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Abstract

This paper presents an interpretation of crustal seismic refraction data from the northern sector of the Southern
Apennines thrust belt, a region that in historical times experienced large destructive earthquakes. The data were
acquired in 1992 along a seismic line 75 km long and parallel to the Apenninic chain, in order to determine a detailed
2-D P-wave velocity model of the upper crust in an area that had not been deeply investigated by geophysical methods
previously. We have used a 2-D ray tracing technique based on asymptotic ray theory to model travel times of first
and reflected P-wave arrivals. Synthetic seismograms have been produced by finite difference simulations in order to
check the reliability of the velocity model inferred by ray-tracing modelling. The interpretation of the velocity model
is constrained by stratigraphic and sonic velocity logs from wells for oil exploration located close to the seismic line.
Gravity data modelling allows to check the velocity model and to extend the structural interpretation in 3-D. In the
shallow crust, up to a depth of 3-4 km, strong lateral variations of the modelled velocities are produced by the
overlapping of thrust sheets formed by: (1) Cenozoic flyschoid cover and basinal successions that underlie the seismic
profile with P-wave velocities in the 2.8—4.1 km/s range and thicknesses varying between 0.5 and 4.5 km; (2) Mesozoic
basinal sequences with a velocity of 4.8 km/s and a depth of 1.5-2.1 km in the northern part of the profile; (3)
Mesozoic limestones of the Western Carbonate Platform with a velocity of 6.0 km/s and a depth of 0.1-0.8 km in the
southern part of the profile. At a greater depth, the model becomes more homogeneous. A continuous seismic
interface 3.0-4.5 km deep with a velocity of 6.0 km/s is interpreted as the top of the Meso-Cenozoic Carbonate
Multilayer of the Apulia Platform, characterized by an increase in seismic velocity from 6.2 to 6.6 km/s at depths of
6-7 km. A lower P-wave velocity (about 5.0 km/s) is hypothesized at depths ranging between 9.5 and 11 km. As
inferred by commercial seismic lines and data from two deep wells located in the Apulia foreland and Bradano
foredeep, this low-velocity layer can be related to Permo-Triassic clastic deposits drilled at the bottom of the Apulia
Platform. Seismic data do not allow us to identify possible deeper seismic interfaces that could correspond to the top
of the Paleozoic crystalline basement; this is probably due to the low-velocity layer at the bottom of the Carbonate
Multilayer that reflects and attenuates a great part of the seismic energy. The joint interpretation of seismic refraction
and well data, in accordance with gravity data, provides the first detailed P-wave velocity model of the upper crust
of the northern sector of the Southern Apennines, which differs considerably from previous 1-D velocity models used
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to study the seismicity of the region, and reveals new information about the structure of the thrust belt. © 2000

Elsevier Science B.V. All rights reserved.
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1. Introduction

The Southern Apennines is a Neogene thrust
belt resulting from the deformation of the Apulian
continental margin. As inferred by earthquake
fault plane solutions (Anderson and Jackson,
1987) and present-day stress data (Amato and
Montone, 1997), this region is subject to a wide-
spread crustal extension perpendicular to the
chain. The Southern Apennines are characterized
by a narrow seismic belt, NW-SE-striking and 30—
50 km wide approximately following the axis of
the chain.

The northern sector of Southern Apennines, the
Sannio region, is among the most active seismic
regions in Italy. In the last three centuries, it has
been struck by four large destructive earthquakes
occurring in 1688 (I,=XI MCS), 1702 (I,=X),
1732 (I,=X) and 1805 (I,=X). Since 1805, a
period of seismic quiescence, broken off only by
three moderate-magnitude events (Ms=5.7, Ms=
6.1, Ms=5.4), occurring on the 22nd August 1962,
has followed. At present, the seismicity is charac-
terized by low-energy earthquakes frequently clus-
tered in swarms occurring at the borders of
primary faults, which caused the most energetic
earthquakes. The long quiescence following the
1805 event makes the Sannio region one of the
most likely candidates for future large destructive
events in Italy.

In 1992, a seismic survey was carried out in this
area of Southern Apennines with two main goals:
(1) to perform a local seismic response study in
Benevento, the main town of the region
(Iannaccone et al., 1995; Marcellini et al.,
1995a,b); (2) to provide a seismic velocity model
of the Sannio region. In fact, the availability of a
reliable velocity model and the knowledge of the
crustal structure are essential elements to compute
accurate hypocentral locations and fault plane
solutions in order to understand the relation

between tectonics and the present-time, low-magni-
tude seismicity of this region. A description of the
seismic survey and a preliminary analysis of data
was reported by Iannaccone et al. (1998).

In this paper, we present a detailed P-wave
velocity and structural model of the upper crust
of a sector of the Southern Apennines that includes
the Sannio region and the northern end of the
Irpinia region (Fig. 1), where, in 1980, an Ms=
6.9 normal faulting earthquake occurred (Bernard
and Zollo, 1989). The model is obtained by a joint
interpretation of five seismic refraction profiles
recorded during the 1992 survey along a main line
75 km long, well data and commercial seismic
lines. Moreover, the reliability of the inferred
model is ensured by a finite difference waveform
modelling and gravity data modelling.

2. Geological and geophysical setting

The Southern Apennines is an east-verging
accretionary wedge developed in Neogene times
above a west-dipping subduction of the Apulian—
Ionian lithospere (Doglioni et al., 1996). The arc-
shaped chain is associated with a back-arc exten-
sional basin, the Tyrrhenian basin. From Late
Tortonian to Quaternary, extension in the
Tyrrhenian basin and thrust propagation in the
mountain belt coexisted and rapidly migrated east-
wards. Migration of the back-arc basin/thrust
belt/foredeep system was controlled by the east-
ward retreat of the sinking foreland lithosphere
(Malinverno and Ryan, 1986; Patacca and
Scandone, 1989).

The geological structure of the Sannio and
Irpinia regions is not clear at present because of
the complexity of the paleogeographic domains
involved in the mountain chain building.
Moreover, compression did not propagate cylindri-
cally and was characterized by the development of
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Fig. 1. Simplified geological sketch of the Southern Apennines. 1 — Middle-Upper Pleistocene and Holocene deposits; 2 — Upper
Pliocene—Lower Pleistocene deposits; 3 — Upper Tortonian to Upper Pliocene thrust-sheets-top deposits; 4 — Sannio and Sicilide
nappes (Paleogene-Lower Miocene); 5 — Western Carbonate Platform (Mesozoic-Tertiary) and unconformable Upper Miocene
siliciclastic flysch deposits of the related marginal areas; 6 — Lagonegro and Molise Basin sequences (Mesozoic-Tertiary); 7 —
Apulia Carbonate Platform (Mesozoic-Tertiary); 8 — buried frontal ramp of the Apennine thrust sheets; 9 — out of sequence thrust;
10 — well; 11 — shot point; 12 — seismic station. Schematic geological cross-section of the northern sector of the Southern Apennines.
(a) Plio-Pleistocene deposits of the Bradano foredeep; (b) Late Tortonian to Upper Pliocene thrust-sheets-top deposits; (¢) Sannio
nappe (Paleogene—Lower Miocene); (d) Western Carbonate Platform (Mesozoic-Tertiary) and unconformable Upper Miocene flysch
deposits of the related marginal areas; (¢) Lagonegro and Molise Basin upper sequence (Cenozoic); (f) Lagonegro and Molise Basin
lower sequence (Mesozoic); (g) Apulia Carbonate Platform (Mesozoic-Tertiary); (h) Verrucano formation (Permian-Lower Triassic);
(i) thrust planes; (1) boundary of the main nappes.
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out-of-sequence thrusts, which further complicate
the structure of the Apenninic accretionary wedge
(Roure et al., 1991).

Regional synthesis of the upper crustal structure
of a large portion of Southern Italy was realized
by jointly interpreting geological studies and pro-
prietary well and seismic reflection data for oil
exploration (Mostardini and Merlini, 1986; Roure
et al., 1991). In particular, Mostardini and Merlini
(1986) proposed a structural model of the
Southern Apennines consisting of 15 geological
cross-sections cutting the Apenninic chain in NE-
SW direction from the Thyrrenian to the Adriatic
sea. In this paper, we will compare our model,
obtained by interpreting seismic refraction, well
and gravity data, with four of these sections, which
have been crossed by the seismic refraction line.

In the investigated area, the accretionary wedge
consists of a pile of nappes forming a duplex
system orogenically transported over the flexured
south-western margin of the Apulia foreland
(Fig. 1) (Patacca and Scandone, 1989). It incorpo-
rates Meso-Cenozoic sedimentary domains includ-
ing basins and shelves of the Apulia continental
margin. The tectonic units underlying the roof-
thrust are represented by Meso-Cenozoic carbon-
ates of the Apulia Carbonate Platform, discon-
formably overlain by Upper Messinian carbonates
and evaporites and Pliocene terrigenous marine
deposits; they are involved in the folds and thrusts
of a buried thrust belt (Fig. 1) detected by com-
mercial seismic profiles and explored by several
wells (Mostardini and Merlini, 1986).

Above the roof-thrust, three groups of nappes
can be distinguished: (1) nappes derived from
the Lagonegro—Molise Basin (originally located
between the Apulia Platform and the Western
Carbonate Platform); (2) nappes derived from the
Western Carbonate Platform and from related
marginal areas (including unconformable Upper
Miocene flysch deposits); (3) nappes derived from
more internal basins (Sicilide and Sannio nappes)
deformed before the opening of the Tyrrhenian
basin and now forming the highest units of the
duplex system (for a review, see Marsella et al.,
1995).

Piggyback basins, developed on top of the
advancing thrust sheets from Messininian to Late

Pliocene—Pleistocene times, have been pro-
gressively filled in by different sedimentary
sequences, at present widely outcropping in the
study area. Upper Pliocene—Lower Pleistocene out-
of-sequence thrusts are responsible for the present-
day arrangement of the Southern Apennines into
the Molise—Sannio and Campania-Lucania
arcuate segments, characterized by a NNW-SSE-
and WNW-ESE-trending of the compressive
fronts, respectively (Fig.1). During the Middle
Pleistocene, the Southern Apenninic wedge has
been uplifted and involved in an extensional tec-
tonic event with a NE-SW direction cross-cutting
the contractional structures. This stress regime is
responsible for the historical and present-day
seismic activity (Anderson and Jackson, 1987).

The chain was not investigated in detail by
geophysical methods. Prior to our study, the only
seismic data available were two scanty seismic
refraction/wide angle reflection profiles conducted
in the 1970s, as part of the DSS (Deep Seismic
Soundings) program carried out within the frame
of the European Seismological Commision (Italian
Explosion Seismology Group, 1982). Data inter-
pretation provides some indications about the
depth of the Moho boundary in the transitional
area between the Southern and Central Apennines
but does not allow definition of a detailed velocity
model of the upper crust.

A 3-D P-wave velocity model of the upper crust
beneath the Sannio area has recently been pre-
sented by Chiarabba and Amato (1997) as result
of a tomographic study, performed using the back-
ground seismicity recorded in 1991 and 1992 by a
local seismic array. The tomographic results show
a pattern of strong velocity anomalies in the shal-
low crust (upper 6 km of depth) that has been
related to lithological heterogeneities between lime-
stones of carbonate platforms (high velocities) and
basinal sequences (low velocities), which charac-
terize the tectonic setting of the Southern
Apennines. At a greater depth (9 km), the velocity
model becomes more homogeneous and
presents two NW-trending high-velocity zones
(V,~6.3 km/s), which have been interpreted as an
upthrust of lower-crust rocks; this structural inter-
pretation implies the involvement of lower crustal
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wedges in the compressional tectonics during the
Southern Apennines orogenesis.

Regional scale studies, about the lithospheric
structure beneath the Tyrrhenian basin, Apennines
and Apulia foreland, analyse gravity (Corrado and
Rapolla, 1981) and magnetic (Fedi and Rapolla,
1990) field in Central and Southern Italy, trying a
first attempt to a large-scale crustal model.

3. Well data interpretation

Stratigraphic and sonic velocity logs from four
wells located close to the seismic refraction profile
have been interpreted in order to constrain the
shallow part of the velocity and structural models
up to a depth of about 3.0 km.

Stratigraphic logs from Ielsi 2 (765m a.s.l;
total depth 3195m) and S. Croce wells (840 m
a.s.l; T.D. 2757 m) (Fig. 2), located a few kilome-
tres east of the northern part of the refraction line
(Fig. 1), show the tectonic superposition of the
Sannio nappe, mainly consisting of plastically
deformed varicoloured clays and Paleogene—Lower
Miocene limestones and coarse-clastic lime resedi-
ments, over the Molise nappe (Patacca and
Scandone, 1992). The latter is represented by
Mesozoic-Tertiary basinal deposits locally forming
quite complex imbricated structures. The Jurassic—
Lower Cretaceous portion of the Molise sequence
is made up of dolomitized breccias and calciturbid-
ites (Patacca and Scandone, 1992) well recogniz-
able in commercial seismic lines due to their
reflectivity. These high-velocity deposits, cropping
out north of Matese Mountain (Fig. 1), have been
drilled in the Sannio region by several wells.

Stratigraphic and sonic logs from Taurasi well
(340 m a.s.l; T.D. 3476 m) (Fig. 2), located on
the seismic profile 2 km south of shot S4 (Fig. 1),
have been helpful in model seismic refraction data
and in providing a structural interpretation of the
resulting velocity model because the drilling
explored the top of the Apulia Carbonate
Platform. Cretaceous limestones, with a seismic
velocity of 6.0 km/s, stratigraphically covered by
Messinian anhydrites several tens of metres thick,
have been penetrated at about 3.0 km of depth.

The evaporitic layer is tectonically overlain by a
pile of several thrust sheets. The highest, 1.1 km
thick, consists of Upper Tortonian flysch deposits
with a seismic velocity in the 3.3-3.5 km/s range.
The others are formed by chaotic varicoloured
clays and Late Tortonian—Upper Messinian sand-
stones and limestones with repeated evaporitic
layers. As inferred by sonic logs, low-velocity (3.4—
3.6km/s) and high-velocity (4.1-5.2 km/s)
intervals succeed from 0.8 km down to 3.0 km of
depth, in correspondence with varicoloured clays
and limestones with evaporitic layers, respectively.

A different structural framework has been
observed in Nusco 2 well (700 m a.s.l. and T.D.
1400) located 2km east of shot S5 (Fig.1).
Mesozoic limestones of the Western Carbonate
Platform (Fig.2) were found between 0.6 km
depth down to the bottom of the well. The latter
crops out several kilometres east of the seismic
line in the Terminio Mountain (Fig.1). The
Mesozoic limestones are unconformably overlain
by Upper Miocene flysch deposits, which are tec-
tonically covered, in turn, by the Sicilide and
Sannio nappes; these low-velocity deposits exceed
1 km in thickness.

Sonic and stratigraphic logs from Puglia 1
(544 m a.s.l.; T.D. 7070 m) and Gargano 1 (73 m
a.s.l.; T.D. 4224 m) wells, located about 100 km
east of the seismic line in the Apulia foreland
(Fig. 1), have been interpreted in order to under-
stand the reliability and the structural meaning of
two deep (about 6 and 11 km depth) seismic dis-
continuities detected by refraction data and proba-
bly related to the Apulia Carbonate Multilayer. In
fact, these are the only two deep wells of Southern
Italy that have crossed the whole Apulia
Carbonate Platform, drilling at its bottom, sedi-
mentary Paleozoic strata.

Puglia 1 well penetrates: (1) Cretaceous—Liassic
limestones, dolomit limestones and dolomites from
Om to 3535m, (2) dolomites of uncertain age
(scarce or no recovery of cuttings) from 3535 to
5000 m, (3) Triassic dolomites and anhydrites of
the Burano formation from 5000 to 6112 m and
finally (4) Lower Triassic—Permian siliciclastic
deposits referable to the Verrucano formation from
6112 to the final depth (7070 m) (Fig.2). The
sonic log displays seismic velocities in the 6.0—
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Fig. 2. Stratigraphic and sonic velocity logs from wells located in the Sannio region and in the Apulia foreland. 1 — Late Tortonian—
Upper Messinian thrust-sheets-top deposits; 2 — Upper Miocene siliciclastic flysch deposits of the Molise Basin (S. Croce and Ielsi
2 wells) or unconformably overlying the Western Carbonate Platform (Taurasi and Nusco 2 wells); 3 — Molise nappe: (a) clays,
marls and marly limestones (Cenozoic upper sequence), (b) dolomitized breccias and calciturbidites (Mesozoic lower sequence); 4 —
Paleogene—Lower Miocene varicoloured clays and basinal coarse-clastic lime resediments of the Sannio nappe; 5 — Mesozoic lime-
stones of the Western Carbonate Platform; 6 — Apulia Carbonate Platform: (a) Messinian anhydrites, (b) Cretaceous—Lower Jurassic
limestones and dolomit limestones, (c) dolomites of uncertain age, (d) Triassic dolomites and anhydrites of the Burano formation;
7 — Lower Triassic—Permian clastic deposits of the Verrucano formation; 8 — main thrust plane.
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6.2 km/s range in the first 3.5 km and velocities in
the 6.5-6.7 km/s range from 3500 m to the bottom
of the evaporites. From 6112 to 7070 m, a consider-
able velocity decrease has been observed (average
velocities: 5.0-5.5 km/s).

The seismostratigraphic succession described
above is confirmed by Gargano 1 well, located
90 km north of Puglia 1 well (Fig. 1); the only
relevant difference is a thickening of the Burano
evaporites from 1.1 to 2.0 km.

4. Seismic data acquisition and analysis

Seismic data presented in this paper were
recorded in 1992 along a main line 75 km long
and oriented N 150°. The seismic profile is roughly
parallel to the strike of the regional compressive
fronts in the Molise—Sannio Apenninic segment
(Fig. 1).

Five shots located along the line with a spacing
of about 15 km were recorded by a number of
seismic stations ranging from 34 to 59 deployed
along the profile with a spacing of 1-2km. A
variety of portable 1 and 3 components stations
with 1 and 2 Hz seismometers were used. Shot
points and seismographs locations are accurate to
approximately 50 m (for a detailed description of
the 1992 seismic survey, see lannaccone et al.,
1998).

The record seismic sections are shown in the
upper panels of Fig. 3a—e. Most of the records
display a weakly emergent first arrival (Fig. 3b).
Impulsive first arrivals are recorded only at close
distances from the shot site. The maximum travel
distance where we observe an acceptable signal
level is about 40 km from each shot point. The
times of the first arrival and of the reflected phase
were identified on record sections plotted with
different time distance zooms and processed using
bandpass filters of different widths. We have inter-
preted each record section by modelling arrival
times of the identified seismic phases with an
interactive two-dimensional ray tracing technique
based on the asymptotic ray theory (Cerveny et al.,
1977). Travel times were fitted to within 0.05 s; in
some cases, occasional mismatches up to 0.1s
occur. Since the topography along the profile
changes by about 450 m, we include it in the

modelling by adding a delay time at each station
computed using a mean subsurface velocity of
3 km/s. This value corresponds to the average
velocity value estimated by interpreting the first
arrival times observed at the stations closest to
the shots.

In performing our analysis, we started by inter-
preting the P-wave direct arrivals, critical refrac-
tions and near vertical reflected arrivals in order
to obtain a detailed shallow velocity model about
3-4.5km deep. Seismic data do not show any
indication of remarkable velocity gradients. We
estimate, from trial-and-error perturbations of
model parameters, that the mismatches between
observed and computed arrival times of the seismic
phases produce overall velocity variations in the
shallow model of approximately 0.1 km/s and
interface depth variations of approximately
0.2 km.

The deeper structure has been constructed by
modelling reversed refraction and intermediate-
wide angle reflection data; here, we estimate a
possible variation of 0.2 km/s in the P-wave veloc-
ity value and a depth of about 0.5 km.

5. Results
5.1. Velocity structure of the shallow crust

The modelling of seismic refraction data and
the interpretation of the shallow crustal structure,
up to a depth of 3-4.5km are aided by the
previously described stratigraphic and sonic veloc-
ity logs from oil exploration wells (Fig.2) and
three proprietary commercial seismic profiles that
cross the seismic refraction profile. The upper and
lower panels of Fig. 3a—e contain, respectively,
seismograms and ray-trace models computed for
the final P-wave velocity model showed in Fig. 4.

5.1.1. North-western segment (between shots S1
and S4)

The first arrivals recorded at an offset up to
10 km for shots S1, S2, S3 and S4 (phase dI in
Fig. 3a—d) allow the definition of an upper layer
with a velocity of 3.3 km/s. This layer corresponds
to the Sannio nappe and the Tertiary portion of
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vertical exaggeration close to 2. The lower panel of (b) displays a time/distance zoom (grey box in the upper panel) that points out

a weakly emergent first arrival.

the Molise nappe (Fig. 4). Evidence for this corre-
lation comes from surface geology (Fig. 1) and
from the stratigraphic logs of Ielsi 2 and S. Croce
wells (Fig. 2). From seismic data, there is no
indication of any seismic discontinuity correspond-
ing to the thrust plane separating the Sannio nappe
from the Tertiary portion of the Molise nappe; we
suppose, in accordance with the available well and
seismic reflection data, that this interface is not
marked by a velocity contrast strong enough to be
revealed by this seismic refraction survey.

First arrival time delays, within the first 5 km
north of shot point S3, indicate the presence of a
thin shallow layer with a thickness of 0.35 km and
a P-wave velocity of 2.0 km/s (phase 4/ in Fig. 3c).

This body represents the Middle Pliocene clastic
deposits of the Benevento piggyback basin
(Fig. 4).

The second layer has a velocity of 4.8 km/s.
The top of the layer has a depth of 1.5 km at the
northern border and gently deepens to 2.1 km of
depth below shot S3 (Fig. 4). The velocity and
depth of this layer have been defined by modelling
the first-arrival refracted branches observed in the
range of 10-25 km for shot S1 and 10-17 km for
shots S2 and S3 (phases A4 in Fig. 3a—c). The
depth of the layer below shots S1 and S2 is also
constrained by reflected arrivals at offsets up to
25 km (phases r4 in Fig. 3a and b). This body
correlates with the Mesozoic dolomitic breccias
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Fig. 3. (continued)

and cherty limestones of the Molise Basin (Fig. 4),
as inferred by lelsi 2 and S. Croce well data
(Fig. 2).

5.1.2. Southeastern segment (between shots S4 and
S5)

South of shot S4, the velocity model is con-
strained by the seismic sonic log of the Taurasi 1
well (Fig. 2). A superficial velocity of 2.8 km/s is
determined from direct P waves observed at an
offset up to 3 km for shots S4 and S5 (phase d2
in Fig. 3d, Fig. 3e). This value is not confirmed by
sonic logs that provide a higher velocity of 3.3—
3.5 km/s at a depth of 0.3—0.8 km. The discrepancy
between the seismic refraction and well data can
be explained by considering that the direct waves,
observed at an offset up to 3 km, propagate in the
superficial sediments characterized by lower veloci-

ties. Thus, we suggest that the velocity from the
value of 2.8 km/s observed at the surface increases
with a gradient of 0.6s~!, reaching a value of
about 3.5 km/s at the bottom of the layer located
at a depth of 0.8 km.

First-arrival refracted branches with an appar-
ent velocity in the range of 4.1-4.3 km/s have been
observed south of shots S3 and S4 (phase A5 in
Fig. 3¢ and d). These phases define a seismic
discontinuity with a velocity of 4.1 km/s at a depth
varying from 0.8 to 1.9 km (Fig. 4). Near-vertical
reflected arrivals from shot S3 (phase 75 in Fig. 3c)
restrict its depth to between 32 and 47 km along
the profile. Sonic logs from the Taurasi well con-
firm a velocity discontinuity of 3.5-4.1 km/s at a
depth of 0.8 km, but they also show below this
interface a chaotic succession of low-velocity
(3.4-3.6 km/s) and high-velocity (4.1-5.2 km/s)
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Fig. 3. (continued)

intervals down to 3.0 km depth, which are not
detected by seismic refraction data probably
because of the receivers’ spacing. Thus, we assign
a velocity value of 4.1 km/s to the whole succes-
sion, corresponding to the average velocity
deduced from the sonic log. According to strati-
graphic well log information, it has been interpre-
ted as a Late Tortonian—Upper Messinian chaotic
and/or deeply deformed sedimentary complex tec-
tonically overlain by Upper Tortonian siliciclastic
flysch deposits, the latter corresponding to the 2.8—
3.5 km/s interval (Fig. 4).

A prominent shallow feature of the model is a
high-velocity wedge, with a velocity of 6.0 km/s,
overlying the 4.1 km/s body between 58 and 75 km
(Fig. 4). The velocity and horizontal dimension of
the wedge are determined from the refracted first
arrivals from shot S5 (phase /6 in Fig. 3e) and by

data of Nusco 2 well (Fig.2). Moreover, the
presence of this high-velocity body is also sug-
gested by the early refracted and reflected arrivals
from shots S3 (phases 47 and r9 in Fig. 3c) and
S4 (phases 47 and r7 in Fig. 3d). This body is
interpreted as a major thrust sheet formed by
limestones of the Western Carbonate Platform
(Fig. 4). The primary evidence for this correlation
comes from the stratigraphic log from Nusco 2
well (Fig. 2).

5.2. Deep model

The 4.1 and 4.8 km/s bodies overlie a con-
tinuous layer, about 2.5 km thick, with a velocity
and gradient of 6.0 km/s and 0.07 s~ !, respectively
(Fig. 4). The velocity, gradient and depth (varying
from 3.0 to 4.5 km) of the layer are determined
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Fig. 3. (continued)

primarily from the first-arrival refracted branches,
with apparent velocities in the 5.5-6.5 km/s range,
observed south of shots S2, S3 and S4 and north
of shots S4 and S5 (phases /47 in Fig. 3b—e). South
of shot point S2, the top of the layer is extremely
well constrained because refracted rays from shots
S2, S3, S4 and S5 illuminate the same part of the
model, and near-vertical reflected arrivals from the
same shots (phase r7 in Fig. 3b—e) provide addi-
tional constraints on its depth. Moreover, sonic
logs of the Taurasi well also display an abrupt
increase in velocity from 3.6 to 6 km/s at a depth
of 3km (Fig.2). North of shot point S2, the
corresponding arrivals from shot S1 are not
observed probably because the amplitude of the
refracted phase is not large enough to overcome
the noise level. The depth of the layer between 0

and 18 km is constrained by a proprietary commer-
cial seismic profile. The 6.0 km/s layer corresponds
to the Meso-Cenozoic deposits of the Apulia
Carbonate Platform drilled by the Taurasi well at
a depth of 3 km (Fig. 4) and explored by several
commercial boreholes east of the seismic refraction
profile, as shown in Section 7 (Fig. 7a—c).

A second layer, with a velocity of 6.6 km/s
occurs at depths of 6-7 km (Fig. 4). It is deter-
mined by critically refracted arrivals branches
observed south of shot points S1 and S2 and north
of shot point S4 (phase /48 Fig. 3a, b and d), with
an apparent velocity in the 6.3-6.9 km/s range,
and by intermediate angle reflections from shot S2
and S5 (phase r8 in Fig. 3b and ¢). On the basis
of subsurface data from Puglia 1 (Fig.2) and
Gargano 1 wells located in the Apulia foreland
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(Fig. 1), it has been interpreted as a second-order
discontinuity of the Apulia Carbonate Multilayer.

The deepest detected seismic discontinuity
occurs at depths of 9—-11 km (Fig. 4). Its morphol-
ogy is determined by intermediate-wide angle
reflected arrivals for all shots except S2 (phase r9
in Fig.3a, ¢ and d). The velocity below this
interface is unconstrained, but we try to assign a
velocity value to the deepest interface by modelling

the amplitude of the reflected arrivals by finite
difference simulations, as described in the
following paragraph.

As shown in Fig. 1, our seismic profile was
located in a region with a strong structural varia-
tion in the SW-NE direction, perpendicular to the
seismic line. From the structural models proposed
for the southern Apennines, we assume a maxi-
mum dip of the layers of 20° in the SW direction.
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We estimate that the incertitude on the depth of
each layer is about 6% of their value.

6. Finite difference waveform modelling

Complete synthetic seismograms for all the ana-
lysed sections have been produced by the 2-D
elastic finite difference method (Graves,1996) in
order both to check the reliability of the velocity
model inferred by ray-tracing modelling of first
and reflected arrivals times, and to model ampli-
tude of the reflected arrivals from the deepest
interface. The model used to produce synthetic
seismograms is shown in Fig. 5a. The S-wave
velocity values have been computed using a V,/V;
ratio value of 1.73 for all the layers except the
superficial layer, located north of shot S3 and
corresponding to the Benevento basin (mainly
formed by soft clays), where we used a V,/V; ratio
of 2. The density values used for each layer are
deduced by gravity modelling described in the
following paragraph. The investigated section is
75 km long and 13 km deep. A grid spacing for
the simulations of about 13 m has been chosen in
order to obtain accurate waveforms up to 10 Hz
for the given velocity model. Absorbing boundary
conditions have been used on all sides of the grid,
adding a 2.5 km thick border, except at the free
surface where stress-free conditions are applied
(Levander, 1988).

Fig. 5b, ¢ and d compare the synthetic and
observed velocity seismograms for common shot
gathers S2, S4 and S5. Both synthetic and observed
sections have been bandpass-filtered between 4 and
10 Hz. The low-frequency cut-off is needed because
of noise in the observed recordings; the high-
frequency cut-off is applied because of the high-
frequency limit in the simulations.

Overall, the synthetic and observed sections
match fairly well, especially concerning the pre-

dicted arrival times of primary and dominant
reflected phases. The model explains the small
amplitude of first arrivals, mostly consisting of
head waves, compared to the large amplitude of
early and late reflected waves at offsets larger than
5 km. However, in some cases, synthetics do not
reproduce the relative amplitude correctly among
early and late reflected arrivals (phases r4 and r7
in Fig. 5b), and the model appears too simple to
reproduce real data complexity mainly ascribed to
the surface waves propagation.

The record section relative to shot S4 (Fig. 5c),
which explores the total profile length, displays
reflected arrivals from the deepest interface of the
model (phase r9). The velocity below this interface
is unconstrained by the ray-tracing modelling.
However, the large amplitudes of the reflected
arrivals suggest an important impedance contrast
at the reflecting boundary. Polarity of this reflected
phase appear confuse due to the high noise level
of the seismograms and cannot be used to discrimi-
nate the velocity contrast.

We performed several finite difference simula-
tions varying the velocity and density values below
this interface. Our modelling confirms that very
large (V,>7.5 km/s) or small (V,,<5.0 km/s) veloc-
ity values are needed to generate reflections with
an amplitude comparable to real data. The syn-
thetic seismograms shown in Fig. 5¢c have been
produced by assuming a velocity value of 5.0 km/s.
We prefer to hypothesize a strong velocity inver-
sion (from 6.6 km/s to 5.0 km/s) at the reflecting
interface because a P-wave velocity value larger
than 7.5 km/s is typical of lower crustal rocks and
cannot be considered realistic at this depth in the
Southern Apennines. In fact, the lower crust
appears not to be involved in the thrusts and folds
system of the accretionary wedge, as suggested by
gravity and magnetic data (Corrado and Rapolla,
1981; Agip, 1982).

Our synthetics also reproduce the observed wide

Fig. 5. Finite difference waveform modelling. (a) Velocity and density models used for finite difference simulations. (b—d) Synthetic
seismograms (upper panel) and record sections (bottom panel) for shots S2 (b), S4 (c) and S5 (d). Both synthetic and real data are
plotted with a normalized amplitude and reduced time scale (V,=6.0 km/s) and have been bandpass-filtered between 4 and 10 Hz.
The arrival branches overlapped on data are computed by ray tracing; the small letters and numbers in the bottom panels indicate

the type of analysed phase (see Fig. 3a).
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angle amplitude increase of the reflected arrivals
towards northwest. We note the predicted ampli-
tude decrease of the first refracted arrivals north
of the shot point at an offset between 14 and
23 km (phase /7), which is an effect of the complex
morphology of the 6.0 km/s interface.

Synthetics for shot S5 (Fig. 5d) match well with
the large amplitude of the reflected arrivals from
the 6.6 km/s discontinuity (phase r8). Moreover,
finite difference simulations reproduce the first
arrival times and waveforms observed about 15 km
north of the shot point (which we could not model
by ray-tracing) and allow these arrivals to be
explained in terms of diffractions generated by the
high velocity (6.0 km/s) wedge located in the south-
ernmost part of the investigated profile (Fig. 4).
In conclusion, although the model inferred by
seismic refraction data appears too simple to com-
pletely reproduce real data complexity by differ-
ence finite simulations, overall, the synthetic and
observed sections match well, showing the useful-
ness of the finite difference tool to check our model.

7. Gravity data modelling

With the aim of checking the reliability of the
inferred velocity model, we verified its consistency
with respect to another physical observation: the
gravity field. The gravity data covering the investi-
gated region were collected by several institutions
and universities. We extracted from this database
(Carrozzo et al., 1981) about 12000 gravity sta-
tions. The spatial distribution of the gravity sta-
tions was not homogeneous as a consequence of
the rugged topography of the western part of the
Sannio region. However, an average density distri-
bution of about 1.5 stations per km? was available.
All the gravity data are referred to the IGSN71
network (Morelli et al.,, 1974). Free-air and
Bouguer corrections were performed referring to
the sea level, and terrain corrections, applied to
account for the gravitational effect of the topogra-
phy, were extracted from the database. Bouguer
anomalies were computed, with reference to the
1980 International Ellipsoid, using r =2400 kg/m?
as reduction density, an average value considered
to be representative of the rocks density in the

41°30°

41°00’—

14°30’ 15°00°

Fig. 6. Bouguer anomalies of the northern sector of the
Southern Apennines thrust belt, computed using 2400 kg/m? as
reduction density. The contour interval is 5 mGal; + and —
indicate the relative maximum and minimum of the anomaly.
The traces of the interpreted profiles (continuous line), location
of the wells (open circle), the refraction line (dashed line) and
shot points (solid circles) of the 1992 seismic survey are also
shown.

area, as can be inferred from surface geology and
well data. Fig. 6 shows the Bouguer anomaly map
contoured at 5 mGal intervals, ranging from —30
to 60 mGal with a general decreasing trend of the
values from SW to NE, at a mean rate of
1.1 mGal/km, mainly due to the deepening of the
Moho boundary from the Tyrrhenian to the
Adriatic margin. Generally, relative maxima are
related with outcrops of the Western Carbonate
Platform or with nappes anticline deforming the
Apulia Carbonate Platform, while relative minima
are related to Plio-Pleistocene basins. In particular,
the minimum located in the north-eastern part of
the investigated area is related to the Bradano
foredeep (Fig. 1). The Bouguer anomaly map dis-
plays a complex pattern due to the presence of
anomalies of different wavelengths, related to the
different depth of the gravity sources. In order to
enhance the major features related to the subsur-
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face structures, we have separated the Bouguer
anomaly into components with a different fre-
quency content, using a two-dimensional low pass
filter in the wave number domain. Several authors
(Mishra and Pedersen, 1982; Chakraborty and
Agarwal, 1992) generalize to Bouguer anomaly
data analysis, the spectral technique developed by
Spector and Grant (1970), who first supplied a
method to estimate the mean depth of a magnetic
susceptibility discontinuity surface, based on a
statistical analysis of aeromagnetic anomalies per-
formed in the wave number domain. However,
our quantitative interpretation is based on the
total anomaly, using the filtered maps only to infer
main trends not obvious in the original data, such
as the relatively low gradient immediately SSE
(elongated to the south) of the Benevento town,
for example. This relative minimum can be related,
according to the velocity model (Fig.4), to a
flexure of the 6.0 km/s layer (corresponding to the
Apulia Carbonate Platform) between shot points
S3 and S4.

The modelling of the Bouguer anomalies was
performed by two-and-a-half forward modelling
(Won and Bevis, 1987), that is a modified version
of Talwani’s algorithm (Talwani et al., 1959). We
chose three profiles crossing both the seismic
refraction profile and the main trend of the
Bouguer anomaly (Fig. 6); for this last reason, we
did not perform a gravity modelling along the
refraction line. Gravity modelling was constrained
by the seismic model previously described, well
information, commercial seismic profiles and
superficial geology. Starting density values were
chosen, using both the reference values proposed
by Mostardini and Merlini (1986) and the density—
velocity relationship proposed by Nafe and Drake
(1963). Finally, the density values used for the
geological formations are: 2700 and 2650 kg/m?
for the limestones of the Apulia and the Western
Carbonate Platforms, respectively, 2550 kg/m?> for
the Mesozoic lower sequence of the Molise Basin;
2500 kg/m* both for the Late Miocene thrust-
sheets top deposits drilled in Taurasi well and for
the Cenozoic deposits, mainly consisting of rede-
posited carbonates, of the Sannio nappe;
2350 kg/m? for the Cenozoic deposits, mainly con-
sisting of clays, of the Molise Basin and Sannio

nappe, and for the Upper Miocene flysch deposits;
and 2200 kg/m? for the Pliocene basins.

Fig. 7 shows the gravity modelling along the
three selected profiles, crossing the refraction line
in the northern (POl, Fig.7a), central (P02,
Fig. 7b) and southern (P03, Fig. 7c) part. Profile
PO1 was constrained both by the analysed seismic
refraction profile and by a commercial seismic line
in the SW part, Ielsi 2 well (previously described)
in the central part and Castelpagano well
(Mostardini and Merlini, 1986) in the NE part.
Profile P02 was constrained by a commercial
seismic line in SW margin, the analysed refraction
profile in the central part and three wells (described
by Mostardini and Merlini, 1986) in the NE part.
Profile P03 was constrained by the analysed refrac-
tion line and Nusco 2 well (previously described)
in the SW margin, and by four wells (described by
Mostardini and Merlini, 1986) in the central and
NE parts.

The gravity models are consistent with the
velocity and geological sections inferred by inter-
preting seismic refraction and well data.
Furthermore, they allow to constrain the average
density value of the geological formations of the
investigated area. Moreover, this two-and-a-half
forward gravity modelling contributes to an integ-
ration of the structural model, extending it in 3D,
as discussed in the following paragraph dealing
with structural implications.

8. Discussion

8.1. Meaning and reliability of the deep seismic
discontinuities

8.1.1. Discontinuity 6—7 km deep

The seismic discontinuity characterized by a
velocity of 6.6 km/s and 6—7 km deep (Fig. 4) has
been interpreted as an inner lithological transition
within the Apulia Carbonate Platform, between
the Jurassic—Cretaceous carbonates and the Upper
Triassic dolomites and evaporites of the Burano
formation (Fig. 4), on the basis of the following
observations:
Stratigraphic and sonic logs from Puglia 1
(Fig.2) and Gargano 1 wells, located in the
Apulia foreland, display an increase of seismic
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velocity from 6.2 to 6.7 km/s in correspondence
with the lithological transition from the Jurassic—
Cretaceous limestones and dolomitic limestones
to the Upper Triassic dolomites and evaporites
of the Burano formation.

Subsurface data for oil exploration and seismic
refraction surveys performed in Central
Apennines confirm that the dolomites and evapo-
rites of the Burano formation have extremely
high velocities (6.2—6.8 km/s) (Bally et al., 1986).
As inferred by studies on seismic velocities
of rocks from laboratory measurements
(Christensen, 1982), a velocity value of 6.6 km/s
is within the seismic velocity range (6.5-6.9 km/s)
found for dolomites at depths of 6-7 km.
Alternatively, the 6.6 km/s velocity value could
be related to high-grade metamorphic rocks, and
this seismic discontinuity could represent the top
of a Paleozoic metamorphic basement hypothe-
sized at the bottom of the sedimentary cover.
This alternative hypothesis, proposed by
Chiarabba and Amato (1997) to explain the high-
velocity zones (Vp~6.3 km/s) detected in their
tomographic model, is in contrast with the infor-
mation inferred from magnetic data (Agip, 1982),
showing no involvement of a relatively shallow
(67 km deep) metamorphic basement in the
thrusts and folds system of the Southern
Apenninic accretionary wedge.

8.1.2. Discontinuity 9—11 km deep

The deepest discontinuity, located at a depth of
9-11 km, has been detected by intermediate—wide-
angle reflected arrivals. Finite difference simula-
tions performed to model the observed amplitude
suggest the existence of a strong velocity inversion
at the reflecting boundary. In order to understand
the reliability of this seismic discontinuity and to

provide a geological interpretation, we have ana-
lysed well data and seismic reflection profiles for
oil exploration located in Apulia foreland and
Bradano foredeep (Figs. 1 and 8), trying to relate
the structures investigated east of the Apenninc
chain with those detected in the Sannio region. As
result, we interpret the interface 9-11 km deep as
a lithological transition from high-velocity (about
6.5-6.7 km/s) Upper Triassic evaporites of Burano
formation to low-velocity (about 5.0 km/s) Middle
Triassic-Upper Permian clastic deposits of the
Verrucano formation (Fig. 4). This hypothesis is
mainly supported by two observations:

(1) Sonic logs from Puglia 1 (Fig.2) and
Gargano 1 wells display a strong decrease in
velocity from 6.7 to 5.0 km/s at a depth of about
6 and 4.3 km, respectively, in correspondence with
the Burano—Verrucano boundary.

(2) Seismic reflection profiles for oil exploration,
recorded in the Apulia foreland and Bradano
foredeep, show that the upper and lower limits of
the Apulia Carbonate Platform coincide with two
strong reflectors: the upper at the boundary with
the Pliocene—Pleistocene terrigenous marine depos-
its and the lower at the Burano—Verrucano bound-
ary (Fig. 8). Proceeding from the Apulia foreland
to the Bradano foredeep, these horizons run paral-
lel and progressively become deeper because of the
Apulian lithosphere flexure. As shown in the
seismic reflection profile located at the eastern
boundary of the thrust belt (Fig. 8b), the lower
strong reflector occurs at times increasing from 4.5
to 5.5s. A depth conversion of this profile, located
about 40 km east of the seismic refraction profile,
results in a reflecting interface occuring at increas-
ing depths from about 10 to 11.5km.
Unfortunately, in the central part of the thrust
belt, this reflector has no longer been detected by
commercial seismic profiles because seismic data

Fig. 7. Gravity modelling across the profiles PO1(a), P02 (b) and P03 (c). On top of each model, the observed Bouguer anomaly
(crosses) and the calculated anomaly (continuous line) are shown; the optimized density model is displayed at the bottom [density
in g/cm?, half-length used for the two-and-a-half forward modelling (numbers in brackets) in km]. Wells, commercial seismic lines
and the refraction profile constraining the models are shown. (a) 2.70=Apulia Carbonate Platform; 2.65=Western Carbonate
Platform; 2.55 = Molise nappe (Mesozoic lower sequence), 2.50 = Sannio nappe (mainly redeposited carbonates); 2.35 =Sannio nappe
(mainly clays), Molise nappe (Cenozoic upper sequence), flysch deposits; 2.10=Pleistocene deposits. (b) and (c¢) 2.70 =Apulia
Carbonate Platform; 2.65 = Western Carbonate Platform; 2.55=Molise nappe (Mesozoic lower sequence), 2.50 = Late Miocene thrust-
sheets deposits; 2.35=Sannio nappe, Molise nappe (Cenozoic upper sequence), flysch deposits; 2.20 =Pliocene basins.
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Fig. 8. Seismic reflection profiles for oil exploration located in the Apulia Foreland (profile a) and Bradano Foredeep (profile b)
(modified from Roure et al., 1991). Note the strong reflectors at 1.6-2.0 s TWT (profile a) and 2.0-3.0 s TWT (profile b), correspond-
ing to the discontinuity between Pliocene terrigenous marine deposits and carbonates of the Apulia Platform. The strong markers at
about 4.5s TWT on profile a and 4.5-5.5s TWT on profile b represent the bottom of the Apulia Carbonate Platform; as suggested
by subsurface data from the Puglia 1 well, this reflector corresponds to the Burano—Verrucano boundary, characterized by a strong

decrease in P-wave velocity values.

are of poor quality, especially beneath the top of
the Apulia Carbonate Platform, and generally are
not processed deeper than 6s. In any case, at the
eastern boundary of the thrust belt, the deep strong
reflector (corresponding to the Burano—Verrucano
boundary) occurs at depths (10-11.5 km) compa-
rable with those (9.5-11 km) hypothesized in the
Sannio region on the basis of the seismic refraction
profile interpretation.

Likewise, in Central Italy, low-velocity (about
4.0 km/s) Permian clastic deposits and Triassic
phillites of the Verrucano formation have been
drilled below Mesozoic carbonates and Burano
evaporites. Seismic reflections profiles, calibrated
using both surface and well data, show that the
top of the Permo-Triassic sequence corresponds to
a deep strong reflector that can be followed from
the Adriatic coast to the interior Central
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Apennines down to a depth of about 10 km (Bally
et al., 1986).

Moreover, an electrostratigraphic section
obtained by a magnetotelluric survey recently per-
formed along a profile crossing the Apenninic
chain from the Adriatic sea to the Sele plain
(Fig. 1) seems to confirm the continuity of the
Verrucano formation. In fact, the MT section that
is constrained in the eastern part by Puglia 1 well
in the Bradano foredeep displays, below a high
resistive layer (corresponding to the Apulia
Carbonate Platform), a continuous conductive
layer, about 2 km thick, which could be related to
the clastic deposits of the Verrucano formation
(Marsella et al., 1998).

8.2. Structural implications

Geological interpretation of the 2-D velocity
model, well data analysis and gravity data model-
ling provide some interesting indications about the
upper-crustal structure of the northern sector of
the Southern Apennines. The shallower part (upper
4 km) of the velocity model appears more homo-
geneous in the north-western sector than in the
south-eastern sector (Fig.4). The fairly regular
layering observed north of shot S3 can be
explained, considering that in the northwestern
sector, the seismic line (azimuth 150°) runs parallel
to the NNW-SSE compressional structures of the
Molise—Sannio arcuate segment; conversely, in the
southeastern sector, the line cuts the WNW-ESE
compressive fronts of the Campania—Lucania arcu-
ate segments (Fig. 1). Thus, south of shot S3, the
velocity model displays strong lateral heterogenei-
ties produced by the overlapping of different thrust
sheets. A major thrust sheet formed by the Western
Carbonate Platform and Upper Miocene flysch
deposits overlies the Late Miocene chaotic and/or
deeply deformed sedimentary complex drilled in
Taurasi well; the latter overthrusts above the top
of Apulia Carbonate Platform that coincides with
the roof thrust of the Southern Apennines duplex
system (Fig.4). The shallow crustal structure is
better documented by all the gravity sections
because they strike normal to the compressional
structures of the investigated area (Fig.6). The
gravity sections P02 and P03 clearly display the

structural pattern described before (Fig. 7b,
Fig. 7c); conversely, the gravity section P01, which
cuts the Molise—Sannio arcuate segment, shows
the Molise nappe sandwiched between the Western
and the Apulia Carbonate Platforms (Fig. 7a).

The irregular morphology of the top of the
Apulia Platform, which reaches a minimum depth
of 0.3 km in correspondence with the M. Forcuso
1 well (Fig. 7¢), is interpreted as a consequence of
contractional structures. In particular, the nappe
anticline and syncline deforming the Apulia car-
bonates along the seismic refraction profile
between shot points S4 and S3 (Fig.4) can be
interpreted as structures developed above a ramp
thrust and flat thrust, respectively; the latter could
also explain the presence of the Middle Pliocene
Benevento basin located north of shot point S3.
These structural features are extremely well dis-
played in the P03 gravity section (Fig. 7c). The
nappe anticline explored by M. Forcuso 1, M.
Forcuso 2 and Ciccone wells could result from the
emplacement of a thrust ramp in the underlying
Apulia carbonates, whereas the nappe syncline and
the Upper-Middle Pliocene piggyback basin drilled
by Trevico well could be linked to the flat.

Tectonic thickening due to the thrust faulting
can explain the large thickness (about 6.5 km) of
the Apulia Carbonate Multilayer (Fig.4). The
evaporites and dolomites of the Burano formation
may reach a thickness of about 4 km. A compari-
son of this value with that observed in the wells
located in the Apulia foreland (1-2 km) suggests
that the Burano anhydrites are deeply involved in
the tectonic shortening.

Finally, the parallel trend of the top of the
Apulia Carbonate Platform and Verrucano forma-
tion (Fig.4) suggests that the latter has been
involved in compressional tectonics too. Thus, the
sole thrust of the Southern Apennines thrust belt
does not coincide with the bottom of the Burano
anhydrites, as proposed by Mostardini and Merlini
(1986) and Roure et al. (1991), but it is deeper
within the sedimentary Paleozoic strata.

8.3. Comparison with previous crustal models

The structural model of the Southern Apennines
proposed by Mostardini and Merlini (1986) is
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nappes (Cenozoic upper sequence); 5 — Molise nappe (Mesozoic lower sequence); 6 — Western and Apulia Carbonate Platforms.
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documented by 15 geological sections crossing the
Apenninic chain with a NE-SW direction from
the Tyrrhenian to the Adriatic Sea; four of these
sections have been crossed by the seismic refrac-
tion line.

In the northern part of the investigated area,
the seismic refraction profiles cross the geological
sections 9 and 8, respectively, close to shots S2
and S3 (Fig.9). As for the main structural fea-
tures, our model is in agreement with the two
models proposed by Mostardini and Merlini
(1986). The sedimentary successions of the Molise
Basin, divided in a Cenozoic upper sequence and
Mesozoic lower sequence, are involved in a thrust-
and-fold system and tectonically overlay Mesozoic
limestones of the Apulia Carbonate Platform.
Nevertheless, the geometry in the two models is
quite different. In detail, in section 9, the top of
the Molise Mesozoic lower sequence is about
1.0 km deeper, and in section 8, the Apulia carbon-
ates are about 0.5 km shallower. We think that
our model is more reliable because the 4.8 km/s
layer (that has been interpreted as the Molise
lower sequence) is constrained both by first-arrival
refracted branches from shots S1, S2 and S3
(phases /4 in Fig. 3a—c) and by reflected arrivals
from shots S1 and S2 (phases r4 in Fig. 3a and
b); moreover, subsurface data from S.Croce and
Telsi 2 wells (Fig. 2) and gravity data modelling
(Fig. 7a) provide additional constraints on its
depth north of shot S2. The deepening of the
Apulia Platform between shot points S3 and S4 is
well constrained both by ray-tracing modelling of
evident time delays and by finite difference wave-
forms modelling of the first refracted arrivals
observed 15-20 km north of shot point S4 (phase
h7 in Figs. 3d and Sc).

In the southern part of the investigated area,
the seismic refraction profile crosses the geological
sections 7 and 6, respectively, close to shots S4
and S5 (Fig. 9). In geological section 7, a system
of thrust sheets formed by Meso-Cenozoic sedi-
mentary rocks of the Lagonegro—Molise Basin
tectonically overlies the Apulia Carbonate
Platform at a depth of about 5km (Fig.9).
According to our model, the top of the Apulia
carbonates is only 3.1 km deep, and no Mesozoic
Lagonegro—Molise Basin sequence occurs. We

think that our interpretation, extremely well con-
strained by Taurasi well data, is more reliable.

Close to shot S5, the structures displayed in the
two models correspond reasonably well, even if
the thrust sheet sandwiched between the Western
and the Apulia Carbonate Platforms has been
interpreted differently. According to Mostardini
and Merlini (1986), it corresponds to the
Lagonegro—Molise Basin Mesozoic sequence.
Conversely, as inferred by the relatively low veloc-
ity (4.1 km/s), we prefer to relate it to the Late
Tortonian—Upper Messinian sedimentary sequence
drilled in the Taurasi well (Fig. 2).

Several 1-D seismic velocity models were pro-
posed to locate earthquakes in the Sannio and
Irpinia regions (Bernard and Zollo, 1989; Amato
and Selvaggi, 1993; Chiarabba and Amato, 1997)
on the basis of the available regional crustal model
(Mostardini and Merlini, 1986). From a compari-
son with our models, we observe velocity values
considerably larger at depths ranging from 3—4 km
to 10-11 km corresponding to the high-velocity
(6.0-6.6 km/s) Apulia Carbonate Multilayer
(Fig. 10).

9. Conclusion

This study presents a detailed seismic velocity
model of the upper crust beneath the northern
sector of the Southern Apennines, inferred from
the interpretation of a seismic refraction profile,
constrained by well information and commercial
seismic lines, and checked by gravity data and by
finite difference simulations of the complete seismic
wavefield. This model provides new information
on the structure of the Southern Apennines
thrust belt.

Significant results of this study are as follows:

(1) Sedimentary rocks of basinal domain show
P-wave velocities in the 2.8-4.1 km/s range for the
Tertiary sequences and 4.8 km/s for the Mesozoic
ones. Meso-Cenozoic limestone successions of the
Apulia and Western Carbonate Platform present
velocities in the 6.0-6.2 km/s range. A striking
high seismic velocity (6.6 km/s) characterizes the
lower part of the Apulia Carbonate Multylayer,
corresponding to the Triassic dolomites and evapo-
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Fig. 10. Comparison with previous 1-D velocity model of the
investigated area. (a) Comparison of the 1-D average velocity
model of the Sannio region, inferred by this study, (continuous
line) with the 1-D velocity model used to localize the back-
ground seismicity recorded during 1991-1992 by Chiarabba and
Amato (1997) (dashed line); the latter represents the starting
model of the 3-D tomographic inversion. (b) 1-D velocity
models of the Irpinia region. The continuous line represents the
1-D average velocity model of the north-western sector of
Irpinia region inferred by this study. The dotted and dashed
lines represent the 1-D velocity models used by Bernard and
Zollo (1989) and Amato and Selvaggi (1993), respectively, to
calculate the aftershock locations of the 1980 Irpinia
earthquake.

rites of the Burano formation. Intermediate—wide-
angle reflected arrivals make it possible to define
the deepest discontinuity of the model, located at
a depth of 9—-11 km. The velocity below this inter-
face is unconstrained, but finite difference simula-
tions performed to reproduce the waveforms of
the reflected arrivals suggest the presence of a
strong inversion of velocity from 6.6 km/s to about
5.0 km/s at the reflecting boundary. This hypothe-
sis is supported by commercial seismic profiles
located at the eastern border of the Southern
Apennines thrust belt and by two deep wells
located in the Apulia foreland that drill Permo-
Triassic clastic deposits of the Verrucano forma-
tion, characterized by a low seismic velocity (about

5.0 km/s), at the bottom of the Apulia Carbonate
Platform.

(2) In the shallower crust (upper 4 km), the
velocity model is more homogeneous in the north-
western sector than in the southeastern sector
(Fig. 4). This can be related to the different struc-
tural setting of the Molise—Sannio and Campania—
Lucania arcuate segments characterized by a
NNW-SSE and WNW-ESE trend of the compres-
sive fronts, respectively (Fig. 1).

(3) Imbricates structures related to the compres-
sional tectonics can explain the thickening (about
6.5km) of the Apulia Carbonate Platform.
Deformation involves mainly evaporites and dolo-
mites of the Burano formation because the anhy-
drite layers represent highly mobile decollement
levels.

(4) The Verrucano formation has been also
involved in the thrusts-and-folds system of the
Southern Apennines accretionary wedge; thus, the
sole thrust of the Southern Apennines belt propa-
gates within the sedimentary Paleozoic strata.

(5) We estimate a minimum thickness of the
sedimentary cover in the investigated area of about
9-11 km. This value is in agreement with the
isobaths of the magnetic basement (Agip, 1982).
Seismic data do not allow us to identify
deeper seismic interfaces that could be related to
the top of the Paleozoic crystalline basement; this
is probably due to the low velocity layer at the
bottom of the Carbonate Multilayer that reflects
and attenuates a great part of the seismic energy.

(6) Finally, we propose two 1-D average P-wave
velocity models of the upper crust both of the
Sannio region (Fig. 10) and of the northern part
of the Irpinia region (Fig. 10). These models can
be used in subsequent studies to localize and
interpret past and future seismicity of the Southern
Apennines.
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