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Abstract

In order to obtain a reliable map of the present-day stress field in Italy, needed to better understand the active
tectonic processes and to contribute to the assessment of seismic hazard, in 1992 we started to collect and ana-
lyze new data from borehole breakouts in deep oil and geothermal wells and focal mechanisms of earthquakes
(2.5 <M < 5) occurred in Italy between 1988 and 1995. From about 200 deep wells and 300 focal mechanisms
analyzed to date, we infer that: the internal (SW) sector of the Northern Apenninic arc is extending with mini-
mum compressional stress (Sy;,) oriented = ENE, while the external front is thrusting over the Adriatic fore-
land (Symin = NW-SE). The entire Southern Apennine is extending in NE direction (from the Tyrrhenian mar-
gin to the Apulian foreland) and compression (in the foredeep) is no longer active at the outer (NE) thrust
front. Between these two arcs, an abrupt change in the tectonic regime is detected with directions of horizontal
stress changing by as much as 90° in the external front, around latitude 43°N. Along the Ionian side of the
Calabrian arc the stress directions inferred from breakouts and focal mechanisms are scattered with a hint of
rotation from N-S S}, close to the Southern Apennines, to ~ E-W directions in the Messina Strait. In Sicily, a
NW-SE direction of Sy, is evident in the Hyblean foreland, parallel to the direction of plate motion between
Africa and Europe. A more complex pattern of stress directions is observed in the thrust belt zone, with rota-
tions from the regional trend (NW — directed Sy, to NE oriented Symax. A predominant NW direction of
Shmax 18 also detected in mainland Sicily from earthquake focal mechanisms, but no well data are available in
this region. In the northern part of Sicily (Aeolian Islands) a ~ N-S direction of Sy, is observed.

Key words Italy — active stress — borehole break- edge of the present-day stress field. Also, ac-
out — seismicity : tive stress data are invaluable in seismotectonic
zoning and can be used to identify and investi-
gate local stress perturbations that may localize
seismicity (Zoback, 1993). This is particularly
important in Italy for seismic zones that are out
of the main fault belt of the peninsula, where
the largest (M ~7) earthquakes nucleate, but
are highly hazardous as well. In addition, an

1. Introduction

A detailed map of active stress in the crust
is fundamental to constrain geodynamic mod-
els of the Italian peninsula and to understand

the active tectonic processes. Both numeric and . .
laboratory mo delitllj ¢ like those recently pro- accurate knowledge of the active stress field is

posed for this region (see e.g., Bassi and Sa- useful for oil and geothermal exploitation,
badini. 1994: Giunchi e al. ’1996' Faccenna since it yields important indications on the de-

et al., 1996) would benefit from a better knowl- velopment of induced hydraulic fractures.
’ The currently available compilations of

stress data are based on incomplete and inho-
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Fig. 1. Location of the deep wells analyzed for stress determination, compared to the distribution of the earth-
quakes that occurred between 1988 and 1995 (2.5 < M < 4.8) for which we have determined focal mechanisms.
Legend: 1) deep wells location; 2) epicenters; 3) normal faults; 4) major overthrusts of the Apennines; 5) front
of the «plastic» allochthonous sheet in the Southern Apennines and Sicily; 6) strike-slip and undetermined
faults. FD = Apenninic foredeep; ATB= Apenninic thrust belt zone; STB = Sicily thrust belt zone; HFL = Hy-
blean foreland. Tectonics modified from Patacca and Scandone (1987) and Bigi et al. (1990). In the upper
right corner: epicenters of the deep (> 30 km) earthquakes, (modified from Selvaggi and Amato, 1992).
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the compilation of the World Stress Map
(Zoback, 1992), for instance, only one break-
out measurement is reported for the entire Ital-
ian region, the active stress data are mostly P
or T axes from focal plane solutions, that are
often poorly constrained.

The most reliable information on the active
stress distribution in Italy derives from the
CMT focal solutions (although earthquakes are
indicators of strain) computed by Harvard Uni-
versity, but these are available only for a few,
strong (M > 5.5) earthquakes which occurred in
the past twenty years (Jackson and McKenzie,
1988; Pondrelli et al., 1995). For earthquakes
that occurred between 1908 and 1980, fault
plane solutions from bulletin polarity data
(3.5<M<7.0), are available from the litera-
ture (Gasparini et al, 1985; Anderson and
Jackson, 1987; Westaway, 1987). These results
are often not well constrained, all the solutions
computed by Gasparini et al. (1985) have ‘C’
or ‘D’ quality (low quality) in the ranking sys-
tem of the WSM (see Zoback, 1992).

In order to obtain a more reliable and de-
tailed map of present-day stress in Italy, in the
past four years we have systematically col-
lected and analyzed breakouts from deep wells
and focal mechanisms of small events (M < 5)
which occurred in the past eight years (fig. 1).
In this paper, we review all the data published
to date on both types of stress indicators (Mon-
tone et al., 1992; Cesaro, 1993; Frepoli et al.,
1993; Amato et al., 1995; Montone et al.,
1995; Ragg et al., 1995; Frepoli and Amato,
1997). In addition, we report new data from
borehole breakouts in Central-Northern. Apen-
nines and in the Calabria region (about 60
stress directions) and from earthquake focal
mechanisms (Frepoli and Amato, 1996).

To date, about 200 deep wells (0-7 km
depth) were analyzed (fig. 1), 120 of which
gave valuable results (directions. of Sy, and
Spmin)- Data from wells in Sicily were analyzed
by Cesaro (1993) and Ragg et al. (1995). In
addition, about 300 directions of compressional
(P) and tensional (7) axes of recent (post
1988) earthquakes are available, to be com-
pared with CMT and polarity solutions from
previous studies.
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2. Breakout analysis
2.1. Method

Breakouts are localized shear failures on
borehole walls, which occur when wells are
drilled in an anisotropic stress field, and they
yield horizontal stress directions — S, and
Spmin (Bell and Gough, 1983; Zoback, 1992).

Since no shear stresses can exist in the
plane of the Earth’s surface, one of the princi-
pal stresses in the upper crust should be ori-
ented approximately perpendicular to it (An-
derson, 1951).

In this paper, as in all the papers published
on this topic (see Zoback, 1992 and references
therein), our results and interpretations are based
on this assumption (see also McGarr and Gay,
1978). In most cases this is supported by the in-
version of focal mechanisms that shows stress
axes generally within 20° from the vertical.

The four-arm caliper readings that we use to
measure the breakout zones are reported as ei-
ther digital curves or paper field logs.

The criteria that we use to recognize a
breakout zone are those described in Plumb
and Hickman (1985) relative to: tool rotation
(must cease in breakout zones); the enlarge-
ment of one caliper with respect to the other
one, equal to the bit size; the hole azimuth, that
must be different from the breakout azimuth by
more than 10°; the hole deviation from the verti-
cal (not more than 15° and not less than 0.5°).

Breakouts, using the paper field logs, are
recognized when the criteria described above
are satisfied for a minimum length of 1 m and
a minimum difference of 1.3 cm between the
two caliper arms. Particular attention was paid
to the identification of other causes of borehole
ellipticity, such as key seats and washouts, due
to erosional action of the drill pipe in deviated
wells and to caving of the entire perimeter
of the well, respectively. Neither key seats
or washouts were used in the computation of
the stress directions.. A weight was assigned to
each breakout interval, according to its geome-
try and to the tool rotation trend before, within
and after the breakout zone. Length and az-
imuth of each breakout zone are input into a
Fortran program that calculates the mean
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breakout direction (corresponding to Sj,,;,) and
its standard deviation both for cumulative break-
out length and for number of observations.

The analysis of digital logs, performed with
a package of Fortran codes, uses the same ba-
sic criteria for breakout discrimination as the
paper log analysis, scanning the curves of the
well geometry that are generally sampled at
0.1 m (or sometimes less). There are two main
differences between digital and paper logs
analysis, namely: a) the first is somehow more
«objective» than the second, relying on cut-off
criteria set a priori (the analysis of paper logs
is heavily based on the operator’s experience,
that might include pre-conceived notions on
expected stress directions); b) digital analysis
does not consider the rotation before, during
and after the logging tool comes across a
breakout zone (this is a strongly discriminating
feature for traditional paper log analysis, see
Plumb and Hickman, 1985). From the two or-
thogonal calipers, the program computes a
suite of nine «synthetic» calipers, one every
22.5°, assuming the well has an elliptical
cross-section. This gives a representation of the
shape of the well section (fig. 2). Then, a series
of cut-off values are defined for each well
(fig. 3), based on ellipticity (defined as the ratio
between maximum and minimum caliper arms,
CIN); normalized ellipticity; perimeter index
(defined as the ratio between the actual bore-
hole perimeter, considered as an ellipse, and
the bit size circular perimeter, PERI); the dif-
ference between the minimum caliper arm and
the bit size (used to discriminate breakouts
from washouts); and the ratio between the ac-
tual borehole perimeter, considered as an el-
lipse, and the minor borehole axis perimeter
(PERC). The use of slightly different cut-off
values accounts for the remarkable differences
in the ellipticity of the analyzed wells. For in-
stance, higher cut-off values are applied to
wells that are largely caved, in order to exclude
from the computation of the stress directions
large quantities of washout zones. Conversely,
in wells drilled in high strength rocks, that are
characterized by a circular section for most of
their length, we adopted lower cut-off values.

A breakout zone is defined when at least
four adjacent points (one every 0.1 cm) satisfy
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Fig. 2. Nine «synthetic» oriented calipers from 0°
to 180°. In the upper part an example of breakout
zone oriented NNW-SSE; in the lower part an ex-

ample of washout zone.

the cut-off values described above. All the se-
lected breakout zones are then put into another
program that determines the breakout mean di-
rection (parallel to S,.;,) and the standard de-
viation, similarly to what is done in the paper
log analysis. For the digital data, breakout
zones are also plotted with frequency diagrams
along the well section to allow us to check
how the breakout azimuth varies depending on
depth, lithology, dip of the bedding planes, and
fault zones (fig. 3).

To attribute a quality value to each well we
adopted the quality ranking system proposed
by Zoback (1992) for the WSM: from ‘A’
quality for the best data to ‘E’ quality for dis-
carded wells, depending on total breakout
length and standard deviation of the mean di-
rection (see table I).

Table I. Ranking criteria adopted to evaluate statis-
tical significance of breakout inferred stress direc-
tions.

Standard deviation

Length
<12° <20° <25° >25°
>300m A B C D
100300m B C D E
" 3010m C D E E
0-30 m D E E E
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Fig. 3. Central column: azimuthal frequency diagrams of 3 breakout intervals (2600-2650 m; 2670-2770 m;
2780-2860 m). The left column shows the hole geometry with the two calipers (CMIN and CMAX) and the bit
size (BITS). Right column: curves of parameters used to discriminate breakouts (PERI, PERC, CIN), Symbols:
BITS = drilling diameter (inch); CMIN = minimum caliper (inch); CMAX = maximum caliper (inch);
PERI = borchole/bit size perimeter index; PERC = borchole/minor axis perimeter index; CIN = major axis
length/minor axis length ellipticity index.
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2.2. Breakout analysis — results
2.2.1. Northern and Central Apennines

We have analyzed 67 new wells (fig. 4) in
the Central-Northern Apennines and Adriatic
Sea (between 42°N and 44°N latitude). Only
53 boreholes are useful to determine S),;, di-
rections; 14 wells were classified as ‘E’ (the
worst data quality = no stress indications) be-
cause of tool problems, such as a too low devi-
ation from the vertical (less than 0.5°), or be-
cause the computed results have a very high
standard deviation. In some wells no ovaliza-
tion was detected: 3 of them are in the northern
sector of the study area (two on land and one
offshore), the other 5 are offshore, 4 of which
are around 43°N.

In this paper we present preliminary results
of the breakout analysis of these 67 wells, ob-
tained only from paper logs; more detailed
analysis using digital logs are currently in
progress (Mariucci et al, in preparation).
These will allow us to discriminate anomalous
stress directions possibly related to different
stratigraphic and tectonic units, and therefore
to assess the most reliable regional stress direc-
tion.

Most of the wells are located in the fore-
deep region (fig. 1), only two neighbouring
wells were analyzed in the belt (Central Italy).
The breakout results point out quite different
Spmin Orientations for these two wells: N10E
and N70E, with quality C and D, respectively
(fig. 4). Perhaps these directions are affected
by the presence of local tectonic structures, a
more detailed analysis using digital data is cur-
rently in progress. These two wells have pene-
trated the Umbria-Marche basin units and have
reached the Permo-Triassic formations like the
«Anidriti di Burano», and in one case the «Ver-
rucano». It is interesting to note that the two
largest earthquakes that occurred in this region
(the 1979 Norcia and 1984 Perugia-Gubbio
earthquakes) both have normal faulting mecha-
nisms, with T-axes oriented N79E and N39E,
according to the CMT catalogue.

For the wells located in the northern sector
of the Po plain-Adriatic foredeep zone (fig. 4),
we find breakouts (= Sj,,;,) with a prevailing
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direction NW-SE (in the range from N24W to
N60W). These results come from nine wells,
five of which with quality ‘A’ to ‘C’ and four
classified as ‘D’. The NW-SE direction is the
most evident north of 43°N. More to the south
we find S, oriented NE-SW (between N22E
and N55E). This was obtained from the break-
outs of 15 wells: five of quality ‘A’ or ‘B’,
three with quality C, and seven quality D).

In the area where we detected this abrupt
change in the direction of S, (fig. 4) there
are some wells with breakout orientations al-
most E-W (two of them are classified ‘C’ and
two ‘D’). Three other wells with the same di-
rection are located more to the south; they
have Sy, N70-75E with quality ‘A’ and ‘B’
(two) or ‘C’ (one).

Some deep wells, without a preferred geo-
graphical localization, have S, oriented N-S
(fig. 4); two of them are on land (quality ‘C’),
in the southernmost sector of the study area,
but the largest part is offshore (three with qual-
ity ‘A’, ‘B’ or ‘C’, and five with quality ‘D’).

Two wells in the foredeep show two peaks
of Spmin: their location is different but their
Shmin directions are similar. In the deepest part
of these boreholes, where a calcareous lithol-
ogy is drilled, the principal breakout direction
is N6OW, whereas in the upper part S, is
oriented N75E (in the well penetrating the
Mio-Pliocene Flysch units) and N65E in the
other one, where the Pliocene allochthonous
units were drilled.

A ~NE orientation of Sj,;,, similar to that
observed in the belt and south of 43°N, was
recognized in the Tyrrhenian back-arc region
of Central Italy, around the Quaternary volca-
noes of Latium and Southern Tuscany. Here, a
NE to ENE S, was observed (fig. 4), in
agreement with the inversion of focal mecha-
nisms that indicate a NE-SW o3 direction
(Montone et al., 1995).

2.2.2. Southern Apennines

In the Southern Apennines we have ana-
lyzed 64 wells from the Tyrrhenian coastal re-
gion to the Adriatic foreland (fig. 4). The re-
sults are described by Amato et al. (1995) and
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Fig. 4. S;,ip dircctions from breakout analysis according to data quality. The S, directions in Sicily are
from Cesaro (1993) and Ragg er al. (1995): 1) ‘A’ and ‘B’ quality; 2) *C’ guality; 3) ‘D’ quality; 4) normal
faults; 5} major overthrusts of the Apennines; 6) front of the «plastic» allochthonous sheet in the Southern
Apennines and Sicily; 7) strike-slip and undetermined faults. FD = Apenninic foredeep; ATB = Apenninic
thrust belt zone; STB = Sicily thrust belt zone; HFL = Hyblean foreland. Tectonics modified from Patacea and
Scandone (1987) and Bigi er al. (1990).
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Amato and Montone (1997). A NE-SW S, is
evident throughout the southern peninsula,
with a N40-50E S),,;, in the belt, in agreement
with the seismic deformation inferred from
large earthquakes (NE-oriented extension,
mostly accomplished on NW-SE trending nor-
mal faults). In the foredeep and foreland (Apu-
lia), the results show S, N60-70E, i.e. about
20° clockwise rotated from the Apenninic
trend. The seismicity in the foredeep region
consists of a few, mostly strike slip, earth-
quakes that suggest a nearly vertical o, (Amato
et al., 1995). In the Adriatic plate, there are
hints of isotropic horizontal stress, since no
ovalizations were found in the few wells lo-
cated offshore the Southern Adriatic.

2.2.3. lonian Calabria region

From the analysis of eleven deep wells lo-
cated along the Ionian coast of Calabria, only
eight wells gave valuable results, two were dis-
carded for problems with the deviation angle
from the vertical (too large or too small) and
another one for the unclear results, that show
highly scattered directions of breakouts. The
eight good wells are generally affected by large
scatter of the breakout directions, and show
different directions even at small distance.
They are all located near the lonian coast (3 on
land and 5 offshore). All the wells were ana-
lyzed using both digital data and paper logs,
with comparable results.

In the northern sector we found S, ori-
ented ~ NS, in agreement with focal mecha-
nisms (see next section), although this result
derives from only one well with ‘D’ quality,
(fig. 4).

The central group exhibits two S, direc-
tions, perpendicular between each other. The
first direction, roughly NW-SE, comes from
two boreholes (data quality: ‘B’ and ‘C’) lo-
cated more to the east with respect to the wells
that gave NE-SW direction of S,,;,. These are
4 wells with ‘C’ or ‘D’ qualities. Although the
number of analyzed wells is low and the data
quality is not very good, it appears that an
abrupt change occurs around the Ionian coastal
region. The different S,,,,;, directions observed
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in this area may be related to the proximity of
the transition between mainland Calabria,
where extensional tectonics and uplifting dom-
inates (Moussat ef al., 1986; Westaway, 1993),
and a region in compression, inferred from re-
cent geological data (Ghisetti er al., 1982).

2.2.4. Sicily

Cesaro (1993) determined breakouts from
24 wells located in the foreland zone (Hyblean
area and Malta Platform) and in the thrust belt
zone (fig. 1). The S, direction of the fore-
land zone is relative to the Meso-Cenozoic se-
quence of the Hyblean carbonate platform, be-

‘longing to the northern margin of the African

plate, whereas the S, directions in the thrust
belt zone are relative to both the underthrusted
African plate and the overlying terrigenous
Neogene successions.

The foreland zone (Hyblean area and Malta
Platform) shows a unimodal NE-SW S, .. di-
rection (Cesaro, 1993), except for a N-S S,
direction detected in a single well located near
the Pantelleria rift (fig. 4). Similar results were
found by Ragg er al. (1995) for Sicily with a
clear NW-SE Sy, in the Hyblean foreland re-
gion, and strong rotations in the foredeep re-
gion. The directions of maximum horizontal
stress detected in the foreland (NW-SE) is
roughly parallel to the main plate convergence,
according to NUVEL-1 (De Mets et al., 1990),
suggesting that the stress concentrates here as a
result of the NW (or NNW) motion of Africa
with respect to Eurasia.

Along the thrust belt margin, the stress pat-
tern is more complex, the underthrusted
African succession is in fact characterized by
Spmin direction ranging between NE-SW (re-
gional trend) and NW-SE (fig. 4). In the over-
lying Neogene succession, no uniform S, ,;, di-
rection is observed throughout the thrust belt
zone. However it must be stressed that, along
the same well, the two successions (under-
thrusted African units and overlying Neogene
terrigenous units) are always characterized by
different Sy, directions (Cesaro, 1993).

The strong stress rotations observed in the
thrust belt zone may be due to the interaction



Crustal stress regime in Italy

between the regional stress and local sources,
such as the Pantelleria rift opening and/or the
flexuring of the plate beneath the foredeep
(Cesaro, 1993; Ragg et al., 1995).

3. Seismicity
3.1. Data selection

We analyzed 449 focal mechanisms of
events recorded by the national seismic net-
work of the ING in the period 1988-1995
(fig. 1). The magnitudes M, of these events
range between 2.5 and 4.8.

The earthquakes were located with the com-
puter program HyPOINVERSE (Klein, 1989) us-
ing a gradient velocity structure. Focal solu-
tions were determined with the FPFIT program
(Reasenberg and Oppenheimer, 1985). Follow-
ing a quality factor criteria, we selected 297 re-
liable focal mechanisms, among which 125 are
of earthquakes which occurred in Northern
Apennines, 64 in Southern Apennines, and 108
in Sicily (fig. 1).

The fault plane solutions were then classi-
fied in stress regime categories which are
based on different plunge ranges for P- and
T-axes, following Zoback (1992) for the World
Stress Map. Among the 297 computed focal
mechanisms, only 16% are «oblique» (not
referable to any stress category): this confirms
that stresses in the upper crust are character-
ized by two horizontal principal stresses and
the third on the vertical plane.

3.2. Fault plane solutions

In the Northern Apennines the most impor-
tant result is the evident separation between an
area characterized by normal (and subordi-
nately strike-slip) faulting and one character-
ized by reverse (and strike-slip) faulting. Nor-
mal faulting solutions are distributed in a large
portion of the Northern Apennines, while
the reverse solutions are confined in a narrow
belt, the Po plain-Adriatic compressional belt,
which follows the curvature of the Northern
Apenninic arc from Emilia to the Southern
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Marche (fig. 5). The strike-slip solutions are
spread almost everywhere, except in Central
and Southern Tuscany (figs. 5 and 6). In the
extensional area the T-axes of normal and
strike-slip solutions have different orientations,
with a prevalence of NE-SW to E-W trends,
while in the compressional area the P-axes of
thrust and strike-slip solutions have a predomi-
nant NE-SW direction. Results of stress inver-
sion from earthquake data reveal a horizontal,
NE-SW oriented o, in this belt, with o, close
to vertical in the southern sector (Romagna-
Marche), and plunging 60° in the northern sec-
tor (Caorso-Emilia) (Frepoli and Amato,
1996). These results are in very good agree-
ment with the distribution of horizontal stress
directions inferred from breakouts.

In the Northern Apennines, the contempora-
neous existence of active extension and com-
pression revealed by active stress indicators is
coherent with the geological observation of the
eastward migration of the compressional front
and the adjacent extensional back-arc region,
observed since at least Miocene times (Patacca
and Scandone, 1987; Vai, 1987).

Only extension perpendicular to the belt is
observed in the Southern Apennines (fig. 6), in
perfect agreement with the results of breakout
analysis. T-axes of normal and strike-slip solu-
tions are generally oriented NE-SW along the
belt, as evident also from focal mechanisms of
large earthquakes (Amato et al., 1995). In the
Gargano sector, T-axes oriented E-W are pre-
dominant, while in Southern Calabria and the
Messina Strait they are heterogencously di-
rected (fig. 6), although with a hint of rotation
from a N-S trend in the north, to ~ E-W near
Sicily. This is consistent with a maximum hori-
zontal stress rotating from E-W at the northern
end of the Calabrian arc, to N-S at its south-
western end (NE-Sicily), consistently with the
curvature of the arc itself and with the hypoth-
esized active convergence at the outer front.
Unfortunately, with the presently available data
we cannot constrain the active stress field all
around the Calabrian arc, both because the
seismicity is too sparse (particularly in the ITo-
nian side, where the network geometry is very
unfavorable) and because the borehole data are
not well distributed in the entire region.
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The E-W direction of the minimum hori-
zontal stress obtained around the Messina
Strait is in agreement with the extensional
character of the Strait that might have been
generated by repeated normal faulting earth-
quakes like the 1908, M ~7 Messina-Reggio
Calabria earthquake (Valensise and Pantosti,
1992).

In Sicily, most of the analyzed events are
concentrated in the north-eastern part of the is-
land. Reverse faulting mechanisms are preva-
lent in the Aeolian Islands and in the Pollina
area (fig. 5). In these two areas most of the
P-axes are oriented approximately N-S and
NW-SE, respectively. Also the few thrust and
strike-slip solutions of events located in Cen-
tral and Western Sicily have P-axes oriented
NW-SE. More heterogeneous is the distribu-
tion both in fault plane solution categories and
axes orientation for the Nebrodi Mts. and Etna
sectors.

4. Discussion

A detailed knowledge of the active stress
field is necessary in order to constrain the ac-
tive tectonic processes and the recent geody-
namic evolution of the Italian region. The col-
lection of hundreds of reliable stress indicators
summarized in this paper allows us to shed
light on some controversial points that have
been the matter of discussion among earth sci-
entists for many years. The main standing
points of our research at the present stage are
the following.

In Southern Italy, the direction of the maxi-
mum horizontal stress, Sym.. is roughly paral-
lel to the relative convergence between Africa
and Eurasia as inferred from global plate mo-
tion studies (NUVEL-1, De Mets et al., 1990),
although NUVEL-1 approximates the bound-
ary between these two main plates as a roughly
straight line crossing Northern Africa and
Sicily, and does not take into account the
strong curvature of the Calabrian-Apenninic-
Alpine belts. NUVEL-1 predicts a convergence
~N20°W in South-Eastern Sicily at 0.5-0.8
cm/yr, consistently with results of VLBI obser-
vations in the Hyblean foreland (Ward, 1994).
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Argus et al. (1989) obtained the NW to NNW
Africa-Eurasia convergence around Sicily us-
ing only transform fault azimuths and 3 m.y.
average spreading rates in the Atlantic, omit-
ting slip vectors of earthquakes in the Gibraltar
to Sicily section. Argus et al. (1989) also re-
mark how the predicted convergence agrees
with the slip vectors of thrust and strike-slip
earthquakes in the region.

The directions of Sy« inferred from break-
outs in the Hyblean foreland (Cesaro, 1993;
Ragg et al., 1995) range between N50W and
N20W; i.e. only slightly rotated counter-clock-
wise from the plate motion direction. Data
from earthquake focal mechanisms are in
agreement with this pattern, indicating a NW-
SE compression in SE-Sicily (Amato et al.,
1995) and N-S compression in Northern Sicily
(Pondrelli et al., 1995; Frepoli and Amato,
1996). Therefore, we interpret the NNW di-
rection of Sy, as the regional stress due to
the Africa-Eurasia convergence.

This NNW to NW-oriented direction of
maximum compression is detected in the entire
northern margin of the African plate, west of
Sicily (Zoback, 1992), and in Western Central
Europe (Mueller et al., 1992), where a thrust or
strike-slip stress regime with NW o; domi-
nates. Around the Alpine belt, as well as in
peninsular Italy, the stress directions are
strongly affected by the presence of «sec-
ondary» features, such as the Adriatic mi-
croplate and the mountain belts with their
crustal thickening and lithospheric «roots».
The stress field around the Adria plate derives
from the interaction between the main plate
convergence and the collision and subduction
processes acting along the Alpine, Apennines
and Calabrian arcs. In the Alps, the Sy, di-
rections are roughly perpendicular to the belt,
ranging from N-S in the east (Friuli area) to
NNW-SSE in Central Alps, and even stronger
rotations (~E-W) in South-Western Alps.
These directions are interpreted as due to the
interaction between the N-S to NW-SE inden-
tation of Adria under the Alps. The presence of
thick lithospheric roots is thought to overcome
the tension caused by high topography and
thick crust, and to be responsible for additional
E-W compression (Mueller et al., 1992). Grun-
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thal and Stromeyer (1992) modelled this with
an increased rigidity of the Adriatic promon-
tory, obtaining remarkable Sy, rotations, in
agreement with the observed fan-shaped pat-
tern of the Western Alps.

The NW-SE directions of Sy, measured
from both breakouts and focal mechanism of
earthquakes in the Apenninic belt are also
compatible with the main plate convergence,
but are associated with a normal faulting stress
regime, as witnessed by focal mechanisms of
strong earthquakes (Anderson and Jackson,
1987) and confirmed by the new data on focal
plane solutions of small earthquakes presented
here (fig. 6).

The total absence of thrust faulting mecha-
nisms in the Southern Apennines confirms that
the belt is currently undergoing extension and
uplifting (see also Westaway, 1993; Pantosti
et al., 1993; Hippolyte ef al., 1995; Amato and
Montone, 1997), and is in agreement with
breakout data that show predominant NE-SW
trending S,ni. Even the foredeep region ap-
pears to be characterized by S, perpendicu-
lar to the direction of the thrust front, including
the most external sector that was undergoing
NE-SW shortening until the middle Pleis-
tocene, according to Scandone er al. (1996).
However, it must be noted that the southern-
most region of the foredeep shows more
northerly directed Sy, directions. This stress
rotation is possibly related to the proximity of
the Ionian area, where seismic reflection pro-
files indicate active compression since the
early Pleistocene along the allochthonous
thrust front (Senatore, 1987).

The agreement among stress data obtained
with different methodologies, observed glob-
ally (Zoback, 1992) and well evident in large
sectors of Italy, is surprising if we consider
that breakouts and focal mechanisms are rela-
tive to different depth intervals (0-5-7 km for
the former, 3-20 km for the latter), and to dif-
ferent structural units. In the Southern Apen-
nines, data from Quaternary surface faults
(Hippolyte et al., 1994) and seismological data
are consistent with this pattern (Amato and
Montone, 1997).

In order to assess whether the individual
stress measurements bring information on the
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regional stress acting in a broad area, we com-
pared the azimuthal distributions of two differ-
ent data sets, namely: a) borehole breakouts,
and b) extensional axes of earthquakes oc-
curred from 1962 to 1995, with magnitude
between 3 and 7, in the Southern Apennines
(fig. 7a,b). To obtain a qualitative comparison
between breakout inferred S, directions and
extensional axes directions, we computed the
mean value that corresponds to the angular av-
erage of all the data, and the measure of dis-
persion for each data set.

Southern Apennines

Breakouts (Q=A,B,C)

Data

20 40 60 80 100 120 140 180 180

Shmin azimuth

Earthquakes 1962-1995, 3<M<7

Data

30

60 90 120
T-axes azimuth

@ (e} 150
Fig. 7a,b. Azimuthal distribution of minimum hori-
zontal stress directions in Southern Apennines. a) 27
Spmin directions from breakout analysis relative to
wells with assigned A, B and C quality; b) 31 ten-
sion axes of earthquake focal mechanisms in the pe-
riod 1962-1995, with 3<M <7 from CMT solu-
tions, Gasparini et al. (1985), and Frepoli and Ama-
to (1996). The mean values of the two distributions
are N44°E + 20° and N44°E £ 27°, respectively.
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We calculate the mean direction with the
following formula (Davis, 1986):

0 = arctang (X/_, sin 6;/%_; cos 6))

and the dispersion R:

NG sin6)? + (], cos 6,)°

R n

In order to have a measure of dispersion which
increases with increasing scatter, we report its
complement, called the circular variance
(1 =R). The circular variance, in degrees, is
obtained from:
o=[o.5v2-1-n]- 180
T

The two distributions are very similar to
each other, with average S, directions of
N44°E + 20° and N44°E £ 27° for (a) and (b),
respectively. In our opinion, this demonstrates
that the measured values are representative of
the regional stress, and the deviations from the
mean value can be seen as rotations due to «lo-
cal» sources.

Compared to the Southern Apennines, the
northern arc is characterized by a drastically
different stress distribution (Mariucci ez al., in
preparation). North of 43°N, both breakout
data and focal mechanisms reveal horizontal
compression perpendicular to the thrust front
(0y oriented NE-SW) in the external sector of
the arc. Around this latitude, a drastic change
in the stress distribution is observed. Rotations
of as much as 90° are detected from breakout
results in deep wells of the external sector of
the Northern Apenninic arc (fig. 4), with direc-
tions of Sj.;, ranging from NE-SW in the
south, to N-S mainly in the Central Adriatic
offshore, up to NW-SE north of 43°, consistent
with a ~NE-SW maximum horizontal stress.
The distribution of thrust faulting earthquakes
in the Apennines is consistent with this stress
direction, in fact almost all the reverse faulting
mechanisms of the Apennines are located north
of 43°N (fig. 5). The compressional belt is
narrow (~30-50 km), and lies adjacent to a
broader internal sector, extending throughout
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Tuscany, Umbria and Latium, characterized by
~ ENE extension, accomplished by normal and
strike-slip faulting earthquakes. Similar results
were obtained by Montone er al. (1995) for
the volcanic province of Latium and Southern
Tuscany.

The «compressional» front depicted from
active stress data, following the northern arc
from northwest to southeast down to latitude
N43°, matches fairly well the Po plain-Adriatic
compressional belt outlined by the front of the
thrust sheets (Scandone et al., 1996).

Moreover, the extent of this region seems to
be related to the deep structures and the sub-
crustal seismicity (Montone et al., 1996). A
striking correspondence is in fact observed
among stress directions in the upper brittle
crust and geometry of the lithospheric slabs
hypothesized from seismic tomography and
deep earthquake distribution. Amato er al.
(1993) point out the existence of a strong high
velocity anomaly in the upper 200-300 km be-
neath this region, that is interpreted as a rem-
nant of the Adriatic lithosphere currently sink-
ing beneath the Northern Apenninic arc. This
high velocity body is apparently continuous
with the shallow part of the Adriatic litho-
sphere, as indicated by the distribution of sub-
crustal earthquakes that deepen from east to
west down to 90 km depth (Selvaggi and
Amato, 1992). These anomalously deep earth-
quakes are located only below the northern arc,
and are not present beneath the Central-South-
ern Apennines (fig. 1), suggesting that the hy-
pothesized subducting slab is either detached
or thermally assimilated in Central and South-
ern Italy. Accordingly, the tomographic images
of the upper mantle show that the Apenninic
high velocity anomaly becomes weaker and
may be deeper south of latitude N42°-N43° ap-
proximately (Amato et al, 1993; Cimini and
De Gori, 1997).

A possible speculative mechanism that can
be proposed at this stage is therefore that the
active compression in the northern arc is due to
the action of a still active (or passively sink-
ing) lithospheric slab, that also generates ex-
tension in the back-arc region. This would ex-
plain the migration of the extension — compres-
sion pair through time.
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In the Central-Southern Apennines, a ther-
mal episode might have determined the assimi-
lation of the slab, causing a reduction in the
downward directed forces exerted by the dense
sinking slab, the uplift of the belt, and the dif-
fuse extension perpendicular to the Apennines,
as observed from breakouts and focal mecha-
nisms.

Modelling the complex forces acting in this
region is therefore becoming more and more
important to constrain the active tectonic pro-
cesses. We believe that the detailed knowledge
of the stresses involved in such processes
would greatly contribute to discriminate among
the numerous possible mechanisms governing
the recent geologic evolution of the Italian re-
gion.

5. Conclusions

A reliable map of the active stress in Italy
will be available soon. When complete, it will
serve as a basic tool for many research fields
in Earth science. Among these, the most rele-
vant are to constrain and understand better the
forces that are deforming the Italian region;
and to contribute to seismotectonic zoning and
seismic hazard assessment.

In regions like Italy, where active tectonic
processes are relatively slow, many parameters
that are needed to understand the active tec-
tonic processes and to constrain numeric mod-
els that are not known yet (for instance, strain
rates from geodetic data). An accurate knowl-
edge of the stress field is therefore extremely
important to constrain such models and to un-
derstand the forces acting in our region. A
first-order goal that we are pursuing is to dis-
criminate between the contribution of the main
plate convergence and the buoyancy forces re-
lated to active and past subduction and colli-
sion processes. The stress field distribution
presented here highlights the importance of
plate convergence in Southern Italy (Sicily),
where the maximum horizontal stress parallels
the Africa-Eurasia relative motion, and in the
Alpine region, where the indentation of Adria
generates a fan-shaped pattern of maximum
compressive stress.
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Other forces determine the present-day state
of stress along the Italian peninsula, most of
which are related to the westward subduction
of the Ionian/Adriatic lithosphere beneath the
Apennines. Here, the correspondence between
the stress regime in the brittle upper crust
and the structures outlined by seismicity and
tomography, suggests a tight (though not
straightforward) relationship between them. In
particular, where there is evidence of a contin-
uous slab in the upper 200-300 km, we find an
active compressional front from stress data
(Northern Apennines, and possibly Calabria).
On the contrary, the Southern Apennines,
where there is evidence of a detached (or a less
dense) slab are characterized by extension.
This may be due to the (delayed) effect of the
detachment, or to thermal assimilation of the
slab with the consequent diminution of forces
acting on it.

A detailed map of the present-day stress
field is also important for seismic hazard eval-
uation, since it may tell us which faults are
more likely to rupture in future earthquakes,
and with which mechanism. This is particularly
important in regions where active faults have
no surface expression, and this is a very frequent
case in Italy, both because repeat times of earth-
quakes are large (often thousands of years), and
because many moderate but hazardous earth-
quakes (M < 6.5) occur on blind faults. The inte-
gration of stress data with seismicity patterns de-
termined from instrumental monitoring and his-
torical information broaden our possibility of as-
sessing seismic hazard in Ttaly.
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