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Abstract: The Oligocene to Miocene Tertiary Piedmont Basin (TPB) is located in the NW part
of Italy at the junction between the Apennine and the Alpine thrust belts. The position of the
TPB on top of the Alpine/Apennine Orogen poses fundamental questions as to the tectonics
of the basin subsidence. Having undergone little deformation, the TPB sediments provide an
insight into the stress regime and rotations in the kinematically very complex area
surrounding the basin itself. In this study we integrate subsidence and structural analysis with
measurements of magnetic susceptibility anisotropy (AMS) and natural remanent
magnetization (NRM) in order to better constrain the tectonic kinematics of the basin
evolution. A major important period of subsidence occurred in the Middle Miocene involving
the whole basin. During this period the TPB experienced NE-SW-directed compression and
limited shortening. Some NW-SE-directed compressional features have been identified and
they were probably active during post Tortonian times. Structures associated with
north—south tension are quite common, but the amount of strain that they accommodate is
minor. In addition this research provides new preliminary data suggesting counterclockwise

rotation in the TPB by ¢. 20° which has taken place during Middle Miocene time.

The presence of strongly subsiding areas inside
and overlying orogenic arcs is at the same time a
common observation and a typically unexplained
phenomenon. In Europe, two apparent examples
are the Transylvania Basin, lying within the East
Carpathian—South Carpathian Arc (e.g. Ciulavu
& Bertotti 1994; Huismans et al. 1997, Matenco
& Bertotti 2000), and the western Po Plain
situated between the Western Alps and the
Ligurian Alps. Both basins formed during and/or
following deformation in the surrounding oro-
genic belt and are characterized by a surprisingly
low amount of internal deformation. A dis-
crepancy between the amount of subsidence and
the paucity of tectonic deformation is apparent,
thereby leaving open the question as to the cause
of the observed subsidence.

The Tertiary Piedmont Basin (TPB), a well-
exposed part of the western Po Plain (Fig. 1) is
well suited for the purpose of investigating the
indicated topics. The basin, which has a >4 km

thick Lower Oligocene to Upper Miocene fill is
located on the strongly shortened area of the
Alpine-Apennine junction (Fig. 1). The TPB is
particularly interesting because its most import-
ant features, such as the kinematics and
dynamics of subsidence and the structural
setting under which the accommodation space
was created, have never been addressed at a basin
scale. The TPB also plays a very significant role
in the regional geological picture, since it overlies
and seals Alpine and Apennine structures. The
stress/strain evolution of the basin contains
important information on this key area. The
TPB has been chosen because of the well-
preserved Oligo-Miocene clastic infill and the
relatively good stratigraphic control of the
sedimentary record. Because of the Pliocene and
younger uplift (e.g. Lorenz 1984), basin sedi-
ments are presently lying at elevations of several
hundred metres and are dissected by fairly deep
valleys providing comparatively good outcrops.
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Fig. 1. (a) Tectonic map of NW Italy modified from Polino ez al. (1995); 1, Apenninic thrusts, 2, South Alpine
Thrusts. Square, study area; black vertical lines, Hercynian Crystalline Massifs; black close dots, Cretaceous to
Eocene flysch; open dots, Oligo-Miocene sediments. TPB, Tertiary Piedmont Basin; AM, Alto Monferrato; TH,
Torino Hill; M, Monferrato; VG, Voltri Group; RFDZ, Rio Freddo deformation zone; VVL, Villalvernia—Varzi

Line; SVZ, Sestri Voltaggio Zone; VGT, Val Gorrini Thrust; (b) detailed enlargement of the study area with
structural features mentioned in the text: (1) folds and faults described by Gelati & Gnaccolini (1998); (2) the
area studied by Bernini & Zecca (1990) (Mioglia fold) and Mutti ez al. (1995) (NE-SW trending normal faults).
Note that the small scale (¢.2 km) of the latter structures does not allow direct visualization in Fig. 1(b);
B=Briangonnais domain; (3) Oligocene grabens by Lorenz (1979); (4) thrusts found inside the magnetic
basement after Cassano et al. (1986). (c) stratigraphic scheme modified after Gelati (1968). (d) Structural profile
after Clari et al. (1995) (M, Monferrato; PQ basin, Plio-Quaternary basin; PQPa thrust front, Plio-Quaternary

Padan thrust front).

In this contribution, we report on three funda-
mental issues, the subsidence, the stress/strain
history and tectonic rotation(s) of the basin. To
reconstruct the subsidence history we build on
the vast stratigraphic and sedimentological
database from the literature (Gelati 1968;
Gnaccolini et al. 1990; Gelati et al. 1993;
Gnaccolini & Rossi 1994; Gelati & Gnaccolini
1996; Gelati & Gnaccolini 1998). We here derive
the stress/strain regime during and following
subsidence using structural analysis and, for the
first time in the TPB, anisotropy of magnetic
susceptibility (AMS) and natural remanent
magnetization (NMR). Taking advantage of the
low degree of internal deformation we further-
more derive information on possible rotations of
the TPB. The final aim of this study is a better

understanding of the TPB geodynamic evolution
through a multidisciplinary approach.

Geological setting of the Tertiary
Piedmont Basin

The Tertiary Piedmont Basin (TPB) is an epi-
sutural basin formed on top of the Mesoalpine
edifice resulting from the collision between the
Adriatic and the European plates (Rehault ez al.
1985; Polino et al. 1990; Schumacher &
Laubscher 1996; Biella er al. 1997; Schmid &
Kissling 2000). The basin developed on a
substratum consisting of allochthonous Alpine
and Apennine units (Roure et al 1990; Dela
Pierre et al. 1995; Piana & Polino 1995; Piana
2000). The present day southern and south-
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western limits of the TPB sediments are of an
erosional nature and, consequently, it is unknown
how far the basin extended above the Ligurian
Alps. Towards the north, the Oligo-Miocene sedi-
ments of the TPB dip underneath the younger
clastic sediments of the western Po Plain (Dalla
et al. 1992; Schumacher & Laubscher 1996).

Sedimentological and structural evolution

During the Late Eocene-Early Oligocene, a
prograding marine transgression, probably
coming from the north-NE (Lorenz 1979;
Lorenz 1984; Gelati & Gnaccolini 1988),
followed by a progressive deepening of the basin
floor, took place in the TPB. As a result, alluvial
and nearshore sediments were deposited (i.e. the
Molare Formation) (Lorenz 1979; Lorenz 1984;
Gelati er al. 1993; Gelati & Gnaccolini 1996;
Gelati & Gnaccolini 1998). Sediments of the
Molare Formation show a clear source in the
southern sector (present day Ligurian Alps and
Voltri Group) (Gelati & Gnaccolini 1982).
During the deposition of the Molare Formation,
limited extension was taking place (Lorenz 1984;
Hoogerduijn Strating et al. 1991; Hoogerduijn
Strating 1994; Vanossi et al. 1994; Mutti et al.
1995).

At the end of the Early Oligocene, an increase
in subsidence (Dela Pierre ef al. 1995) was coeval
with the deposition of a marly/sandy sequence
known as the Rocchetta Formation (shallow-
water sandstones and hemipelagic mudstones;
Late Oligocene—Early Miocene). The transition
between the alluvial and nearshore deposits of
the Molare Formation and the overlying
Rocchetta Formation marks a general deepening
of the basin during the Oligocene and Early
Miocene. Palaeocurrent indicators document
sediment transport mainly from the SSW
(present-day Ligurian Alps and Voltri Group)
towards the NNE (Gelati et al 1993). The
contact between the Molare Formation and the
Rocchetta Formation is progressively younger
from NE to SW (Fig. 1c).

Evidence of shortening has been detected
during Late Oligocene—Early Miocene times. A
contractional structure (Mioglia fold) with
NE-SW direction of shortening was active until
Burdigalian times in the southern sector of the
study area (Cazzola & Rigazio 1982; Bernini &
Zecca 1990) (Fig. 1b). Some NW-SE to NNW-—
SSE-trending folds active in Late Oligocene
times have been observed in the central-eastern
part of the study area (Gelati & Gnaccolini
1998) (Fig. 1b). Northeast-southwest shortening
during post-Oligocene times also formed the Val
Gorrini Thrust (VGT) (Piana et al. 1997; Fig. 1a)
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across which the metamorphic rocks of the Voltri
Group are thrust on to the Oligocene sediments
of the TPB. The VGT deformation is sealed by
the Lower Miocene Visone Formation (Capponi
et al. 1999).

Some ENE-WSW normal faults, with dis-
placements up to few hundred metres, have been
described as being active during the deposition of
the Rocchetta Formation, but with poor time
constraints (Bernini & Zecca 1990; Mutti et al.
1995) (Fig. 1b).

During the Early Miocene, small platforms
with both terrigenous and carbonate sediment-
ation developed in the eastern part of the basin
while the central part was characterized by more
widespread basinal conditions. Hemipelagic
sediments characterize the NW area. The whole
central area was characterized by silty/sandy
sequences within which several different depo-
sitional bodies can be distinguished on the basis
of the silt/sand ratio (Rocchetta—Monesiglio
Group; see Gelati & Gnaccolini 1998). In the
central-eastern part of the study area, normal
faults directed west—east/ WNW-ESE were active
during Aquitanian-Burdigalian times (Gelati &
Gnaccolini 1998) (Fig. 1b).

Since Late Burdigalian times, sedimentation
became more homogeneous in the entire basin
with the deposition of the Cortemilia Formation
(classic turbidites with a flow direction from west
to east) (Gelati et al. 1993). The homogeneity of
Miocene palaecocurrent directions suggests a
change/enlargement in the sediment source area
(Gelati et al. 1993; Carrapa et al. 2000). This
change is also supported by sandstone composi-
tion patterns which record an increase of rock
fragments derived from quarzites, mica schists
and gneisses, and a decrease in the percentage of
rock fragments derived from ultramafic rocks
(Gnaccolini & Rossi 1994; Gelati & Gnaccolini
1998).

During Langhian/Serravallian times the east-
ern part of the TPB was characterized by
shallow-water shelf sedimentation (Caprara et
al. 1985; Ghibaudo ef al. 1985) while in the rest
of the basin sedimentation was characterized by
homogeneous deep-water tabular turbidites
(Cassinasco Formation, Murazzano Formation,
Lequio Formation) (Gelati et al. 1993).

Subsidence analysis
Method and input data

To derive the history of vertical movements in
the TPB we have constructed subsidence curves
from different localities within the basin (Figs 2
& 3). For its central and southern parts we have
used a published stratigraphic reconstruction
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Fig. 2. (a) Map with location of the sections used for the stratigraphic reconstruction of Gelati ez al. (1993) and
of profile 2 from Pieri & Groppi (1981) used to construct the subsidence analysis in Fig. 3 (the cross
corresponds with the synthetic well on which the subsidence curve 6 of Fig. 3 is based); B, Briangonnais
domain; H, Hercynian Crystalline Massifs; VG, Voltri Group. (b) schematic lithostratigraphic column
corresponding with section 4 in Figure 3 (Mrl, marls, Sd, sandstones, Cl, conglomerates); (¢) Profile A-B after

Cassano et al. (1986).

obtained by assembling stratigraphic sections
along several km long transects (Gelati et al.
1993; Figs 2a & 2b). Given the gentle dip of the
bedding, this was the only way to cover
reasonably wide stratigraphic intervals. In the
northern part of the basin we have extracted a
synthetic stratigraphic column from an
interpreted seismic line (plate II, line 2 from Pieri
& Groppi (1981) interpreted by Cassano et al.
(1996)) (Fig. 2a). In this region (section 6,
Tanaro) the TPB kept on subsiding into post-
Miocene times and was thus buried by Pliocene
to Quaternary sediments (Figs 2a & 3). Lith-
ologies and palaecobathymetries have been
obtained from regional correlations (Gelati et al.
1993) (Table 1). Average palacodepths between
25 and 50 m have been chosen for the Molare
Formation due to its sedimentological features
which indicate a shallow water and transitional

environment. Palaeobathymetries for younger
formations are based on the occurrence of
particular benthonic foraminifer and on plank-
tonic/benthonic species ratios indicating palaeo-
depths between 200 and 600 m for Upper
Oligocene—Upper Miocene sediments (Gelati
et al. 1993). We ended our analysis in Tortonian
times (except for section 6) in order to avoid the
uncertainties associated with the Messinian
crisis. Stratigraphic columns have been back-
stripped adopting standard procedures (Sclater
& Christie 1980; Bond & Kominz 1984; Bessis
1986). Subsidence curves describe the vertical
movements of the basement and of the forma-
tional boundaries (chronostratigraphic horizons),
taking into account compaction. To enable easier
visualization of changes in vertical movements
occurring during basin evolution, we have also
constructed subsidence rate diagrams (Fig. 4).
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Fig. 3. Subsidence curves for the TPB. Note that section 6 shows a fairly constant subsidence through the
whole Oligocene, probably due to poor stratigraphic control of the section, which does not allow the
detection of accelerating subsidence during this time-span. Grey bars indicate times when the most

subsidence occurred.

Results

Subsidence of the TPB began in the Early Oligo-
cene and continued throughout the Miocene
(Figs 3 & 4). During the Oligocene, subsidence
was stronger in the SW part of the TPB
(Bagnasco, Millesimo, Dego; Fig. 3) than in the
NE (Montechiaro d’Acqui; Fig. 3), where little
movement took place.

Towards the end of the Early Miocene, sub-
sidence accelerated over most of the TPB, includ-
ing the eastern sector which was a high structural
domain during the Oligocene. Burdigalian
subsidence affected the entire basin and, in
particular, its central-eastern parts (Dego, Spigno,
Montechiaro d’Acqui; Fig. 3). Magnitudes of
vertical movements are higher in this period than
during Oligocene time (<l km during the
Oligocene, >2 km during the Miocene).

A compilation of subsidence rates along the
selected transects shows (Fig. 4) that the main
periods of subsidence are restricted to a
remarkably short time span (=1mm/year between
17.5 and 15.5 Ma and <0.5 mm/year after 17.5
Ma). The central part of the basin (Dego,
Spigno) remains the most subsiding area from
Chattian until Burdigalian-Langhian times, with
relatively high subsidence rates from 0.7 mm/year
during the Chattian up to 21 mm/year during the
Burdigalian-Langhian. The northeastern part of
the basin was not strongly affected by the
Rupelian subsidence, although it was strongly
subsiding during the Langhian. This because of
compressional tectonics active in the eastern
sector until Late Aquitanian times and respon-
sible for the uplift and erosion of the Rocchetta
sediments (Piana et al. 1997).
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Table 1. Input data used to construct the subsidence curves of Figure 3

Deph Age Sand Silt Shale Carbonate Halite Anhydr. W.D. min W.D. max Aver. W.D.

Bagnasco
Co6 28 105 0 0 1 0 0 0 200 600 400
(@5} 143 125 0.8 0 0.2 0 0 0 200 600 400
C4 214 138 0.8 0 0.2 0 0 0 200 600 400
C3 357 155 05 0 0.5 0 0 0 200 600 400
C2 543 165 05 0 0.5 0 0 0 200 600 400
Cl 614 175 0 0 1 0 0 0 200 600 400
B5+B6 828 215 0 0 1 0 0 0 100 400 250
B1-B4 1057 284 0 0 1 0 0 0 50 100 75
A 1500 30 0 0 1 0 0 0 0 100 50
A 1714 337 1 0 0 0 0 0 0 50 25
1715 0 1 0 0 0 0 0 0 0 0
Millesimo
C6 128 105 O 0 1 0 0 0 200 600 400
(65} 280 125 07 O 0.3 0 0 0 200 600 400
C4 314 138 0.8 0 0.2 0 0 0 200 600 400
C3 514 155 06 O 0.4 0 0 0 200 600 400
C2 971 16,5 0.8 0 0.2 0 0 0 200 600 400
Cl 1486 17.5 0.8 0 0.2 0 0 0 200 600 400
B5+B6 1714 215 02 0 0.8 0 0 0 100 400 250
B4 1814 255 02 0 0.8 0 0 0 50 100 75
B3 2157 265 0.5 0 0.5 0 0 0 50 100 75
B2 2271 284 05 0 0.5 0 0 0 50 100 75
Bl 2485 30 1 0 0 0 0 0 0 50 25
2486 0 1 0 0 0 0 0 0 0 0
Dego
C6 314 105 0.5 0 0.5 0 0 0 200 600 400
Cs 485 125 1 0 0 0 0 0 200 600 400
C4 600 13.8 0.8 0 0.2 0 0 0 200 600 400
C3 1114 155 038 0 0.2 0 0 0 200 600 400
Cc2 1714 165 1 0 0 0 0 0 200 600 400
Cl1 2342 175 1 0 0 0 0 0 200 600 400
B5+B6 2454 215 0 0 1 0 0 0 100 400 250
B4 2886 255 0.8 0 0.2 0 0 0 50 100 75
B3 3200 26.5 0.5 0 0.5 0 0 0 50 100 75
B1+B2 3257 30 1 0 0 0 0 0 0 50 25
3257.1 01 0 0 0 0 0 0 0 0 0
Spigno M.
C6 343 105 05 O 0.5 0 0 0 200 600 400
Cs 571 125 1 0 0 0 0 0 200 600 400
C4 657 13.8 0.8 0 0.2 0 0 0 200 600 400
C3 1100 155 0.8 0 0.2 0 0 0 200 600 400
Cc2 1543 165 04 0 0.6 0 0 0 200 600 400
Cl1 2200 175 1 0 0 0 0 0 200 600 400
B5+B6 2286 215 02 0 0.8 0 0 0 100 400 250
B4 2385 255 0 0 1 0 0 0 50 100 75
B3 2514 265 02 0 0.8 0 0 0 50 100 75
B2 2557 284 0 0 1 0 0 0 50 100 75
Bl 2628 30 1 0 0 0 0 0 0 100 50
A 2814 337 04 O 0.6 0 0 0 0 50 25
2815 0 04 0 0.6 0 0 0 0 0 0
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ate Halite Anhydr. W.D. min W.D. max Aver. W.D.

Deph Age Sand Silt Shale Carbon
Montechiaro d’Acqui
C6 343 105 05 0 0.5 0
C5 571 125 1 0 0 0
C4 657 138 08 0 0.2 0
C3 1114 155 08 0 0.2 0
C2 1457 165 04 0 0.6 0
Cl 1971 175 1 0 0 0
B5+B6 2014 215 02 0 0.8 0
B2—-B4 2114 284 0 0 1 0
A 2214 30 1 0 0 0
2215 0 04 0 0.6 0
Tanaro
Pliocene 410 53 02 0 0.8 0
Messinian 550 7.12 05 0 0.5 0
Tortonian 800 11.2 05 0 0.5 0
Serravallian 1080 14.8 0.5 0 0.5 0
Langhian 1400 165 05 0 0.5 0
Aquitanian 2100 23.8 0.5 0 0.5 0
Oligocene 3400 33.7 0.5 0 0.5 0
3400.1 0 05 0 0.5 0

0 0 200 600 400
0 0 200 600 400
0 0 200 600 400
0 0 200 600 400
0 0 200 600 400
0 0 200 600 400
0 0 100 400 250
0 0 50 100 75
0 0 0 100 50
0 0 0 0 0
0 0 50 100 75
0 0 50 100 75
0 0 200 600 400
0 0 200 600 400
0 0 200 600 400
0 0 50 400 225
0 0 0 50 25
0 0 0 0 0

First column, sequences from Gelati e al. (1993) and Pieri & Groppi (1981). Age, chronological boundaries;
w.d. max, maximum palaecodepth; w.d. min, minimum palaeodepth; aver. w.d., average between w.d. max and

w.d. min.
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Fig. 4. Early Oligocene-Late Miocene subsidence rates based on data obtained from the subsidence analysis of

Fig. 3.

Structural studies

The occurrence of a >4 km deep basin within an
area of convergence and more interestingly over-
lapping an orogenic wedge, poses major questions
as to the tectonic mechanism responsible for the

observed subsidence. An apparent feature of the
TPB is the lack of major tectonic structures. For
instance, normal faults never show offsets larger
than few hundred metres. Given the long history
of investigations in the area, it is also unlikely
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that major structures have escaped field map-
ping. Smaller-scale structural features such as
folds and faults ranging from several tens of
meters to decimetres, on the contrary, are not
uncommon in the TPB and have received
surprisingly little attention. Despite the limited
strain that they accommodate, these structures
are of great importance because they constrain
the stress regime during basin development. A
determination of the stress regime during
subsidence is obviously a necessary first step to
understand the subsidence dynamics of the
TPB.

Method and input data

Two approaches have been used to reconstruct
the stress evolution of the TPB, classical
structural analysis on folds and faults, and
palaeostress analysis. In the first case, outcrop-
scale structures have been described and
measured to derive fold axes and transport
directions in the case of asymmetrical folds and
of thrusts. Contractional axes are considered to
be perpendicular to the fold axes and parallel to
the transport directions.

When enough faults were present in a single
outcrop, we carried out a palacostress analysis

B. CARRAPA ET AL.

following well-established principles (Angelier,
1989 and references therein). To determine the
position and shape of the stress tensor we have
used the program TENSOR (Delvaux, 1993).
Measurements were taken generally on sub-
horizontal beds. The typical problem in recon-
structing the stress evolution of a sedimentary
basin is the dating of single tectonic structures.
In some important cases we were able to date
folds and faults on the basis of their synse-
dimentary character. These structures are
described in detail in the following section. For
other features, a minimum age has been derived
from the age of the sediments affected by
deformation. A similar approach has been used
for the palaecostress measurements.

Results
Contractional structures

Our data seem to indicate the existence of two
different families of folds: the first with axes
NW-SE and the second with axes NE-SW (Fig.
5, Table 2).

NW-SE fold axes. NE-SW shortening has been
observed in different localities of the TPB in
sediments as young as Tortonian (Figs 5 & 6)
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Fig. 5. Location of folds and relative axes detected in the TPB from this study (and of the Mioglia fold, from
Bernini & Zezza 1990). Grey plots indicate synsedimentary structures. A density diagram is also provided. VG,
Voltri Group; H, Hercynian Crystalline Massifs; B, Briangonnais domain.
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Table 2. Depositional time, formations, and coordinates (UTM, zone 32T) of sites used for structural studies
mentioned in the text.
UTM coordinates
Sites Formations Depositional time zone 32T
TPBl1bis Molare Fm Rupelian 448390-493148
TPB7 Molare Fm Rupelian 461000-493412
TPBS Molare Fm Rupelian 459700-493380
TPB4 Rocchetta Fm (muddy matrix, Gelati &
Gnaccolini 1998) Rupelian-Aquitanian 446720-493590
TPB2 Rocchetta Fm (Noceto system) Rupelian-Aquitanian 444110-423250
TPB6 Rocchetta Fm (muddy matrix, Gelati &
Gnaccolini 1998) Rupelian-Aquitanian 445410-493563
TPB6bis Paroldo Marls Rupelian-Aquitanian 425530-491956
TPB9 Monesiglio Fm (system N3, Gelati &
Gnaccolini 1996) Chattian 415780-491670
TPB3 Monesiglio Fm (glauconite-rich hybrid arenites,
Gelati & Gnaccolini 1998) Aquitanian 446300-493691
Mioglia Rocchetta Fm (see Bernini & Zecca, 1990) Rupelian-Burdigalian 453000-492480
TPBI Rocchetta Fm (Mioglia system, Cazzola &
Sgavetti 1983) Chattian—Burdigalian 452502-492717
TPBS Rocchetta Fm (Piantivello body, Gelati &
Gnaccolini 1998) Burdigalian 443360-493583
TPBIS Cortemilia Fm Aquitanian-Langhian 431500-493228
TPBI1 - Aquitanian—Serravallian? 412200-492207
TPB10 Murazzano Fm? Langhian 414400-492041
TPBI13 Cassinasco Fm Langhian—Serravallian? 424110-492738
TPB16 Cassinasco Fm Langhian—Serravallian 424110-492645
TPB17 Lequio Fm Serravallian—Tortonian 493047-418980
TPBI19 Lequio Fm Serravallian-Tortonian 426920-493800
TPB 12 Lequio Fm? Tortonian? 413400-492901
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Fig. 6. Age constraints of shortening. White bars, age of sediments in which shortening has been found to
correspond with the maximum deformation age. The possible age of shortening is younger than the white bars,
and is indicated by thick black lines. Grey bars, synsedimentary structures.
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represented mainly by open asymmetrical anti-
clines and a few closed folds from tens to
hundreds of metres in dimensions.

A number of these structures have a synse-
dimentary character and developed during
Langhian—Serravallian times (TPB 10, 13, 16;
Figs 7-9). Possibly the most spectacular NW-SE
synsedimentary-trending fold is the Ciglie
anticline (TPB 10, Fig. 7) where the growing
structure is unconformably onlapped by a
subhorizontal turbidite sequence which has been
dated as Middle Langhian (D’Atri, pers. comm.).
Other structures with similar shortening geo-
metries developed in soft sediments are presently
well exposed along road cuttings near the
Bossola Pass (TPB 13, TPB 16; Figs 8 & 9). Site
TPB 13 corresponds with an asymmetrical closed
syncline overturned toward the NE. This fold
developed while the sediments were still soft and
therefore it is representative of synsedimentary
deformation (Fig. 10). A low-angle normal fault
in the hinge of the anticline is associated with
fold development and is sealed by an unde-
formed stratum (on the top of the SW flank, Fig.
8). Site TPB 13 is the only example we have of an
overturned structure representing strong deform-

NW

oTelaps
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ation. Because of the lack of subsurface data, we
cannot say whether this deformation is associ-
ated with a major deep structure. Site TPB16
(Fig. 9) corresponds with a box fold with axis
317/11 and related reverse faults 220/18, 247/40
with movements towards the NE. This developed
while the sediments were still soft and therefore it
is representative of a synsedimentary deforma-
tion fold as site TPB 13.

TPB 12 and TPB 19 indicate that NE-SW
shortening also affected Tortonian sediments.
Therefore on the basis of the observed structures
indicated above we conclude that NE-SW short-
ening was active during Langhian-Tortonian
times although the lack of information on the
Messinian does not allow a better upper age limit
to be given.

NE-SW fold axes. NW-SE shortening has been
observed in five different localities of the TPB
(Fig. 5). A good example of a NE-SW fold axis
is TPB 11 (near Bastia Mondovi) which has been
detected in Lower—Middle Miocene sediments.
The TPB 11 is a 200 m open asymmetrical
anticline with subhorizontal strata in the SE
and with dips up to 30° on the NW flank.

SE

-:Eﬂ-': ﬁarr-.,.,_:q."... s S 5

i
g A

Fig. 7. Example of NE-SW-directed synsedimentary shortening: site TPB 10, Ciglie growing anticline. The
sample indicated with the black dot has been dated as Middle Langhian (d’Atri, pers. comm.).
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Fig. 8. Example of NE-SW directed synsedimentary shortening: site TPB 13, Bossola fold.

The NE-SW-trending folds never display a
synsedimentary character (Fig. 6). For this
reason we interpret NW-SE shortening to be
younger than NE-SW shortening, namely post-
Tortonian.

Extensional structures

Palacostress analysis on small-scale structures
suggests a fairly homogeneous north-south
tension over the entire basin (Figs 10-12). All of
these extensional structures have been detected in
Rupelian to Tortonian sediments (Fig. 12).
Synsedimentary extension has been detected
only in one site (TPB 17) in the Lequio
Formation (Serravallian—Tortonian), represented
by a set of normal faults with a few centimetres
offset and strata thickening toward the fault
plane. Our data suggest a north-south tension
active at least during Serravallian-Tortonian
times.

Magnetic anisotropy
Method and input data

The anisotropy of magnetic susceptibility (AMS)
of ferromagnetic minerals is widely used to
provide information on the tectonic history of
weakly deformed sediments (Scheepers &

Langereis 1994; Duermeijer et al. 1998), such as
those present in the TPB. The AMS is
represented by a second-order tensor, which can
be visualized using a three-axis ellipsoid (Kmax,
Kint and Kmin). The total degree of anisotropy is
defined by P=Kmax/Kini; the magnetic foliation is
defined by F=Kin/Kmin and the magnetic
lineation, which is the degree of anisotropy in
the magnetic foliation plane, is defined by
L=Kmax/Kint (Tarling & Hrouda 1993). The
orientation of the AMS ellipsoid is in most cases
congruent with the strain ellipsoid. In fine-
grained rocks, such as the studied sediments, the
preferred orientation of phyllosilicates depends
on the strain caused by compaction and tectonic
processes (Clark 1970; Moore & Geigle 1974;
Oertel 1983; Peterson et al 1995), although
depositional currents can also account for
lineation. Several studies have shown the relation-
ships between magnetic fabric and strain in
compressional regimes (Kissel ez al. 1986; Lee
et al. 1990; Scheepers & Langereis 1994). In
weakly deformed sediments, the orientation of
Kmin 18 perpendicular to the bedding plane, while
the orientation of Kmax is generally perpen-
dicular to the direction of major shortening (Lee
et al. 1990; Tarling & Hrouda 1993). An increase
in strain causes the ellipsoid to have a more
prolate structure (Lee et al 1990; Tarling &
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,252/45 B Fold axis

220/18 ABox fold axes
x Fault poles
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—

250/30

50/45 234/58

Fig. 9. Example of NE-SW-directed synsedimentary shortening: site TPB 16, fold box (100 m south of the
Bossola fold); drag folds associated with the fault constrain the displacement direction.
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Fig. 10. Sites and results of palacostress analysis. Summary of results in the upper left square. VG, Voltri
Group; H, Hercynian Crystalline Massifs; B, Briangonnais domain. VGT, Val Gorrini Thrust.
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Fig. 11. Stereoplots of normal faults measured in the TPB; site locations are given in Figure 10. R, stress
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DEPOSITIONAL TIME TENSION N-S
Pliocene
wtl— Messinian |
=z Tortonian I
S Serravallian
) Langhian
= .
Aquitanian
ol \ Chattian
— Up. Eocene-Rupelian
3

Fig. 12. Age determination for north-south tension.
White bars, age of sediments in which tension has
been found and therefore maximum deformation age.
The possible age of tension is younger than the white
bars and indicated by thick black lines. Grey bars:
synsedimentary structures.

Hrouda 1993). Therefore the magnetic lineation
(L), in weakly deformed sediment strongly
depends on the stress field (Kissel et al. 1986)
allowing comparison with structural data. A
high value of L is most likely to be related to

synsedimentary deformation, since the fabric of
sediments is more easily affected by strain when
they are relatively soft and unconsolidated
(Borradaile 1988; Mattei ef al. 1997).

Samples have been collected within shale/silt
layers belonging to the entire stratigraphic
sequence and covering the entire basin (Fig. 13;
Table 3). AMS measurements were carried out
using a high-sensitivity low-field susceptibility
bridge (KLY-3) at Fort Hoofddijk, University of
Utrecht. The mean ellipsoids have been calcul-
ated according to Jelinek (1978). Furthermore in
this work only values of Kmax with dD (errors)
<25 have been considered as being representative
of shortening directions. The locations of all
sites are shown in Fig. 13, but with only the most
representative results for the AMS axes while the
complete AMS data are presented in Fig. 14.

Results

AMS data show the existence of two directions
of shortening, respectively NE-SW and NW-SE,
supporting the directions of deformation
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Fig. 13. Location of AMS and NRM analysis. Stereoplots indicate the results of AMS measurements; shaded
segment represents error on mean Kmax axes (d4z) with solid line as mean lineation (L) direction per section.
Only sites with dD <25 have been plotted. Density diagram allows a comparison with the structural data in
Figure 5. VG, Voltri Group; H, Hercynian Crystalline Massifs; B, Briangonnais domain.

detected with structural analysis (Figs 13 & 14).
This confirms the statement that the AMS
ellipsoid can be associated with regional defor-
mations. This assumption is further supported by
the trend of magnetic lineation, which differs
from the palaeocurrent directions in the same
area (Gelati et al. 1993).

In some cases, an age of deformation can be
proposed. This is the case of sediments with high
L. Very high values of L correspond in general
with NW-SE AMS axes, which can be related to
NE-SW shortening (Table 3; Fig. 13). In
particular they occur in Lower Oligocene—
Aquitanian sediments (site M20), in Upper
Oligocene-Lower Miocene sediments (site M4),
and in Middle Langhian sediments (site MS5)
(Table 3; Fig. 13). Furthermore, site M5 has been
measured on the Ciglie Anticline (Fig. 7)
supporting the relationship between shortening
(in this case synsedimentary) and AMS data
(especially high values of L).

NRM analysis for rotations

Palacomagnetic results and palaeoreconstruc-
tion models from areas surrounding the TPB

suggested that significant counterclockwise
rotations took place during Oligo—Miocene
times (Burrus 1984; Boccaletti et al. 1990;
Vanossi et al. 1994; Vigliotti & Langenheim
1995; Bormioli & Lanza 1995; Muttoni et al.
2000). Since no palaeomagnetic data were
available for the TPB itself, we have performed a
demagnetization analysis on sediments from the
entire basin in order to investigate the tectonic
rotation history. NRM analysis was also
performed on Pliocene sediments that seal the
geometrical relationships between the TPB basin
and the surrounding areas (e.g. the Po Plain),
providing information on this particular time-
span.

Method and input data

The study of the natural remanent magnetization
(NRM) in rock samples was carried out in order
to derive the characteristic remanent magnetiz-
ation (ChRM), which can be used to estimate
tectonic rotations. Samples were collected from
the entire basin (Fig. 13) and covering the whole
stratigraphic interval (Table 4). The ChRM
component was obtained by means of pro-
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Table 4. Results from NRM analysis from the different sites of the TPB (see Fig. 13 for location).

Site Pol. N Dec Inc k a9d5s rot. Dep. Age

MO1 R 9 167 -46 147 4 -13 Latest Oligocene—Early Miocene
MO1* R 167 47 199 4 -13 Latest Oligocene—Early Miocene
MO03 R 157 =52 76 5 -23 Latest Oligocene—Early Miocene
MO03* R 141 -55 67 6 -39 Latest Oligocene—Early Miocene
MO5 R 135 45 45 8 45 Middle Langhian

MO5* R 9 150 -51 84 6 =30 Middle Langhian

MO06 N 4 340 53 167 7 =20 Late Langhian

MO7 R 10 190 -36 3 35 10 Early Tortonian

MO7* R - - - - - - Early Tortonian

MO8 N 11 17 69 141 4 17 Late Tortonian/Messinian?

M09 R 6 193 48 23 14 13 Late Miocene

MI10 N 8 345 45 31 10 -15 Late Oligocene-Aquitanian
MI13 N 11 355 52 80 5 -5 Aquitanian-Langhian

M14 N 11 3 62 15 12 3 Tortonian

M15 N 11 353 49 143 4 -7 Pliocene

M19 N 11 359 41 30 9 -1 Pliocene

M20 N 11 299 27 10 15 61 Early Oligocene-Aquitanian

* AF demagnetization. N, number of specimens; Dec, Inc, site mean ChRM declination and inclination; k,
Fisher’s precision parameter; a95, 95% cone of confidence; rot, angle of rotations (counterclockwise). Grey
areas corresponds with the age of sediments affected by counterclockwise rotation (>10°).

Late Olig.—Aquitanian  Late Olig.—Aquitanian Latest Oligocene—Early Miocene
C)
M1-th M1-af
Latest Oligocene—Early Miocene Aquitanian—-Langhian Middle Langhian

M3-th m m M5-th M5-af
2 M13-th :
Late Langhian Early Tortonian Tortonian Late Miocene

Late Miocene Pliocene Pliocene

éh

fer] \
g/

Fig. 15. Equal area projection of ChRM components of samples from the TPB. Dots represent the individual
sample directions; full (open) dots represent downward (upward) projections. The circles give ags (Fisher’s 1953)
for the different site means.
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gressive stepwise thermal demagnetization (TH)
using small temperature increments (30-50°C)
(Fig. 15) and, for some samples, by alternating
field demagnetization (AF) (Fig. 16). This latter
method involves increasing at each step the
alternating field strength instead of the temper-
ature. Each mineral has its characteristic
unblocking field in the same way that it has a
typical unblocking temperature. In the perfect
case the same rotation should be obtained by
both techniques. The NRM was measured for all
the samples with a 2G Enterprise DC SQUID
cryogenic magnetometer. Demagnetization dia-
grams were used for the interpretation of
representative samples (Fig. 16). The ChRM-
components were determined by calculating
best-fit lines through data-points belonging to
specific temperature intervals. Demagnetization
vectors were finally combined using Fisher
statistics (Fisher, 1953) to calculate mean
directions per site. Palacomagnetic analyses were
performed on 22 sites, each consisting of 11
samples, but only 13 sites gave reliable results
(Figs 15 & 17; Table 4). In general all samples
show an NRM which is largely removed at
temperatures of 360-450°C or at fields of 80 mT.
Demagnetization at higher temperatures com-
monly resulted in the generation of a randomly
oriented viscous component.

B. CARRAPA ET AL.

Results

Thermal demagnetization analyses show that the
Oligocene—Early Miocene sites of the TPB have
been affected by rotation (Figs 15-17). Only sites
with rotations >10° are here considered as
representative.

Most sites, especially in the SW part, show a
counterclockwise rotation of an average of few
tens of degrees around 20° (sites: M1, M3, M5,
M6, M10 and M20; Fig. 17; Table 4). The
counterclockwise rotation from sites M1, M3,
MS5 is also confirmed by the AF demagnetiz-
ation data (Figs 16 & 17; Table 4). Two sites
(M20 and MS5) show an anomalous high
rotation between 45 and 61°, possibly due to
local processes. Only two sites in the south-
western area (M8 and M9) show a representative
(>10°) clockwise rotation.

A tentative time constraint is here made by
looking at the depositional time of sediments
involved in counterclockwise rotations. In
general, rotations greater than 10° are restricted
to sediments as old as Late Langhian, while
Tortonian—Pliocene sediments show no rotations
(Fig. 15; Table 4). Therefore, a Middle Miocene
age (Serravallian) is suggested for the tectonic
phase responsible for the counterclockwise
rotation of the TPB.

THERMAL M1.1A  ALTERNATING FIELD M1.1B | THERMAL M5.1A  ALTERNATING FIELD M5.1B
up/W up/W up/W up/W
10 p P 21 100 10 p
15 15 30 20
30
18| 36
50 . B
— 6!
21 | N
| N
240-420 —_ N
w
THERMAL M7.1A | THERMAL M8.1A | THERMAL M15.1A | THERMAL M20.3A
up/W UE/W N up/W up/W
180-42 360 i »-"/7 N
150 300 3
N 30! _ N
45
21
100 360
21 100 00
100 an

Fig. 16. Stepwise thermal demagnetisation diagrams of the individual specimens from the most representative
site of the TPB, and comparison with the alternating field demagnetisation method. Dots are projections on the
horizontal plane and circles are projected on the vertical north-south or east-west plane. Numbers denote

demagnetisation steps in °C and mT, respectively.
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Po Plain

Fig. 17. Diagram showing rotations (from Fig. 15) related to different sites. Only angles >10° are considered as
representative. VG, Voltri Group; H, Hercynian Crystalline Massifs; B, Briangonnais domain.

The evolution of the TPB

Subsidence affecting the westernmost segment of
the Western Alpine orogen, that is, the Ligurian
Alps, allowed the deposition of transitional
sediments on top of the orogen, progressively
younging from the NE (Late Eocene-Early
Oligocene) to SW (Late Oligocene), thereby
initiating the evolution of the TPB. Subsidence
was fairly constant from the Oligocene until the
Middle Miocene, with the exception of an
Oligocene episode of subsidence acceleration in
the SW part of the basin. The stress/strain
regime during Oligocene to Early Miocene times
is poorly resolved. Some north-south tensional
stresses have been detected in several parts of the
basin, especially in its SE portion. They are
compatible with relatively small ENE-WSW- to
WNW-ESE-trending normal faults mapped in
the SE parts of the basin (Bernini & Zecca 1990;
Mutti et al. 1995; Gelati & Gnaccolini 1998). The
overall extension accommodated by these faults
is of the order of several hundred metres
(¢.1700 m by measurement of the horizontal
displacements) and, therefore, they are indicative
of stress rather than substantial strain. During
the same time interval, Late Oligocene to Early

Miocene NE-SW compression caused the
formation of few contractional structures such
as the NNW-SSE-trending Mioglia fold in the
south and open anticlines in the eastern parts of
the basin (Bernini & Zecca 1990; Gelati &
Gnaccolini 1998). This phase of shortening fits
in well with our AMS data. Timing and thus the
genetic relations between north-south tension
and NE-SW shortening remain unclear.

From the Early to Middle Miocene, strong
subsidence affected large parts of the TPB. Little
is known from the southern part of the basin
where Miocene sediments are lacking. Similarly
to what was discussed for the previous time-span,
the observed structures are quite widespread but
systematically associated with small displace-
ments. No significant extensional features have
been detected. The NE-SW-directed compres-
sion and limited shortening remained active
through Serravallian—-Tortonian times, producing

synsedimentary structures such as those
observed at sites TPB 10, TPB 13 and TPB 16
(Figs 8 & 9).

Serravallian and older sediments also experi-
enced NW-SE-directed compression associated
with the formation of small- and some larger-
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scale folds. The age of this deformation stage is
poorly constrained, but because of the consistent
lack of synsedimentary activity we interpret the
NW-SE directed compression to be younger
than the NE-SW-directed one and therefore
post-Tortonian. Despite these uncertainties, it is
clear that the entire Miocene TPB evolution took
place under a NE-SW- to NW-SE-trending
prevailing compressional regime.

The TPB and its regional context

Our new palacomagnetic data show that TPB
sediments experienced a fairly small (¢.20°)
counterclockwise rotation in Middle Miocene
times, following which the TPB has basically
acquired its present-day position. The stress/
strain geometries that we have obtained are thus
not substantially different from their original
position.

The TPB sediments transgress and only partly
seal the pre-Oligocene structures developed in
the Ligurian Alps contractional domain (Vanossi
et al. 1984), since evidence of thrusts in the
Ligurian Alps during Oligo-Miocene times over
the TPB sediments (Hoogerduijn Strating et al.
1991; Piana et al. 1997) suggest that the com-
pressional structures in the belts were still active
during this time-span.

The Oligocene to Early Miocene basin was
lying between the subsiding Po Plain ‘foredeep’
in the north (Dela Pierre ef al. 1995) and the
extensional Liguro—Provencal Basin in the SW.
During this time-span the TPB was undergoing
general NE-SW shortening.

During Late Oligocene—Early Miocene times,
the eastern margin of the TPB experienced
NE-SW shortening responsible for the NE-
verging Alto Monferrato thrusts (e.g. VGT in
Fig. 1; Piana et al. 1997) and the overthrusting of
the Ligurian units on to the Tuscan units along
the Villalvernia—Varzi-Line (VVL in Fig. la;
Miletto & Polino 1992). The same time-span
corresponds with the activity period of the
transpressive Rio Freddo Deformation Zone
(RFDZ in Fig. 1a), which has been interpreted as
the superficial expression of a palaco-Apenninic
thrust (Piana 2000). This phase of transpression
and shortening falls within the palaeo-Apenninic
phase of deformation, which in the Alpine
domain coincides with the Insubric-Helvetic
phase, caused mainly by the NW-SE Africa—
Europe convergence (Laubscher 1991). The Po
Plain was also undergoing subsidence, allowing
the deposition of a thick clastic succession
probably connected to the TPB.

To the SW of the TPB, a NE-SW continental
rift developed in Oligocene times between
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France/Spain and the Corsica—Sardinia block,
leading to Late Oligocene crustal separation and
generation of oceanic crust (e.g. Burrus 1984;
Jolivet et al. 1999). Spreading and drifting ended
in the Early Miocene with the shift of the
extension site to the east of the Corsica—Sardinia
block.

Tectonic and dynamic relationships between
the TPB on one side and the Po Plain and
Liguro—Provengal Basin on the other are still
unclear. Small normal faults found in the south
of the basin possibly could be associated with the
Liguro-Provengal rifting. However, the clear
predominance of compressional stresses during
the Oligocene to Early Miocene TPB evolution
suggests that the basin was essentially a part of
the western Po Plain compressional system.

During the Middle-Late Miocene, the western
Po Plain was undergoing roughly ¢.N-S-directed
shortening, with the development of the south-
verging Milano belt (Jura-Lombardic deforma-
tion phase; Laubscher 1992; Schumacher &
Laubscher 1996) and strong subsidence. Between
the Langhian and the Serravallian the NW
Apennine were undergoing roughly NE-SW
shortening, responsible for the emplacement of
the Ligurian units on to the Modino—Cervarola
and Umbro-Marchean units (Pedeapennine
Thrust Front, Boccaletti et al. 1985). On the
western margin of the TPB in Middle Miocene
to Pliocene times, active tectonic shortening was
responsible (Saluzzo Basin; Fig. 1) for the
formation of the Saluzzo fold (Pieri & Groppi
1981). During the same time-span the eastern
margin of the TPB was still affected by short-
ening (¢.NW-SE) responsible for the shifting
towards the north of the Alto Monferrato thrust
fronts (Falletti et al 1995). By this time,
deformation in the Ligurian Alps had ceased.

From the Pliocene to Quaternary, the Neo—
Apenninic deformation phase is responsible for
tectonic shortening leading to the formation of
the Plio—Quaternary Padan thrust front (Fig. 1d)
and for the translation towards the north of the
Torino Hill (e.g. Piana & Polino 1995) and
probably for the present-day TPB elevation.

Conclusion

The TPB, despite being located on top of an
orogenic belt, subsided in Oligocene to Miocene
times, allowing the deposition of up to 4 km of
clastic sediments. Normal faults detected so far
in the TPB are not enough to explain the total
amount of subsidence (4-5 km) present in the
TPB basin from Oligocene until Late Miocene
times. Furthermore, no regional normal faults
have been detected so far in the area. Small-scale
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normal faults detected in Oligocene—Miocene
sediments could be related to the extensional
phase responsible for the opening of the Liguro-
Provencal Basin.

The Miocene is characterized by general
strong subsidence and NE-SW to NW-SE
shortening. In particular, the Middle Miocene
constitutes an important period in the evolution
of the TPB, with an acceleration of subsidence
under a prevalent NE-SW tectonic shortening.
General shortening was active in the same time-
span on the western margin of the Po Plain and
in the Northern Apennine. In particular, NE-SW
to NW-SE directions of shortening detected in
TPB sediments fit well with the post-Eocene
pattern of NE-SW arc-normal transport direc-
tion of the Western Alpine arc proposed by Platt
et al. (1989), and with the NE-SW and NW-SE
directions of shortening detected in the Ligurian
Alps (close to the boundary with the Northern
Apennine) by Hoogerduijn Strating et al. (1991).
The latter authors have suggested a possible
superposition of two displacement directions of
different ages, and in particular proposed a Late
Miocene age for the NW-SE shortening related
to the development of the Monferrato culmina-
tion (Hoogerduijn Strating et al. 1991), support-
ing our data. At this stage there is uncertainty
exists regarding the mechanism responsible for
the accommodation space in the TPB under
prevalent tectonic shortening.

New preliminary NRM data show general
20° counterclockwise rotations of approxi-
mately Serravallian age. These new results show
that the TPB was not affected by rotations
during Tortonian to Quaternary times, despite
ongoing shortening in the Apennine domain
(e.g. Clari et al. 1995; Schumacher & Laubscher
1996). Our data seem to be fairly consistent
with rotations detected in the eastern and
northern parts of the TPB (Thio 1988; Bormioli
& Lanza 1995) and in the Northern Apennine
for the Oligocene-Miocene time span (Muttoni
et al. 2000).
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