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Abstract—In southern Italy, structural analysis of the intramontane Pliocene-Quaternary terrigenous basins of
Sant’Arcangelo and Ofanto shows that they are piggyback basins. The recent uplift of the Southern Apennines
provides good conditions for carrying out detailed studies of palacostresses in relation to structure and sediment
accumulation in such piggyback basins. We demonstrate that in the Pleistocene Sant’Arcangelo marine basin, a
single N70° compression induced a complex pattern of folds and strike-slip faults. In contrast, the older Pliocene
Ofanto basin reveals a polyphase history characterized by successive tilts and palacostresses according to
different compressions. In both basins, compressional stresses are syn-depositional. The geometry of the
sedimentary infill of these basins provides information on the thrusting activity in terms of location, geometry and
age. We point out that, in addition to sedimentary and structural studies (including interpretation of seismic
reflection data), palaeostress analyses provide a valuable tool for deciphering development and evolution of

compressional basins in a fold-and-thrust belt.

INTRODUCTION

THE term ‘piggyback basin’ was proposed by Ori &
Friend (1984) for sedimentary basins formed and filled
while being carried on active thrust sheets. Some
examples have been described in the Northern Apen-
nines (Fig. 1a) where the Plio-Quaternary Po plain basin
is documented from seismic and well controls (Pieri
1983, Castellarin & Vai 1986, Ricci Lucchi 1986, Fesce
1987, Zoetemeijer et al. 1992).

In the southern Apennines (Fig. 1b), recent uplift of
the mountain chain and of its foredeep, and subsequent
erosion, allow direct field observation of marine sedi-
ments deposited in Plio-Quaternary intramontane
basins. In the past, these basins were interpreted as post-
tectonic (Ogniben 1969, Vezzani 1975), or deformed
after their deposition (Gars 1983, Patacca & Scandone
1987, Bigi et al. 1992), or related to late distensive
tectonics (D’Argenio et al. 1975, Ippolito et al. 1975,
Caldara er al. 1988). Based on seismic interpretation,
Casero et al. (1988, 1991) and Roure et al. (1988, 1991)
interpreted these basins as syn-tectonic compressional
piggyback basins.

How did these basins develop within the complex,
polyphase history of the mountain belt? Did extensional
tectonism occur? To answer these questions, detailed
structural analyses combined with palaeostress recon-

structions were carried out in the Sant’Arcangelo and
Ofanto basins (Fig. 1b). This approach, combining sur-
face and subsurface studies, enables us to check the
hypothesis of their piggyback origin. Further, it allows
characterization of the stress regime that prevailed in
such basins; the relationships between basin fill and
compressional deformation were especially studied.

GEOLOGIC SETTING

The Apenninic chain (Fig. 1) is a Neogene thrust belt,
resulting from the deformation of the Apulian continen-
tal margin (Haccard et al. 1972, Grandjacquet & Mascle
1978). This arc-shaped chain is associated with a back-
arc extensional basin, the Tyrrhenian basin (Fig. 1a)
(Boccaletti et al. 1976, Moussat 1983, Kastens et al.
1987). To the south, the subduction of the Ionian ocea-
nic lithosphere is still active in the Calabrian arc where a
Wadati-Benioff zone is present (Ritsema 1979, Gaspar-
ini etal. 1982, Anderson & Jackson 1987). The Southern
Apennines (Fig. 1b) represent an onshore segment of
the arc and its structure is well documented by seismic
profiles (Mostardini & Merlini 1988, Casero et al. 1988).
It results from the tectonic stack of rock units derived
from different Mesozoic to Palacogene sedimentary
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Fig. 1. Structural sketch of the Tyrrhenian arc. (a) Location of the area in Italy (contours show depth of the Benioff zone, in
km, after Anderson & Jackson 1987). (b) Southern Apennines, modificd from Roure er al. (1991), with fold axes from
Ortolani & Torre (1981).

domains, including basins and shelves (Ogniben 1969,
D’ Argenio et al. 1975, Mostardini & Merlini 1988).
Cross-sections display the superposition of western
shelf carbonate wunits overriding basinal units
(Lagonegro-Molise) which in turn lie on the eastern
carbonate platform (Casero et al. 1988, Mostardini &
Merlini 1988) (Fig. 2). The eastern carbonate platform is
also deformed by compression. The most striking struc-
tural feature is the presence of an overthrust belt
(Casero er al. 1991) which developed in this eastern
platform unit beneath the basinal units (Fig. 2). In
contrast, along the western side of the belt, near the
Tyrrhenian back-arc basin, extension is present, with
large normal faults (Fig. 2, left tip). Both Plio-
Quaternary marine basins considered in the present

paper are located on the top of the basinal thrust units, at
the eastern edge of the buried overthrust belt (Fig. 2).

THE SANT’ARCANGELO BASIN
The Sant’Arcangelo Basin, located near the Gulf of
Taranto (Fig. 1b) is the most recent onshore Plio-
Quaternary marine basin of the Southern Apennines.
Stratigraphy
Due to the recent regional uplift, outcrops of Pleisto-

cene marine sediments are now more than 700 m above
sea level. The Sant’Arcangelo basin (Fig. 3) is filled by a
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thick (more than 3000 m) terrigeneous sequence, which
unconformably overlies Pliocene and older rocks (Vez-
zani 1967). The basin infill presently forms a monocline
dipping to the southwest. From bottom to top and from
northeast to southwest, blue—grey marly clays, sands
and conglomerates belong to a typical regressive
depositional sequence showing evolution from marine
to littoral, fluviatile and lacustrine deposit environment
(Vezzani 1967, Ogniben 1969). We obtained an early
Pleistocene age (nannoplankton zone NN19) for the
lower clays (presence of Pseudoemiliania lacunosa and
Gephyroscapsa oceanica; sites indicated by triangles in
Fig. 3). They are thus younger than the previously
assumed late Pliocene—Calabrian age (Vezzani 1967,
Ogniben 1969). Considering the occurrence of Elephas
meridionalis in the upper conglomeratic formation
(Vezzani 1967), we consequently attribute the entire
basin fill to early Pleistocene age. Beneath the basal
unconformity of the Pleistocene, the presence of a
Pliocene sequence is confirmed (probably zone NN15,
with Pseudoemiliania lacunosa, Helicosphaera sellii,
Reticulofenestra pseudoumbilica, Discoaster surculus,
D. brouweri, D. tamalis; Fig. 3, squares). The angular
unconformity between these two depositional sequences
reaches up to 65° (Vezzani 1967).

Structures

Very few normal faults were observed in the Plio-
Pleistocene sediments (Bousquet 1973, Gars 1983, Cal-
dara er al. 1988) and no large normal fault affects the
Pleistocene basin. In contrast, compressional structures
are well developed. The eastern part of the basin, near
Valsinni (Fig. 3), is bordered by a complex nappe
anticline which affects the pre-Pleistocene substratum of
the basin. This anticline also deforms the Pleistocene
sediments which are locally truncated by a lower-middle
Pleistocene marine terrace (Fig. 4). The development of
this fold could result from the emplacement of a thrust
ramp in the underlying units (borehole interpretation,
Gars 1983) during the lower-middle Pleistocene. This
structure is summarized in the cross-section of Fig. 5.

Eastward, in the foredeep (Fig. 1b), several boreholes
(Ogniben 1969, Balduzzi et al. 1982) show the existence
of the Metaponto unit, overthrusted above late Pliocene
and Pleistocene sediments (Fig. 5).

The northern border of the basin, near Gorgoglione
(Fig. 3), strikes parallel to left-lateral strike-slip faults

NE lower-middle Pleistocene marine terrace (el. 250 m) swW

Fig. 4. Landscape sketch of the eastern flank of the Valsini fold.
Calabrian clays are tilted to the northeast and uncomformably overlain
by a Pleistocene marine terrace.
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visible in the field. One of these faults offsets earlier
folds and thrust fronts by about 3 km (Fig. 3, near site
34).

Palaeostresses

A total of 430 fault planes with slickenside lineations
were measured in 23 sites, both in and around the basin
(Fig. 3). These data allow stress determinations to be
made (Table 1), based on fault-slip data analysis (Ange-
lier 1990). This analysis reveals that Pleistocene sedi-
ments are affected by a single major compression
trending WSW-ENE (Fig. 3 and Table 1, sites 3, 7, 18
and 19). Despite the complexity of the basin, the devel-
opment of folds and faults was controlled by a surpris-
ingly simple stress field. Figure 3 illustrates this contrast
between the complexity of the structural pattern and the
homogeneity of the stress trends.

For example, in the central area of the basin (site 3 in
Fig. 3), a fold (Fig. 6a) with NNW-SSE-trending axis
results from the same WSW-ENE compression which
was reconstructed through the analysis of minor fault
sets (Fig. 6¢ and Table 1). In addition, an angular
unconformity in the western flank of this anticline (Fig.
6b) shows that folding (due to the WSW-ENE compres-
sion) was active during the deposition of the early
Pleistocene sediments. Moreover, a strike-slip fault,
close to the major fault which bounds the basin to the
north (Fig. 3, site 4), also moved consistent with WSW-—
ENE compression as shown by detailed analyses of fault
sets.

This single palaeostress regime affected all the Qua-
ternary deposits, including the uppermost layers of the
basin, which remained approximately horizontal (Fig.
3). Pleistocene deposits are affected only by compres-
sion trending N70° (+7°). We conclude that a compres-
sional regime prevailed during the development of the
basin and the formation of the arc-shaped thrust—fold
structure limiting the basin in the east (Fig. 3).

Palacostress was also determined in the Pliocene
deposits, beneath the Pleistocene unconformity (Table
1). Two directions of compression (i.e. strictly compres-
sional with o3 vertical, or of strike-slip type with o,
vertical) are identified (Figs. 3 and 7a & b). Their trends
are N70° (£11°) and N20° (+22°). Relative chronologies
based on successive slickenside lineations (five obser-
vations in sites 13, 24 and 33, Figs. 7b & d) indicate that
the N70° compression post-dates the N20° one. We
therefore ascribe the N70° compression evidenced in the
Pliocene sediments, to the syn-depositional N70° Pleis-
tocene compression previously discussed. The N20°
compression, pre-dating the N70° Pleistocene compres-
sion, and not found in the Pleistocene deposits, is
Pliocene in age.

Note that, in addition, some extensional phenomena
with scattered trends were identified in Pliocene sedi-
ments (Fig. 7c). Their interpretation is ambiguous be-
cause they may well correspond to local phenomenon of
sliding or compaction of clays rather than to deep-seated
extension. However, significant extension along a
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Fig. 5. Interpretative cross-section of the Sant’ Arcangelo area (see location in Fig. 1).

WNW-ESE-trend is associated with large normal faults.
In site 33, we could observe one of these faults, with
associated minor faults and tension gashes (Fig. 7d),
sealed by the Pleistocene marine sediments. This exten-
sion is Pliocene in age. Its g3 axes have the same trend as
those of the strike-slip deformation of the ~N20° com-
pression (Fig. 7d), suggesting a phenomenon of permu-
tation of stress axes o, and oy (Angelier & Bergerat
1983): the maximum horizontal stress remains constant
in direction, but changes from o, to 0,. These two states
of stress (extension and strike-slip) are contempora-
neous on a geological time scale and do not necessarily
belong to distinct tectonic events, as pointed out earlier
(Hippolyte et al. 1992).

We conclude that, during Pliocene times, the Sant’Ar-
cangelo area was characterized by a WNW-ESE exten-

sion associated with strike-slip deformation so that com-
pressional axes trend N20° (+22°) and extensional ones
trend N110° (£37°). Note that south of this area (in
Calabria), extension was active with a similar trend,
since late Tortonian (Ghisetti 1979, Bousquet et al.
1980, Tortorici 1981, Moussat et al. 1986), but no strike-
slip stresses contemporaneous with extension are indi-
cated. The Sant’ Arcangelo basin developed later, at the
end of the Pliocene or the beginning of the Pleistocene,
in a compressional tectonic environment (N70° o)
which clearly differs from the Pliocene one.

Seismic profiles

Several seismic profiles of the Sant’Arcangelo basin
were studied. A particularly representative line provides

Table 1. Palacostress tensors computed from fault-slip analysis in the Sant’Arcangelo basin. Site localities

are shown in Fig. 3. Age of fractured rocks. Type of event: S, strike-slip faulting; C, reverse faulting; E,

normal faulting. N = number of faults used for tensor calculation. Stress axes: trend and plunge in degrees.

b=(0,—03)/(01—03). ANG = average angle between computed shear stress and observed slickenside
lineation (in degrees)

Orientation of palacostress

Site  Age of rocks Type of event N o o) 03 (<] ANG
1 Eocene S 1 06911 21477 33707 0.35 10
2 Miocene S 09 05815 28468 15215 0.17 12
3 Calabrian C 26 25503 16333 35057 0.20 13
4 early-middle Pliocene S 14 24501 33876 15514 0.16 16
4 E 15 11866 28423 01605 0.44 14
5 Pliocene S 23 02106 14077 29011 0.28 09
7 Calabrian C 06 25127 34812 09960 0.53 07
8 Pliocene E 21 03177 23113 14004 0.32 11

10 early Pliocene C 09 06814 16938 32248 0.26 15

11 early Pliocene S 05 25723 01347 15035 0.20 20

13 Miocene S 25 21026 01463 11706 0.36 09

13 C 14 25306 16309 01379 0.25 13

14 Pliocene S 12 08120 32451 18332 0.22 o7

15 Pliocene E 21 16888 34302 07300 0.31 09

16 Pliocene ) 14 20909 07976 30011  0.65 10

16 E 07 15076 02707 29611 0.74 09

18 Calabrian C 17 06303 15753 33137 0.12 08

19 Calabrian S 14 25009 (09880 34105 0.62 16

21 Pliocene E 08 22450 01136 11416 0.33 05

22 early-middle Pliocene S (1Y 35825 22655 09923 0.18 08

24 Pliocene C 20 23904 33014 13275 0.28 11

24 S 10 01408 25872 10616 0.52 13

26 Serravallian S 13 24803 34256 15533  0.18 11

27 Serravallian S 20 06107 16563 32826 (.05 11

27 S 07 26623 11364 00111  0.39 08

29 Burdigalian S 10 22601 32080 13610 0.48 12

33 Pliocene E 05 04572 19315 28509 0.53 13

33 S 10 02401 29266 11424 0.21 11

33 C 34 06203 15312 31877 0.04 09

34 Miocene S 22 24802 15077 33813 0.21 10
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Fig. 6. Alianello anticline in the early Pleistocene sediments of the

Sant’Arcangelo basin. (2) General view of the fold. (b) Angular

unconformity in the western flank of the fold, just to the left of (a). (c)

Schmidt diagram with the stress axes (N75° compression) computed
from striated fault planes associated with the fold.

a cross-section through the entire Pleistocene basin
(Figs. 3 and 8). As mentioned above, micropalaeontolo-
gical analysis of marl samples collected along the trace of
the seismic line assigns a Pleistocene age to the basal
outcropping reflectors (east of the basin, Fig. 3). The
seismic section (Fig. 8) shows a sedimentary sequence
onlapping the southwestern border of the basin. Note
that the presence of reverse faults indicates again the
presence of compressional deformations (no evident
normal fault being found). This Pleistocene sequence is
tilted and eroded along the northeastern side of the
basin. Since the upper sediments are gently deformed,
we can assume that only minor deformation occurred in
the basin at the termination of sedimentation. More-
over, if reflections represent isochrons, as envisaged by
Vail et al. (1977), the profile reveals a migration of the
depocentres from northeast to southwest, as a conse-
quence of a progressive southwestward tilt of the whole
basin. The geographic distribution of clays, sands and
conglomerates (Fig. 3) fits very well with the syn-
tectonic westward migration of depocenters within a
regressive depositional sequence.

This interpretation in terms of Pleistocene syn-
depositional tilt of the Sant’ Arcangelo basin is in agree-
ment with the erosion of the Nocara—Valsinni anticline
during its filling (Vezzani 1967), and also with the tilt of
the lower Pleistocene sequence uncomformably over-
lain by a lower-middle Pleistocene terrace (Fig. 4). This
hypothesis is also in agreement with our field obser-
vation of syn-depositional folding mentioned earlier

(Fig. 6).
The model

Geological and palacostress evidence indicates that
the Pleistocene Sant’ Arcangelo Basin developed under
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a compressional regime. The large-scale structure
detected on seismic profiles (Fig. 8) resembles that of
typical piggyback basins in the Po foredeep (Ori &
Friend 1984), where tilt gradually decreases from lower
reflections to upper ones. Borehole data suggest that, as
in the Pliocene Po Valley piggyback basins (Pieri 1983),
the Sant’Arcangelo basin has recorded progressive tilt
during Pleistocene thrusting (Fig. 5). We thus consider
that this syn-compressive basin is a piggyback basin. The
migration of basin depocentres towards the southwest is
explained in terms of deep-thrust emplacement.

To explain a migration of the depocentres in the
direction opposite to that of thrusting, two hypotheses
are possible (Roure et al. 1988): (1) the motion of a
single deep-thrust along a single ramp (Fig. 9a); or (2)
the development of an initial thrust ramp, later tilted
together with the basin during the formation of a second
external thrust (Fig. 9b). The two-thrust model of Fig.
9(b) agrees with the structural framework discussed
herein (Fig. 5) much better. Two large Pleistocene
piggyback basins exist in this area: Sant’Arcangelo and
Metaponto (above the Metaponto thrust sheet) (Figs. 1
and 5). As in the model, these two basins are separated
by a nappe anticline. We interpret the northern border
of the Sant’ Arcangelo basin (Fig. 3) as the lateral ramp
of a thrust.

Summary

The Sant’Arcangelo basin, a large Pleistocene com-
pressional structure, is bounded by strike-slip faults and
folds (Fig. 3) corresponding to the formation of underly-
ing lateral and frontal ramps (Fig. 5). This basin has a
simple palaeostress history characterized by a single
major N70° compression contemporaneous with its fill-
ing (Fig. 3). Remarkably, different structures including
strike-slip faults, folds and reverse faults appear to
correspond to a single mechanism: a N70° compression.
Note that as a consequence of a nearly 20° anticlockwise
block rotation evidenced in the Pliocene and Pleistocene
sediments (Sagnotti 1992), the determined directions of
compression may slightly differ from the initial ones.
Nevertheless, structural and palaeostress studies con-
firm the existence of compressive regime contempora-
neous with the development of this basin, which is
interpreted as a typical recent piggyback basin.

THE OFANTO BASIN

The Ofanto basin (Fig. 1) is older (early-middle
Pliocene, Vezzani 1968, Servizio Geologico d’Italia
1970, Bigi et al. 1992) than the Pleistocene Sant’ Arcan-
gelo basin, and reveals a polyphase evolution. It conse-
quently provides an opportunity to study intramontane
basin development during the whole Plio-Pleistocene.

Stratigraphy

The infill of this basin is mainly composed of marly
clays and sandy clays (Fig. 10). As for the Sant’Arcan-
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Fig. 7. Pliocene palacostresses for Sant’Arcangelo basin; geology as Fig. 3. (a) Directions of compression from strike-slip

faults. (b) Relative chronology between the N25° and N70° compressions in site 24. (c) Direction of extension from normal

faults. (d) Example of site 33. Normal faults associated with tension gashes (first diagram) are sealed by Pleistocene
formations; strike-slip deformations with the same trend of extension pre-date N70° compression.

gelo basin, there is an unusual areal distribution of the
conglomerates. Conglomeratic sediments intercalated
in the basin fill are only present in the northern portion
of the basin, rather far from the carbonate source reliefs.
Another conglomeratic unit, which constitutes the
uppermost deposits of the basin fill, is present only in the
eastern part of the basin.

Structures

As a first approximation, the Pliocene sediments are
located within an elongate depression that trends E-W.
These sediments overlie almost exclusively the ‘argille
varicolori’ (Ogniben 1969), a part of the Lagonegro—
Molise basinal sequence, often a chaotic tectonic

melange (Roure et al. 1991). The structural setting of the
Ofanto basin substratum is thus unclear. Nevertheless, it
is possible to identify a tectonic window of a radiolarite
unit in the southeastern part of the basin (Fig. 10). To
the east, early-middle Miocene flysch (Cocco et al.
1972) of the Lagonegro-Molise basinal sequence are
folded and thrusted along the edge of the foredeep. The
Vulture volcano (middle-late Pleistocene 0.74-0.59 Ma,
La Volpe & Principe 1989) overlies these compressional
structures and is thus more recent than them.

To the southwest, the Lagonegro—Molise units are
overthrust by carbonates of the western platform
(Casero et al. 1988), with possible local backthrusts
(Mostardini & Merlini 1988) (Figs. 2 and 10) and local
occurrences of normal faults.
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Fig. 9. Different models to explain a migration of the depocentres in the opposite direction of thrusting (a) (b), and in the
direction of thrusting (c), in the case of two levels of décollement (Roure et al. 1988).

On the western border of the basin, Ortolani & Torre
(1981) suggest the existence of a left-lateral strike-slip
fault (Fig. 10). The geological map (Servizio Geologico
d’Italia 1970) indicates the presence of normal faults
near this fault. We shall demonstrate in a later subsec-
tion that the structure of the basin, although complex, is
in fact simpler than expected from these scattered data.

Palaeostresses

Palacostress reconstructions are made in the Ofanto
basin and some adjacent outcrops (19 sites, 660 fault
planes with slickenside lineations, Fig. 10). Both com-
pression and extension are computed (Table 2 and Fig.
11). The directions of extension are scattered (Fig. 11a).
In addition, several directions of extension are often

determined in a given site (Table 2, sites 2, 23, 24 and
26). If such directions of extensions are contempora-
neous, this implies that the ratio ® (see Table 1) was
close to zero (0, nearly equal to ;). Since this extension
was found exclusively in clays, or in conglomerates lying
on the clays, we suspect that it resulted either from
compaction or from gravity sliding. Alternatively, this
extension could result from local perturbations near the
large strike-slip fault noted by Ortolani & Torre (1981).

In contrast, conglomerates are affected mostly by
compression. This compression is usually associated
with a gentle tilt, but in some cases bedding planes are
subvertical. The trends of compression are variable (Fig.
11b), but clearly correspond to several classes, with two
major trends, N25° and N70° on average, and two minor
ones, N110° and N170°. Relative chronology data based
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on succession of slickenside lineations indicate that the
N170° compression was followed by the N25° one, and
then by the N70° direction (six observations in sites 24,
25,31 and 32). The remaining compression, N110°, post-
dates compression N170° (six observations in sites 32
and 34), but was identified as either older than compres-
sion N25° (one observation in site 2), or more recent
(two observations in site 32). Because of these opposite
relative chronologies, and because two compressions
are perpendicular (N110° and N25°), we suggest that the
N110° compression simply corresponds to a constrictive
deformation during the N25° compression, and does not
belong to a distinct tectonic event.

Locally, the relative chronology of tectonic events is
confirmed by the relation of stress tensor with the
bedding attitude. For example, in the site number 31,
the bedding planes are subvertical and trending E-W
(Fig. 12, diagram A). The reverse faults corresponding
to the N-S compression (Fig. 12, diagram A') are
presently tilted as well as the related computed stress
axes (Fig. 12, diagram A). In contrast, the reverse faults
corresponding to the more recent ENE-WSW compres-
sion (Fig. 12, diagram B) are found in their original
position so that two of the computed stress axes remain
horizontal.

Since the N70° compression is the most recent in the
area considered and affects the Pleistocene rocks of the
Vulture volcano (Fig. 10 and Table 2, site 30), it can be
dated as Pleistocene, and correlated with the N70°
Pleistocene compression of the Sant’Arcangelo basin.
Two major directions of earlier compressions, a N170°
followed by a N25°, are probably of Pliocene age (the
latter being accompanied by a N110° transverse second-
ary compression).

167

We point out that evidence for extensional tectonism
is scarce in this basin and does not correspond to major
structures. Furthermore, the computed directions of
extension are scattered and cannot be convincingly cor-
related with the structures in this E-W elongated basin.
On the other hand, 75% of computed stress tensors
correspond to compression, which was related to fold-
ing. Accordingly, the existence of distinct classes of oy
trends as well as of consistent relative chronologies
suggest that the basin has been created by polyphase
compression. Palaeostress reconstructions indicate that
the Ofanto basin underwent polyphase compressional
tectonism during the Pliocene, followed by Pleistocene
compression similar to that identified in the Sant’Arcan-
gelo basin.

Seismic profiles

Two seismic profiles of good quality illustrate the deep
structure of the Ofanto basin. As for the Sant’ Arcangelo
basin, the profile A—A' (Figs. 10 and 13a) shows con-
tinuous reflections but in this case, no fault could be
detected. The northeastern part of the line shows tilted
reflections which are consistent with tilted beds ob-
served in the field. As mentioned above, in some sites
(e.g. site 31, Fig. 12), the tilted attitude of the stress axes
indicates that the tilt of the beds (and the faults) results
from tectonics. In the northeastern part of the line, the
angle between the lower and upper refiectors is opened
towards the southwest of the basin. This distribution
indicates that this area was uplifted during sedimen-
tation, as in a typical piggyback compressive basin. This
structure is remarkably similar to those of the Sant’Ar-

Cerviato Mt.
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1
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Fig. 10. Geological sketch of the Pliocene Ofanto basin (see location in Fig. 1) and sub-meridian directions of compression.
A-A’, B-B’', traces of seismic sections of Fig. 13.
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Table 2. Palaeostress tensors computed from fault-slip analysis in the Ofanto basin. Site localities shown in
Fig. 10. Same legend as Table 1

Orientation of palaeostress

Site  Age of rocks Type of event N o o o3 P ANG
2 early-middle Pliocene E 23 01678 27902 18812 (.35 12
2 E 19 30284 03301 12306 0.34 11
2 S 09 11411 007 57 21131 0.16 11
2 C 04 02505 28660 11829  0.19 03
3 early-middle Pliocene S 08 06715 27174 15906 0.75 13
4 early—middle Pliocene s 07 077 15 25375 346 01 0.44 12
4 C 06 02205 113 18 276 71 0.40 16
5 early middle Pliocene C 19 24906 15440 34549 0.18 08
5 C 07 19805 28802 (4485 0.37 04
5 S 09 28509 (04069 19118 0.13 07
6 early-middle Pliocene C 17 014 05 105 11 26178 0.44 12
6 S 15 25007 0638 16001 0.27 14
6 C 13 21001 11937 30153 Q.05 11

14 late Pliocene S 06 26215 09474 35303 Q.75 13

15 Cretaceous S 14 16440 34750 25501 Q.77 04

23 early-middle Pliocene E 20 21872 048 18 31703 0.24 07

23 E 24 21471 101 07 009 17 0.18 07

23 E 23 27178 14707 05610 0.46 06

24 early-middle Pliocene E 22 21674 33809 07013 0.39 10

24 E 11 13471 23415 00712 0.53 12

24 C 10 186 18 286 27 066 57 0.38 06

24 S 08 25224 112 60 35017 0.20 15

25 early-middle Pliocene C 15 03107 30001 20082 0.18 11

25 ) 13 07616 18448 33437 0.10 11

26 early-middle Pliocene E 17 04175 23914 14804 0.35 10

26 E 10 33272 10513 19813 0.4 15

26 E 21 13971 01012 27715  0.29 16

26 S 14 07321 23968 34205 0.19 12

27 early-middle Pliocene C 21 11307 02021 22168 0.42 10

28 late Pliocene C 11 02312 29301 20178 0.05 1

29 Mio-Pliocene S 12 21611 03679 12601 0.12 14

29 C 18 21201 12203 32587 0.46 08

30 Pleistocene E 24 07775 237 14 32805 0.50 15

30 S 12 054 18 24871 146 04 0.35 11

31 early-middle Pliocene C 14 063 05 15301 24785 0.34 1Y

31 S 21 25407 12279 34508  0.40 14

31 C 14 18056 08503 35334 0.20 15

32 carly-middle Pliocene S 24 16217 02568 25614  0.47 14

32 C 10 19806 10708 32480  0.49 09

32 (& 43 11503 20501 323 87 0.24 09

33 late Pliocene C 10 022 13 11512 24773 0.37 10

34 carly—middle Pliocene C 11 34607 07924 24164 0.13 08

34 C 17 29201 20209 02481 0.32 11

34 C 18 06311 16030 31558 0.14 09

cangelo basin (Fig. 8), with a backward migration of the The model

depocentres.

In the profile B-B' (Fig. 10 and 13b), the uppermost
reflectors are tilted northeastwards. However, as for the
A~A' section, the wedging of the upper sediments is
evident in the northeastern part of the basin.

Both profiles show reflectors forming an angle opened
towards the southwest of the basin, indicating that the
basin was tilted mostly southwards during sedimen-
tation. In the case of section B-B' (Fig. 13b), after a first
syn-depositional southward tilt (Fig. 13a), the basin was
tilted northeastwards and eroded in its southwestern
part (Fig. 14). Note that the southwestern part of the
profile B-B’ is located close to a nappe anticline outlined
by the radiolarite inlier of Fig. 10, and to NW-SE-
trending reverse faults, which are oblique to the basin
axis. We interpret this local northeastward tilt of the
Pliocene sediments as a result of the formation of the
nappe anticline in the southeastern part of the basin.

Structural and palacostress studies show that the
Ofanto basin is of compressive piggyback origin. This
basin has undergone a polyphase history characterized
by two successive tilts. During a first stage, the basin was
created due to a NNW-SSE compression (Fig. 15a); its
present-day axis trends E-W, still approximately per-
pendicular to this early NNW-SSE compression. The
depocentres migrated backwards (southwards), in con-
sistency with sedimentary filling controlled by tilt during
tectonic compression. This tilt is related to the thrusting
activity of two ramps and one flat (Fig. 9a). In contrast
with the Sant’Arcangelo-Metaponto couple of basins,
there is a single Ofanto basin, whose development is
related to the continuous activity of a single thrust.
During thrusting, earlier deposits are tilted while pass-
ing over the ramp. The active depocentre was thus
continuously present at the rear of the thrust ramp (Fig.
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Fig. 11. Histograms of computed directions of extension and compression in Plio-Quaternary sediments in and around the
Ofanto basin. (a) Directions of extension (normal faulting). (b) Directions of compression (strike-slip or reverse faulting).

9a). From this model, we can infer the existence of
ramps and flats trending E-W in the units underlying the
piggyback structure (Fig. 15a).

At the second stage, the thrust activity created a
nappe anticline in the eastern portion of the Ofanto
basin (see the radiolarite inlier of Fig. 10). This anticline
induced the forward (northeastward) tilt of the eastern
portion of the basin (Fig. 13b). This second tilt can be
explained by the activity of an oblique thrust, with the
creation of a ramp located west of the first depocentre
(Figs. 9c and 15b). Based on this model, we infer the
presence of a second depocentre, contemporaneous to
this second (northeastward) tilt. To check this hypoth-
esis, new nannoplankton dating was carried out: in the
whole basin, the zones NN15 and NN16 of the early-
middle Pliocene were identified (presence of Discoaster
surculus, D. asymmetricus, D. tamalis, Reticulofenestra
pseudoumbilica in sites of Fig. 10). The zone NN18 of

the late Pliocene age (presence of Helicosphaera sellii,
Pseudoemiliania lacunosa, Gephyrocapsa sp., Cyclicar-
golithus macintyrei, Discoaster brouweri) was found
only in the eastern part of the basin (Fig. 10), just below
the uppermost conglomeratic formation. This formation
is more recent than others in the basin, but is absent in
profile B-B’ (Fig. 13b) which followed the valley far
below the conglomerates.

We conclude that two different sequences are present
in the Ofanto basin. The first one, early-middle Pliocene
in age (zones NN15-NN16), constitutes most of the
basin fill and is clearly identifiable in seismic profiles.
The second one, late Pliocene in age (zone NN18), is
only present in the eastern part of the basin (Fig. 15b),
near the nappe anticline (Fig. 10). As a consequence,
the first stage of formation of this basin (Fig. 15a) is
dated as early-middle Pliocene. The tilt of the basin
occurred backwards and was progressively recorded by

site 31

Fig. 12. Example of relative chronology revealed by bedding tilt. Diagram A, present attitude of faults and bedding plane

(broken line); diagram A’, diagram A after backtilting; note that all faults are reverse; diagram B, present attitude of the

WSW-ENE compression (untilted). Faults of the NNW-SSE compression and bedding planes were tilted before WSW-
ENE compression.
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Fig. 13. Line drawings of the Ofanto basin from seismic profiles. (a) section A-A’; (b) section B-B' of Fig. 10.

the sedimentation (Figs. 9a and 13a). The second stage,
late Pliocene in age, was contemporaneous with the
oldest compression found in the late Pliocene sediments,
trending NNE-SSW (Fig. 15b). This event was probably
accompanied by constrictive deformation (i.e. the sec-
ondary WNW-ESE compression discussed earlier).
According to this model, we infer the existence of NW-
SE-trending ramps, particularly beneath the nappe anti-
cline which is at the intersection of two ramps with
different trends (compare Figs. 10 and 15).

The existence of two ramp trends under the Ofanto
basin (Fig. 15) is not inferred from our analysis alone,
but is also suggested by subsurface structure. A map
(Fig. 16, Casero et al. 1991, Roure et al. 1991), based on
seismic profiles and borehole data, shows that the ramps
deduced from the geometry of the Ofanto piggyback
basin are located in the carbonates of the eastern plat-
form, buried beneath the basinal units. The NW-SE-
trending ramp lies below the E-W ramp, which suggests
that it is the most recent. This relative chronology is
consistent with that independently reconstructed at the

Fig. 14. A-A’section (Fig. 13a) tilted as the B-B’ section (Fig. 13b).

surface (between the NW-SE- and E-W-trending struc-
tures, Fig. 15) bringing further confirmation that the
evolution of this basin reflects thrust activity.

The last ENE-WSW compression, of Pleistocene age,
and identical to that of the Sant’ Arcangelo basin, did not
induce large structures in this area. However, it resulted
in the Pleistocene thrusting of the front of the chain. This
has been documented on seismic profiles (Casero et al.
1991) and also in the field (Hippolyte 1992).

SYNTHESIS AND CONCLUSIONS

In the Italian Sant’Arcangelo and Ofanto basins, the
major structures are compressional and include folds,
thrusts, strike-slip and reverse faults. In the Pleistocene
part of the Sant’ Arcangelo basin, the whole deformation
is compressive and clearly syn-depositional. In the Plio-
cene basin fills (Sant’ Arcangelo and Ofanto), extension
was also found. In the Ofanto basin, seismic profiles did
not reveal normal faults but only tilted sediments and
depocentres migrations. As extension was principally
found in clay sediments, we relate it to sliding or com-
paction rather than to genuine tectonic activity. In the
Sant’Arcangelo area, contemporaneous strike-slip and
extensional stresses may reflect the spatial transition
from the compressional Ofanto basin to the extensional
Calabria during the Pliocene.

We show that most of the stress tensors computed are
compressional and adequately explain the major struc-
tures. In the two basins, syn-depositional tectonics
resulted in the formation of stratigraphic wedges. The
angle between reflectors is usually opened in the direc-
tion of recorded tilt. In all cases, it is possible to correlate
these tilts with development of nappe anticlines near the
surface, and to ramp-thrust activity underneath.
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Fig. 15. Evolution of the Ofanto basin. (a) Early-middle Pliocene, formation and filling of the basin upon a thrust flat (1)

limited by a deep ramp (2) and a shallow one (3) (see Fig. 9a). Compression is N170°, (b) late Pliocene, filling of the eastern

part of the basin and local tilt of previous depocentre (see Fig. 9¢). Compression trends N25°. Compare with the subsurface
map of Fig. 16.

Clearly, the Pleistocene Sant’ Arcangelo basin and the
Ofanto basin can be interpreted as piggyback because
they formed during compression on moving thrust
sheets. The Sant’ Arcangelo basin is a monophase piggy-
back basin; in contrast, the Ofanto basin underwent two
compressional piggyback events.

These Plio-Quaternary piggyback basins recorded the
deformation of the deeply buried eastern platform
underneath the basinal units (Fig. 16). In particular, the
Ofanto basin was created during the formation of the
overthrust belt. Thrusts created in this structure propa-
gated across the already deformed allochtonous basinal
units along ramp and flat geometries (Figs. 2 and 5). This

second deformation of the basinal units explains the
common association of the piggyback basins with nappe
anticlines. Superposed tectonics and the presence of
multiple décollement levels (Fig. 9) contrast with those
of the Po plain piggyback basins.

The study of such piggyback basins helps to constrain
the geometric interpretation of subsurface structures.
This is particularly important as they are often poorly
imaged in seismic profiles in the southern Apennines,
owing to the presence of tectonic melange units. This
study also allows accurate dating of thrust activity (Fig.
16), deformation of mountain belt and compressional
events.

4 Eastern platform 4

Pliocene-Quaternar
foredeep and
piggy-back basins

[_] Eastern platform
(subsurface)

m Overthrust belt
(subsurface)

- Lagonegro-Molise :
Mesozoic basinal units g

Tyrrhenian Sea

1 l.

\ Buried front
of the overthrust beit

/ Taranto

Fig. 16. Relation between subsurface structures (para-autochtonous of the eastern platform) and the piggyback basins

(from Roure et al. 1991, modified). Piggyback dating allows dating of thrust plane activity: 1, early-middle Pliocene

{(nannoplankton zones NN15-NN16); 2, late Pliocene (zone NN18); 3, late Pliocene~early Pleistocene. Thrusting in the

eastern platform is younger northeastwards. Outcrops of Lagonegro-Molise Mesozoic units outline the major nappe
anticlines. Piggyback basins are mainly located northeast of the overthrust belt.
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The southern Apennines region is presently mostly in
extension, contemporaneous with isostatic rebound,
whereas it was previously characterized by compression.
Compression was contemporaneous with sedimen-
tation, which demonstrates that it did not occur as a brief
isolated compressive event as commonly accepted (e.g.
Moussat 1983, Patacca & Scandone 1987). During the
early Pleistocene (zone NN19), the mountain belt
underwent WSW-ENE compression which created the
piggyback basins of the south (Sant’Arcangelo and
Metaponto, Figs. 1 and 16). During the Pliocene (zones
NN15-NN16), and probably earlier, NNE-SSW- to
NNW-SSE-trending compressions dominated (Figs. 7a
and 10).
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