Strike Dip Rake

19801201 02/02/30.45 255 50 −60 f
19801201 05/49/4.26 310 30 55 f
19801201 23/31/49.03 170 80 165 a
19801202 04/11/19.68 20 25 −90 f
19801202 05/16/47.92 215 25 −85 a
19801202 08/28/32.41 0 40 −110 f
19801202 21/29/24.36 30 40 −60 f
19801204 00/41/29.15 30 40 −60 f
19801204 02/51/31.78 290 50 −5 a
19801204 06/14/45.35 180 60 −130 a
19801204 07/12/20.26 290 30 −20 f
19801204 09/37/17.71 120 80 5 f
19801204 16/22/5.05 50 75 −100 a
19801204 18/19/43.47 100 15 85 f
19801204 20/11/38.28 135 50 55 a
19801205 02/09/29.51 30 80 −150 a
19801205 02/38/31.33 280 75 −50 f
19801205 03/40/12.58 225 20 150 f
19801205 07/42/31.06 260 80 −105 f
19801206 02/00/12.3 195 65 −140 a
19801207 08/44/43.04 325 20 55 f
19801207 10/08/50.64 255 15 −65 f
19801207 13/30/5.16 85 70 −65 f
19801208 04/43/48.78 125 80 −70 f
19801208 16/06/34.92 335 15 −65 a
19801208 19/08/46.84 180 55 −90 a
19801208 20/08/29.26 0 20 −140 f
19801208 21/21/8.25 320 55 −15 a
19801208 23/09/58.14 340 60 −160 f
19801209 02/04/9.51 0 80 −110 a
19801209 02/31/9.87 95 75 −50 f
19801209 05/40/33.41 195 35 −175 a
19801209 09/05/35.2 295 65 20 f
19801209 14/27/25.52 310 15 −140 a
19801209 15/22/6.26 85 55 −100 a
19801209 15/24/29.69 200 50 70 f
19801209 16/28/4.14 280 30 25 f
19801209 19/19/4.61 235 15 −115 f
19801209 23/42/2.82 105 30 5 f
19801210 01/41/44.28 195 35 20 f
19801210 02/16/5.94 20 75 −105 a
19801210 04/50/54.44 230 25 −140 a
19801210 04/53/14.37 290 45 150 a
19801210 04/53/58.85 200 70 −75 a
19801210 07/55/34.51 120 80 20 f
19801210 12/41/26.56 90 30 −50 f
19801210 12/57/15 170 40 −110 a
19801210 14/08/14.38 340 20 180 a
19801210 14/42/31.3 100 55 −145 a
19801210 15/34/24.04 190 40 −140 f
19801210 16/55/32.78 255 20 −120 a
19801210 17/19/28.64 310 65 25 f
19801210 19/55/33.79 60 50 −5 a
19801210 21/18/36.27 15 80 165 a
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Table 1 (continued) Date T.O. (h/m/s) Strike Dip Rake

19801210 21/20/29.16 65 80 −85 a
19801210 21/44/33.61 0 60 −70 a
19801210 22/14/6.82 30 65 −150 a
19801210 22/25/31.45 180 65 −110 a
19801211 01/42/24.02 285 45 −35 f
19801211 03/40/42.84 15 40 −55 a
19801211 06/00/12.38 25 35 −30 a
19801211 08/22/47.33 180 45 −85 a
19801211 09/31/6.94 240 20 −110 f
19801211 09/56/49.83 260 55 −140 f
19801211 10/40/10.65 50 40 −100 f
19801211 10/57/30.13 230 35 −65 a
19801211 12/25/19.45 120 5 −180 f
19801211 15/46/50.93 170 35 −160 f
19801211 15/52/3.97 285 30 170 a
19801211 16/32/14.63 10 40 −90 f
19801211 16/58/32.83 35 40 −105 a
19801211 17/10/19.08 25 40 −110 a
19801211 17/38/21.57 125 35 100 f
19801211 20/32/20.8 280 40 80 f
19801211 22/35/1.77 120 20 −40 a
19801211 23/28/25.23 175 35 −145 a
19801211 23/58/10.25 200 40 −90 a
19801212 00/59/12.41 160 20 −95 f
19801212 03/14/51.42 45 75 −20 a
19801212 08/20/56.78 285 75 −40 f
19801212 09/43/11.45 220 80 −105 f
19801212 10/49/12.39 25 15 40 a
19801212 11/43/42.45 275 25 −45 f
19801212 11/45/38.78 230 50 165 f
19801212 14/04/0.24 35 75 −15 a
19801212 14/14/46.55 350 25 −155 f
19801212 18/13/45.53 40 40 −80 f
19801212 18/29/9.66 350 75 −80 a
19801212 18/35/7.48 245 65 30 a
19801212 19/37/28.29 330 20 80 a
19801212 20/42/53.68 225 20 −115 f
19801212 20/56/45.28 220 35 −130 a
19801212 21/02/5.34 245 60 −85 a
19801212 21/38/2.28 45 75 15 f
19801212 22/05/19.57 5 35 −155 f
19801212 22/29/21.67 230 55 −55 a
19801213 00/12/50.78 160 80 135 f
19801213 00/49/47.51 175 20 −85 f
19801213 01/18/41.34 80 35 −60 f
19801213 02/32/6.11 200 15 −90 f
19801213 03/25/19.36 225 55 −65 a
19801213 03/28/1.86 225 70 −30 a
19801213 03/52/39.7 195 45 −120 a
19801213 10/24/7.68 95 30 −40 f
19801213 14/32/22.89 275 25 −25 a
19801213 14/41/25.18 190 5 −100 f
19801213 16/42/49.03 215 35 −105 f
19801213 18/11/20.33 210 25 −95 a
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Table 1 (continued)

The letters f and a denote
the fault and auxiliary
planes respectively,
determined after the
stress inversion

Date T.O. (h/m/s) Strike Dip Rake

19801213 21/43/34.95 220 60 −100 f
19801213 22/29/23.54 265 55 −80 a
19801213 23/03/41.61 55 40 −90 f
19801214 01/07/14.58 340 30 −80 f
19801214 02/30/23.04 205 20 −80 f
19801214 03/47/19.65 20 25 −35 f
19801214 06/07/47.6 305 30 0 a
19801214 07/15/56.36 90 70 −65 f
19801214 11/24/30.9 60 45 −100 f
19801214 16/34/10.72 15 45 −90 f
19801214 16/39/44.9 70 45 −100 f
19801214 17/07/37.71 220 30 −140 a
19801214 17/47/45.43 230 35 −155 a
19801214 18/18/50.76 200 80 −125 a
19801214 19/13/14.8 200 80 120 a
19801214 19/13/44.09 0 40 −25 f
19801214 22/24/42.1 240 40 −175 f
19801214 23/48/22.94 0 35 −125 f
19801215 00/10/23.53 285 25 −95 a
19801215 00/21/5.48 170 60 −55 f
19801215 00/24/31.86 10 55 −140 a
19801215 00/55/40.38 255 80 −30 a
19801215 01/54/59.9 205 40 −155 a
19801215 04/00/9.05 250 45 −165 f
19801215 04/45/2.36 0 60 −145 a
19801215 05/21/46.86 65 35 −80 f
19801215 05/26/26.41 100 35 15 f
19801215 06/42/55.91 30 40 −105 a
19801215 12/11/23.88 300 70 15 f
19801215 19/52/5.9 100 45 −65 f
19810115 11/12/42.6 265 60 −65 a

studied area (Gephart and Forsyth 1984; Michael
1984; Angelier 1990). The use of fault plane solu-
tions is a much more difficult problem with respect
to slickenside data because of the fault/auxiliary
plane ambiguity. The best algorithm would use a
set of fault plane solutions as input and would give
the correct choices of fault planes and the best-fit
stress tensor as output. Ellsworth and Zhonghuai
(1980) suggested that every possible set of fault
plane choices should be considered and inverted.
The set of fault planes and slip vectors that fits
a single best stress tensor contains the correct
choices, and the stress tensor they inferred is the
correct stress tensor. This problem was worked
out by Gephart and Forsyth (1984) following a
grid search methodology. The algorithm devel-
oped by Michael (1987a) is based on that formu-
lation. Applying the Michael technique to a set

of focal mechanisms, we obtain the best stress
tensor that fits the data and is represented by the
orientation of the three principal stress axes, and
the scalar which describes the relative magnitudes
of the principal stresses and hence constrains the
shape of the deviatoric stress ellipsoid, known as
parameter φ. This parameter is expressed as:

φ = σ2 − σ3

σ1 − σ3

where σ1, σ2, and σ3 are the maximum, the inter-
mediate, and the minimum compressive principal
stress axis, respectively.

The basic characteristic of the Michael (1987a)
algorithm is the computation of the confidence
limits of the principal stress axes directions. Con-
fidence limits are computed by a statistical tool
known as bootstrap resampling. From a theoret-
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a
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Fig. 5 a Map showing the distribution of the 139 selected
focal mechanisms from the 1980 earthquake epicenter re-
gion computed using the P-wave polarity data. The para-
meters of the computed fault plane solutions are given in
Table 1. b Distribution of the focal mechanism T axes. The
lengths of the bars are inversely proportional to the plunge
of the T axes

ical point of view, confidence limits would be
computed by repeating the full experiment many
times. To simulate a repetition of the experiment,

a

b

Fig. 6 a Plunge of T and P axis diagram. b Rose diagram
for the focal mechanism T axes (the length of the radius
represents the 15% of data)

we pick data (focal mechanisms) at random from
the original dataset. This new dataset will have
the same number of data as the original dataset,
but will have same mechanisms repeated two or
more times while other mechanisms will be absent
(Michael 1987a). We inverted this dataset for the
stress field, and repeated this process 2,000 times.
For example, to define the 95% confidence region,
we generated 2,000 new datasets to provide new
stress tensors, and the 95% confidence region is
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Fig. 7 Stereonet plot with the results of the stress inver-
sion using focal mechanism data. The numbers 1, 2, and 3
are the projection of the principal stress axes: σ1, σ2, and σ3,
respectively. The thin, dashed, and thick lines circumscribe
the 95% confidence regions for σ1, σ2, and σ3, respectively

defined by the 95% stress tensors that had the
highest normalized scalar product, with the stress
tensor determined by the original dataset. The
normalized scalar product is a measure of the
closeness between two tensors and it is defined as:

3∑

i=1

3∑

j=1
BijCij

(
3∑

i=1
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j=1
B2

ij

)1/2 (
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i=1

2∑

j=1
C2

ij

)1/2

where B and C are two tensors.
Empirical tests showed that 2,000 repetitions

are enough to yield a stable result (Michael
1987b).

6 Results

To estimate the stress field in the present study,
we analyzed the focal mechanisms of low magni-
tude earthquakes. Since we cannot decide a priori
which nodal plane is the fault plane, we used

the Michael (1987a) algorithm, which uses both
nodal planes to attempt to choose the correct fault
planes while determining the best stress tensor.
We also estimated the error on the principal stress
axes direction by computing the 95% confidence
regions through resampling the data 2,000 times
with the bootstrap procedure.

Figure 7 shows a typical representation of the
inversion results: the principal stress axes (σ1,
σ2, σ3) with their confidence regions are plotted
into the lower hemisphere stereonet. The results
obtained by inverting all of the selected focal
mechanisms show a nearly horizontal NE–SW
minimum compressive stress axis (σ3) and a max-
imum compressive stress axis (σ1) that is nearly
vertical. Although axis σ3 is horizontal, with a
small error on its dip, there is a large uncertainty
for its trend, while axis σ1 shows a large error both
for trend and plunge.

To understand if the reason of these large con-
fidence regions is due to the use of a heteroge-
neous dataset, we used the multi-inverse method
proposed by Yamaji (2000), which is a numerical
technique that is used to separate stresses from
heterogeneous fault-slip data. In this way, if our
dataset consists of more sets of homogeneous
data, the Yamaji method allows us to identify the
stress fields compatible with the various subsets.
The results are shown in Fig. 8, where the di-
rections of the σ1 and σ3 axes are indicated by
dots on the lower hemisphere equal-area net to
the left and right, respectively. On the left of
Fig. 8, the direction of the bars extending from
the dots indicates the azimuth of the correspond-
ing σ3 direction, while its lengths indicate the
plunge of the σ3 axis. In the right panel, the roles
of the bars and dots are assigned inversely: the
lengths and directions of the bars indicate the σ1

plunge and azimuth, respectively. Each symbol
represents a state of stress and its color represents
a stress ratio value (φ). Where the dataset includes
two stresses that are compatible with two sets of
data, the results show two clusters representing
the two stresses. The clusters of dot-bar symbols
with the same color and the same bar direction
represent significant stresses. In Fig. 8, which was
obtained using the selected dataset, the results
show a single solution with a large uncertainty,
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Fig. 8 The result of the multi-inverse method (Yamaji
2000) applied to the data. Each symbol represents a state
of stress; the stress ratio is represented by the color, and
the direction of the stress axes is indicated by the position
and direction of the symbol. The directions of the σ1 and σ3
axes are indicated by dots on the lower hemisphere equal-

area projections on the left and the right, respectively. In
the left panel, the directions of the bars extending from the
dots indicate the azimuth of the corresponding σ3 direction.
The lengths of the bars indicate the σ3 plunge. On the right
panel, the roles of the bars and dots are assigned inversely.
The lengths of the bars indicate the σ 1 plunge

Fig. 9 Stress inversion result using the 115 focal mecha-
nisms with T axis plunge ≤35◦

Fig. 10 Stress inversion result using the 24 focal mecha-
nisms with T axis plunge >35◦
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a b

Fig. 11 Earthquake hypocentral location of events with focal mechanisms with T axis plunge a ≤35◦ and b >35◦

similar to results obtained using the Michael
algorithm.

These results show that the dataset is homoge-
neous and there are no subsets of data that could
be the cause of the uncertainty associated with
the principal axis directions. We only inverted 115
of the 139 focal mechanisms that show a plunge
of the T axis less that 35◦ to determine the best
stress tensor and we obtain the results shown in
Fig. 9. The obtained stress field shows a NE–SW
extension, with a horizontal σ3 (plunge 0◦, trend
230◦) and a vertical σ1 (plunge 80◦, trend 320◦).
This stress tensor orientation shows small confi-
dence regions of the principal stresses axes and
is consistent with the previous solution obtained
using all of the data (see Fig. 7).

These results also show that the large confi-
dence regions of the principal stresses axes, com-
puted using the complete dataset (Fig. 7), are

caused only by few data, those with T axis plunge
larger than 35◦ (24 focal mechanisms). Moreover,
the inversion of this small dataset shows an unde-
termined solution, mainly for the σ1 and σ2 axes
(Fig. 10). Worthy of note is that the σ3 axis con-
fidence region is completely not overlapping with
that obtained by inverting all the dataset (Fig. 7).
This means that the inversion result obtained by
inverting only the 24 focal mechanisms is greatly
not consistent with that obtained using the com-
plete dataset.

Considering the consistence between the stress
field obtained with all of the data and that
obtained by inverting the focal mechanisms with
a plunge of the T axis ≤35◦, which represent 83%
of the complete focal mechanisms, we ascribe the
remaining mechanisms to local heterogeneities
of the stress field. Figure 11a and b show hypocen-
tral location of earthquakes belonging to both
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Fig. 12 Stress field
results from focal
mechanisms of selected
earthquakes located in
1D smooth
(a) and layered
(c) P-wave velocity
models. b stress inversion
result using the focal
mechanisms with T axis
plunge ≤35◦ for 1D
smooth and 1D layered
models (d). See Fig. 7 for
a description of this figure

the two subsets characterized by different T axes
plunge (T ≤ 35◦ and T > 35◦): the earthquake
locations do not show a meaningful hypocentral
splitting between the two subsets with focal mech-
anisms. The stress inversion results obtained with
the inversion of the 115 focal solutions suggest a
N 50◦ E-oriented minimum principal stress σ3, and
reveals that the epicenter region of the 1980 earth-
quake is ongoing through a NE–SW extension.

In order to verify if the results obtained using
the 3D velocity model are better constrained com-
pared to the results based on 1D velocity models,
we have repeated the stress inversion using 1D
layered and smooth velocity models. As for the
selected earthquakes located in the 3D P waves
velocity model, also for events located in the 1D
velocity models (layered and smooth), we have
computed the focal mechanisms and inverted the

selected subsets for stress field inversion. In par-
ticular, the results of focal mechanisms inversion
of earthquakes located in the 1D smooth velocity
model show large uncertainty for orientations of
principal stress axes (Fig. 12a) in respect to the
results obtained using the earthquakes located in
the 3D model. Also, the results obtained using
focal mechanisms with plunge of the T axis less
than 35◦ show large confidence regions, mainly for
σ2 and σ3, while σ1 is better constrained (Fig. 12b).
Similar results have been obtained using the 1D
layered P waves velocity model (Fig. 12c and d).

The results obtained in this work are com-
pared with those obtained by the use of differ-
ent methodologies applied recently in Southern
Apennines studies and summarized in Fig. 13.
In particular, Amato and Montone (1997) and
Montone et al. (1999) studied the active stress in
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Fig. 13 Stress field orientations obtained from former
studies using: 1 GPS data (Anzidei et al. 2001); 2 strong
earthquakes (Montone et al. 1999); 3 breakout data (Mon-
tone et al. 1999); 4 focal mechanisms of the Southern
Apennines earthquakes Frepoli and Amato (2000); 5
this study

the Southern Apennines through the analysis of
breakout and fault plane solution data of moder-
ate to strong earthquakes. They inferred that the
Southern Apennines is ongoing through a NE–SW
extension, with a horizontal σ3 and a vertical σ1.
Frepoli and Amato (2000) used focal mechanisms
of the Southern Apennines earthquakes that oc-
curred in the last 20 years to obtain information
about the stress field. The inversion of these fault
plane solutions, which were mainly normal faults,
showed an extensional stress field along a NE–
SW direction. Analysis of GPS data also provides
a significant SW–NE extension in the Southern
Apennines (Anzidei et al. 2001).

7 Conclusions

Focal mechanisms of earthquakes from the Irpinia
Region have been used to determine the average
stress field acting in the area. The dataset is given
by aftershocks that follow the 23 November 1980
Irpinia earthquake (M 6.9).

The availability of a 3D velocity model (Romeo
et al. 2007) allowed us to relocate the earthquakes
using a non-linear probabilistic global search algo-
rithm (NonLinLoc—Lomax et al. 2000) to obtain

an accurate hypocentral location especially for
the finding out the take-off angle values, a basic
parameter in the focal mechanisms computation.
As a matter of fact, the take-off angles com-
puted using the 3D P-wave velocity model show
within a rose diagram a more uniform distribution
with respect to those computed using 1D velocity
models.

Although the original dataset is large (2,352
earthquakes), our restrictions on the location pa-
rameters and the quality of the focal mechanism
considerably decreased the amount of data used in
this study. Usually, the use of fault plane solutions
to determine the stress field shows two differ-
ent problems: (1) low magnitude earthquakes can
be associated with local stress field heterogeneity
within a studied area; and (2) the focal mechanism
data is characterized by the ambiguity between
the fault and the auxiliary planes.

We used the algorithm developed by Michael
(1987a), which attempts to choose the correct
fault plane while determining the stress tensor,
following the assumption that all of the data are
consistent with a uniform stress field. The homo-
geneity of the data was verified using the multi-
inverse method developed by Yamaji (2000). The
large part (115 out of 139) of the focal mechanisms
shows a T axis plunge ≤35◦. The results of the
inversion show that, using 115 of the 139 focal
mechanisms, the best stress tensor obtained is
characterized by a horizontal minimum compres-
sive stress axis (σ3) NE–SW oriented and a vertical
maximum compressive stress axis (σ1), with small
(95%) confidence regions. The remaining data
have been explained as focal mechanisms belong-
ing to local heterogeneity of the stress field within
the studied area. These data are not consistent
with a well constrained stress field, and if they
are included in the inversion they increase the
uncertainty of the principal stress axes direction.

The comparison of stress tensors inverted on
the basis of 1D and 3D velocity models shows
that the 3D model represents the main progress
providing the better constrained stress field.

The agreement between the results of this study
and those obtained using strong to moderate
earthquake focal mechanisms and breakout data
reveals that low magnitude seismicity represents a
useful tool for the determination of stress fields,
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especially in regions where there is no evidence of
surface faulting.
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