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Abstract

Paleoseismological investigations have been performed at Mt. Baldo and in the Lessini Mts. in order to collect quantitative
data on the activity of minor faults showing geomorphic evidence of recent activation. The 4.5-km-long, NNE-SSW trending
Naole fault was responsible for the formation of a narrow depression at the top of Mt. Baldo, bordered by a continuous
bedrock (carbonate) fault scarp to the west. The extensional activity along this minor fault i1s probably due to gravitational de-
formations (lateral spreading) in response to the warping of the Mt. Baldo anticline. A 1.5-km-long graben is instead related
to the 2.5-km-long, NNW-SSE trending Orsara fault (Lessini Mts.) which was responsible for the formation of bedrock (car-
bonate) fault scarps. This minor fault 1s part of a complex structural framework made of few-km-long faults which show evi-
dence of Quaternary activity. Two trenches have been excavated across the Naole fault which showed the occurrence of dis-
placement events subsequent to 17435-16385 BP (cal. age) and probably prior to 5455-5385/5330-5295 BP (cal. age). Two
other trenches have been excavated across the Orsara fault whose analysis indicated that the most recent displacement event
occurred between 20630-19795 BP and 765-675 BP (cal. age). The upper chronological limits of the displacements give
some indications about the minimum elapsed time since the last fault activation (about 5,300 years for the Naole fault and 5-
8 centuries for the Orsara fault). Both 1) the maximum expected magnitude of the earthquakes which may originate along the
Mt. Baldo thrust and 2) the identification of a main fault responsible for the displacements along the complex net of minor
faults affecting the Lessini Mts. are still open questions. As for point 1 although historical earthquakes with magnitude 4.5-5
may be associated with the Mt. Baldo thrust, the investigations carried out in this area did not clarify whether larger magni-
tude earthquakes may be expected. As for point 2, the cause of the displacements along the Orsara (LLessini Mts.) fault may be
related to the activity of a major blind fault (which, however, has never been identified), responsible for the uplift of the Lessi-
ni Mts. More generally, the obtained results demonstrate the limits of traditional paleoseismological analyses in Alpine areas
whose erosional/depositional activity has been strongly conditioned by the Late Pleistocene glacial history. The lack of units
younger than loess and colluvial sediments related to the Last Glacial Maximum makes it impossible to define narrower
chronological constraints for the displacements and to estimate the number and size of the displacement events. Moreover,
the rebound following the retreat of the thick glacial cover affecting the Alpine area may have induced stresses responsible for
higher deformation rates after the Last Glacial Maximum. Higher surficial deformation rates could imply shorter recurrence
intervals for faulting episodes and/or larger magnitude earthquakes. Therefore, paleoseismologically inferred data in Alpine
areas may not correctly define the fault behaviour related to the present tectonic regime.

Keywords: active tectonics, paleoseismology, active fault, northern Italy

Introduction (Sauro, 1978). A great effort to collect data on Qua-

ternary tectonics was made during the ‘Progetto Fi-
Investigations 1nto the recent tectonics of the nalizzato Geodinamica’, sponsored by the National
Southalpine area began more than 20 years ago with Research Council. Available data were summarised

the geomorphological analysis of bedrock fault scarps on the ‘Neotectonic Map of Italy’ (CNR-PFG, 1987)
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and in a number of works reporting maps of Quater-
nary and active faults at regional scale (e.g. Zanferrari
et al., 1982; Slejko et al., 1989; Castaldini & Panizza,
1991). After this experience, however, investigations
were almost interrupted for a decade and few recent
publications indicate a renewed interest for this issue
(e.g. Ferrarese et al., 1998; Galadin1 & Galli, 1999;
Benedett1 et al., 2000).

The result of this peculiar research history is that
available data on Quaternary faulting can only be de-
rived from investigations made more than 10 years
ago.

Numerous factors render, however, the 1dentifica-
tion of Alpine faults affected by recent activity prob-
lematic. One of these factors is the strong exogenic
modelling related to the Late Pleistocene glacial ac-
tion and postglacial fluvial erosion. The thick glacial
tongues have been responsible for the erasing of geo-
morphic evidence of Quaternary tectonics, while the
Holocene river erosion rates (LLate Pleistocene river
terraces may be tens of metres suspended over the
present valley bottoms) are larger than the document-
ed slip rates of active faults (generally lower than 1
mm/yr, according to Castaldini & Panizza, 1991).

Other problems are related to the deformation at-
fecting high mountainous areas. The effects of gravi-
tational stresses are, indeed, well documented 1n the
Alpine chain and many observed Holocene deforma-
tions are reported as deep-seated gravitational move-
ments, although differently interpreted in terms of in-
direct causes (tectonic uplift, fault activity, post-
glacial slope decompression, valley overdeepening;
Forcella & Orombelli, 1984; Cavallin et al., 1987;
Mortara & Sorzana, 1987; Forcella & Sauro, 1988;
Reitner et al., 1993; (Giardino, 1996; Giardino & Poli-
no, 1997; Sébrier et al., 1997; Forcella & Tibaldi,
1998). Gravitational movements along shear planes
produce forms which are similar to those related to
fault activity. Moreover, they sometimes occur along
pre-existing faults, generating misleading evidence of
recent tectonics.

The effects of the post-glacial rebound on the acti-
vation of Italian Alpine faults has been marginally ad-
dressed (e.g. Forcella & Tibaldi, 1998), and although
there 1s worldwide increasing evidence of the major
role played by the glaciation-deglaciation cycles on
the fault activity (Stewart et al., 2000 and references
therein), nothing 1s known about this 1ssue 1n the Ital-
1an Alpine sectors.

Finally, the central-eastern Southalpine sector (in
which the investigated areas are located) has been and
is affected by a compressive regime (Doglioni &
Bosellini, 1987; Slejko et al., 1989; Castellarin et al.,
1992; Bressan et al., 1998; Caporali & Martin, 20\00).

As a result of this regime, folds and thrust faults have
developed since the Cenozoic. However, the main ac-
tive structures are usually blind thrusts and surficial
geological investigations have provided data on the re-
cent deformation only in few cases (Ferrarese et al.,
1998; Aoudia et al., 2000; Benedetti et al., 2000).

Due to all these problems (not completely ad-
dressed in the 80s), new investigations into the char-
acteristics of the Alpine active tectonics are necessary.
In this light, the Mt. Baldo-Lessini Mts. sector (locat-
ed east of LLake (Garda, in the Verona province) may
represent a test area to check previous hypotheses,
since evidence of recent fault activity has already been
reported in the literature (Sauro, 1978; Forcella &
Sauro, 1988; Cavallin et al., 1988a and 1988b).

Previous hypotheses on the recent fault actvity
were, however, not supported by modern paleoseis-
mological investigations. Therefore paleoseismologi-
cal analyses have been performed in the Mt. Baldo-
Iessini Mts. sector by trenching along bedrock fault
scarps whose formation has been related (by the
above mentioned authors) to recent fault activity, in
order to collect chronological data on the displace-
ments. Results of these analyses will be presented to-
gether with a discussion about the causes of the ob-
served deformations.

Neotectonic and active tectonic framework

The building of the Alpine chain 1s due to the Africa-

Europe convergence (Dewey et al., 1973; Castellarin,
1981; Laubscher & Bernoulli, 1982; CNR-PFG,

1983; Doglion1 & Bosellini, 1987; Polino et al.,
1990), which is manifest in a structural evolution in-

volving the activity of thrust faults since the Miocene

(Doglioni & Bosellini, 1987; Castellarin et al., 1992).
Significant uplift has been documented to have oc-
curred since the Pliocene (Zanferrari et al., 1982).

The area between Lake Garda and the Lessini Mts.
1s affected by faults related to two different structural
domains (Fig. 1). Mainly NNE-SSW trending thrusts
and transpressional structures (Giudicarie fault sys-
tem) can be recognised 1n the western portion, while
structures related to the left-lateral transcurrent
Schio-Vicenza fault (NW-SE trending) affect the
easternmost portion.

The present Alpine landscape has also been strong-
ly conditioned by geomorphic processes related to the
Quaternary glaciations (e.g. Carton & Soldati, 1992;
Petrucci & Cavazzini, 1992). Evidence of the erosion-
al/depositional effects of ice sheets developed at the
Last Glacial Maximum is widespread in all the Alpine
valleys, where deposits and landforms are generally
not older than the upper Late Pleistocene.
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Fig. 1. Seismotectonic frame-
work of the central Southalpine
area. The main structures de-
fined in the literature as being
active during the Quaternary
are reported, together with the
seismic events which affected
the region. Historical earth-
quakes (epicenters macroseis-
mically determined) are taken

(W6 CPTI, 1999)
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A from Slejko et al., 1989
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from Working Group CPTI
(1999); events of the 1982-
1997 period are taken from 1n-

strumental recordings of the
Trentino-Alto  Adige
network of the Provincia Au-
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tonoma di Trento. The epicen-
tre of the 1117 earthquake has
been reported on the basis of
the epicentre location proposed
by Magri & Molin (1986),
which 1s more consistent with
the data reported in Galadini et

al. (in press). Focal mechanisms
are taken from Slejko et al.
(1989). The dates of the most
relevant earthquakes are also
reported. Capital letters indi-
cate specific fault names: C,
Cortaccila thrust; VN, Val di
Non structures; M, Molveno
thrust; PZ, Paganella-Zambana
thrust; BS, Mt. Baldo-Mt. Stivo
thrust.
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Evidence of Quaternary activity along faults affect-
ing the area between Lake (Garda and the Lessini
Mts. has been reported mainly on the basis of geo-
morphological data (Sauro, 1978; Sauro & Meneghel,
1980; Zanferrari et al., 1982; Baroni, 1985; Carton &
Castaldini, 1987; Cavallin et al., 1988a and 1988b;
Castaldini & Panizza, 1991). The freshness of
bedrock fault scarps and the presence of long escarp-
ments along the major tectonic structures have been
used to identify recent faults. The high density of
landslides, in particular along the structures related to
the Giudicarie system (Fig. 1), has also been reported
as an evidence of recent tectonic activity (Cavallin et
al., 1988c¢).

Evidence of recent activity is most convincing in
the LLake GGarda area, where the displacement of Late
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Pleistocene-Holocene deposits and landforms has
been documented (Baroni, 1985; Carton & Castaldi-
ni, 1987; Castaldini et al., 1988; Castellaccio &
Zorzin, 1996). Further evidence can be found in the
Mt. Baldo and the Lessini Mts. sector of the
Southalpine chain (see below).

A low-to-moderate seismicity affects the Mt. Bal-
do-Lessini Mts. sector (Fig. 1) and a few seismic
events have occurred in the past with M<5.0 (e.g.
Working Group CPTI1, 1999). The few historical
earthquakes (derived from Working Group CPTI,
1999) and the instrumental seismicity (derived from
the local network of the Trento Province) indicate a
NNE-SSW alignment of epicentres in the western
portion of the area, consistent with the Giudicarie
system (Fig. 1). Low-magnitude events are clustered
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in the Lessini Mts.-Mt. Pasubio and may be related to
the activity of the Schio-Vicenza system (Fig. 1).

A stronger earthquake affected the Verona area 1n
1117 (Me=6.5; Working Group CPTI, 1999) but the
epicentre location is problematic and the earthquake
may be related to structures located east of the 1nves-
tigated area (Galadini et al., in press).

Late Pleistocene-Holocene environmental
history

As previously reported, Late Pleistocene glacial ac-
tion has had a primary role in the geomorphological
evolution of the Alpine areas. Significant modifica-
tions to the landscape are, indeed, related to the ero-
sional/depositional activity of the glacial tongues and
the subsequent fluvioglacial regime. Moreover, the
glacial retreat and the related slope de-buttressing
have been responsible for the huge gravitational de-
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formations which affected the Alpine valley slopes.

The Last Glacial Maximum (LGM) 1s generally
dated at 24,000-16,000 BP in the eastern Alps (e.g.
Orombelli, 1983; Fliri, 1988). During this period
glacial tongues filled the Adige Valley (between Mt.
Baldo and the Lessini Mts., Fig. 2a) and the Lake
Garda depression (west of Mt. Baldo, Fig. 2a). 'The
investigated areas are located close to the southern
limit of the glacial tongues (Penck & Bruckner, 1909;
Castiglioni, 1940; Habbe, 1969). The Garda and Riv-
oli morainic amphiteatres, which mark the southern-
most limit of the glacial expansion, are indeed located
in the southern part of LLake Garda and just south of
Mt. Baldo (Venzo, 1961).

According to Habbe (1969), the Adige glacial
tongue was quite narrow (2-4 km) in the investigated
area and several hundred metres thick, while the (Gar-
da tongue was much larger (8 km) than the Adige
one, but with comparable thickness. The top of the 1ce

| | ] | | |
10.5 10.6 10.7 10.8 10.9 11.0

Fig. 2. a) Glaciers in the Lake Garda-Adige Valley area during the LGM, according to Penck & Briickner (1908), Castiglioni (1940), Habbe
(1969); the Lessini Mts. and Mt. Baldo were not covered by the main valley glaciers; the latter- was affected by minor glacial cirques at eleva-
tions of 2,000-2,200 m a.s.l.; b) detail of the Naole area (southern part of Mt. Baldo); uphill-facing scarps related to deep seated gravitational
deformations are reported together with the trace of a landslide scarp (double dash) affecting the northern sector of the Naole area; the
longest uphill-facing scarp borders the NNE-SSW linear trough (Naole Valley) where the paleoseimological investigations have been per-

formed (see Fig. 4 for the trench site locations).
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tongues was located at about 500 m a.s.l. west and east
of Mt. Baldo. The crest of this ridge ranges between
1,500 and 2,200 m a.s.l. and therefore significant por-
tions of the mountain slopes were not affected by the
main glaciers. On the summit of Mt. Baldo some
glacial cirques are, however, visible at elevations rang-
ing between 2,000 and 2,200 m (Fig. 2a); these cirques
fed minor glacial tongues draining towards LLake (Garda
(Habbe, 1969). Glacial action did not aftect the south-
ern part of the Mt. Baldo crest (1,500-1,600 m a.s.l.),
where the Naole Valley (the narrow NNE-SSW trend-
ing depression in which paleoseismological investiga-
tions have been made, see below) 1s located (Fig.2b).

In contrast, the Lessini Mts. plateau was not affect-
ed by local LGM glacial tongues (Fig. 2a) and 1its
western flank was bounded by the southern portion
of the Adige glacier.

Based on the available data (Penck & Bruckner,
1909; Castiglioni, 1940; Habbe, 1969), the whole
landscape of the investigated area during the LGM
was made of the two main glaciated valleys (Adige
and Garda) from which the reliefs of Mt. Baldo and
Lessini Mts. were emerging.

The environmental history of the southern sector
of Mt. Baldo and of the Lessini Mts. has been out-
lined by Magaldi & Sauro (1982) and Sauro &
Zampieri (1999a).

During the LGM, the mentioned areas were charac-
terised by a steppe-like environment. Winds were re-
sponsible for the deposition of loess derived from the
silty portion of the glacial deposits aftecting the
proglacial areas of the Adige Valley and Lake Garda. At
the same time, erosion of the carbonate slopes was re-
sponsible for the deposition of scree in the depressions.

After the LGM, glacial tongues retreated and at
about 13000 BP the ice cover was absent in signifi-
cant portions (tens of kilometres) of the main glacial
valleys (see Venzo, 1961, for the Garda glacier and
Casadoro et al., 1976 and Bondesan, 1999, for the Pi-
ave glacier, about 100 km east of the Adige valley).

In the Lessini Mts. and the southern sector of Mt.
Baldo, soils began to develop over the loess deposits
related to the LGM (Magaldi & Sauro, 1982). In the
Naole Valley (southern sector of Mt. Baldo) the pre-
sent darkish soil (described by Magaldi & Sauro,
1982) formed over the loess deposits and has been
found just below the ground surface in one of the ex-
cavated trenches (see below).

Paleoseismological investigations
Mt. Baldo- NaoleValley

Mt. Baldo is an east-verging compressive structure

whose surficial expression comprises a number of
thrust planes affecting Meso-Cenozoic carbonate
units emerging along the western flank of the Adige
river valley (Fig. 3a). Evidence of recent activity of
this structure has been reported in some works (Mag-
aldi & Sauro, 1982; Zanferrari et al., 1982; Carton &
Castaldini, 1985; Forcella & Sauro, 1988) and can be
summarised in the following points: 1) Pleistocene
tilting of the karstic plateau affecting Mt. Baldo (Ma-
galdi & Sauro, 1982); 2) vertical displacement of the
karstic plateau between the southern and central por-
tion of Mt. Baldo (Magaldi & Sauro, 1982); 3) recent
activity along seCondary faults indicating a differential
growth of the structure and tilting towards west (Car-
ton & Castaldini, 1985; Forcella & Sauro, 1988; Cav-
allin et al., 1988a; Castellaccio & Zorzin, 1996); 4)
alignment of the Mt. Baldo structure with the active
Sirmione-Garda fault, located SSW of Mt. Baldo and
affecting LLake Garda (e.g. Carton & Castaldini, 1985).

Finally, a moderate seismicity (Mmax=4.8; Work-
ing Group CPTTI) has been related to the activity of
the southern Giudicarie system (Fig.1; Panizza et al.,
1981; Slejko et al., 1989). In the eastern sector of
[.ake Garda, the areas damaged by historical earth-
quakes (1866, 1868, 1876, 1877, 1932; Monachesi &
Stucchi, 1998) are located above the westward pro-
longation of the Mt. Baldo thrust at depth (Fig. 3).
The damage affecting small areas suggests that the
earthquakes originated at low depth. The damage dis-
tribution of the largest earthquake (1866, Ma=4.8 ac-
cording to Working Group CPTI, 1999) is elongated
in a NNE-SSW direction (Fig. 3b). All these points
indicate that the reported seismicity may have been
triggered by the activation of the Mt. Baldo thrust.

The summit of the Mt. Baldo southern portion is
displaced by a 4.5-km-long normal fault, creating a
narrow NNE-SSW trending linear trough (Naole Val-
ley; Figs. 2, 3 and 4). Moreover, uphill-facing scarps
have been detected on both the eastern and western
slopes of Mt. Baldo, close to the Naole Valley (Fig. 2).
Recent activity along the Naole fault has been report-
ed in numerous works based on the presence of a
fresh and continuous bedrock (carbonate) scarp (e.g.
Magaldi & Sauro, 1982; Cavallin et al., 1988a; For-
cella & Sauro, 1988). The formation of the scarp was
previously attributed to ‘gravity tectonics’ affecting
Mt. Baldo in response to the activation of the com-
pressive structure (Cavallin et al., 1988a; Forcella &
Sauro, 1988; Castellaccio, 1993).

In some places, the fault plane is exposed along the
bedrock scarp bordering the Naole Valley (Fig. 4) and
displays a low degree of karstic weathering; Forcella
& Sauro (1988) hypothesised, therefore, a Holocene
age for the last fault activation.

Netherlands Journal of Geosciences / Geologie en Mijnbouw 80(3-4) 2001 191

https://doi.org/10.1017/50016774600023830 Published online by Cambridge University Press


https://doi.org/10.1017/S0016774600023830

-
S 0
@ > 2
o) — i — p
k= = L
O ~ > — =
A = « = £ F £ esg A
| 2 - < =
S - < F >
X e \ : NS _. < -
1000 -y — o Mo 7 Q
—E 3 y R R _g’
500 1 (§ ! S ¥ a1 <
| T
O A . |
Carbonate succession o ,
"~ | Jurassic | | Cretaceous (1866/08/11 | .
-1000 iy Jurassic- 7] Eocene Lo VII MCS 7
Cretaceous — IVII-IVQ)"
-2000 I. | 6«
R N3
et e {T;; T ~
.\\ \ﬁH
\ \
‘4000 I| | l\!l
| ~ Area of possible hypocentral location
(1866, 1868, 1876, 1877, 1932 |
-2000 earthquakes) v
<
' -_ .
. 2 km Verona
1 2 3 km i EEme
L 5 L5 B 10 10 20 30 40
105 11.0

Fig. 3. a) geological cross-section of Mt. Baldo with the possible projection at depth of the main thrust plane and the area of the hypocentral
locations of the 1866, 1868, 1876, 1877 and 1932 earthquakes and b) Intensity datapoints related to the 1866 earthquake (Ma=4.8, accord-

ing to Working Group CPTI, 1999).

Because the scarp displays an almost constant
height and the depression is closed, the origin of the
scarp cannot be related to erosion and the fault activi-
ty 1s the most probable cause of the present morphol-
ogy.

Fieldwork identified two sites for the excavation of

trenches along the fault (Fig. 4). At both sites, the
scarp appeared to be scarcely weathered and it was
considered likely to find datable deposits.
The main fault plane (exposed in both trenches)
places the carbonate bedrock in contact with slope
deposits. Wind-blown deposits and a paleosol gave
the possibility to obtain chronological constraints by
means of radiocarbon dating (Tab. 1).

Samples for 14C have been analysed by Beta Ana-
lytic Inc. (Miami, USA); all the collected samples
were suitable for accurate radiometric analysis. How-
ever, sample NAO-5 contained only about 0.3% car-
bon in the combusted material, while the content was
higher for the other samples (e.g. about 2% for NAO-
2 and NAO-6). The bulk organic carbon has been

analysed after removing all carbonates or rootlets.
The conventional radiocarbon ages obtained (all
standard analyses) have been calibrated by Beta Ana-
Iytic (if conventional ages were younger than 19000
BP) by using the INTCAL98 database reported in
Stuiver et al. (1998). Ages reported in the text repre-
sent the 1 Sigma calibrated results (68% of probabili-

ty).

Site 1
Faintly layered slope deposits (unit 1) made of car-
bonate clasts in sparse sandy matrix were exposed in
the southern trench wall (Fig. 5). Pebbles are angular
with average dimension ranging between 1 and 10
cm. Sparse boulders (up to 50 cm) were also detected
in the lower part of the unit. The deposition of unit 1
indicates erosion of the western valley slope. Accord-
ing to Magaldi & Sauro (1982), these deposits result-
ed from gravitational transport of clasts produced by
criogenic processes acting along the slope.

Layers of unit 1 are dipping (30°) towards west
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Naole Peak
A

Mt. SRaravero

Fig. 4. a) Plan map of the Naole Valley area and trench location and b) bedrock fault scarp bordering the Naole depression at the top of Mt.

Baldo.

(Fig. 5), i.e. against the slope, while the original dip Unstratified reddish-brownish clayey-silty sedi-
may have been 20-30° towards the valley. This testi- ments (unit 2) were exposed in the lower portion of
fies to a significant tilt of the deposits. the trench wall. A sample of silty clay was taken from
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Fig. 5. a) Log of the trench (southern wall) excavated at site 1 across the Naole fault; displacement events were responsible for the tilt of the
slope deposits, after 17435-16385 BP; b) detail of the bedrock fault plane; silty deposits sheared and dragged along the fault plane (unit 3)
are visible; ¢) view of the southern trench wall; notice the dip of the slope deposits towards the fault plane.

the area indicated in Figure 5 and the bulk sediment windblown) deposits fed by the silty sediments ex-
has been radiocarbon dated at 17435-16385 BP (cal. posed in the proglacial areas of the Garda and Adige
age). Magaldi & Sauro (1982) analysed similar de- glacial tongues. According to Magaldi & Sauro

posits (both for lithology and stratigraphic position) (1982), the loess accumulation phase was contempo-
in the Mt. Baldo area and in the Lessini Mts. (Sauro, raneous to the slope erosion indicated by the deposi-
pers. com.). Based on detailed pedological analyses, tion of unit 1 (see also the description of site 2, be-
Magald1 & Sauro (1982) related this unit to loess (i.e. low). The radiocarbon date confirms the previous
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conclusions of the authors who related these deposi-
tional events to the upper Late Pleistocene.

Unit 3 (Fig. 5) 1s a wedge of clayey-silty deposits
(probably the same as unit 2) with sparse carbonate
angular pebbles sheared and dragged along the
bedrock fault plane.

As for the movement along the fault, tilting of the
slope deposits (unit 1) testifies to at least one dis-
placement event after 17435-16385 BP (age of unit
2). The strong amount of backtilting (50-60°) 1ndi-
cates a rotational sliding along a shear plane coincid-
ing (at least at surface) with the fault plane exposed in
the trench. This backtilting testifies to the occurrence
of gravitational deformations whose expression
(backtilting of slope deposits) is similar to other cases
observed along mountain ranges affected by deep
seated gravitational movements (e.g., for central Italy,
Galadini et al., 1991; Bosi et al., 1993; Farabollini et
al., 1995).

Site 2

Deposits similar to those described in the previous
section have been detected in the second trench exca-
vated along the fault plane, with a different strati-
graphic order (Fig. 6). Moreover, 1n contrast to the
trench at site 1, a blackish soil (unit 1) has been found
over the loess deposit. This soil has also been detected
by Magaldi & Sauro (1982) at the bottom of dolinas
affecting the Naole Valley. Two soil samples have been
collected from the lower part of unit 1 (in the areas

indicated in Fig. 6) for radiocarbon dating and gave
calibrated ages of 5290-5035/5005-4990 BP and
5455-5385/5330-5295 BP.

Unit 2 1s made of reddish-brownish clayey-silty
loess deposits similar to those already described for
trench 1. A sample of clayey silt from this unit (bulk
sediment) has been radiocarbon dated at 20710x300
BP. The colluvial deposits unconformably overlie unit
3, made of layered carbonate scree. The attitude of
these slope deposits indicates a significant tilt also 1n
this trench and the present dip 1s about 30° towards
the fault plane (Fig. 6).

Although the described units are similar to those
detected at site 1, the succession 1s clearly inverted,
with the scree representing the lower unit. This fur-
ther corroborates the conclusions by Magaldi &
Sauro (1982), who related the deposition of loess and
slope sediments to the same depositonal phase ot the
upper Late Pleistocene.Pebbles dragged by the fault
movement have been observed along the carbonate
fault plane. Minor fault planes affect units 2 and 3 1n
the central portion of the trench.

Two displacement events or phases have been de-
tected. The most recent one 1s testified by the dis-
placement of the scree (unit 3) and loess deposits
(unit 2) along the minor shear planes affecting the
central portion of the trench wall (Fig. 6). These mi-

nor faults are sealed by the paleosol (unit 1) and
therefore the event occurred after 20710x300 BP

(age of unit 2) and before 5455-5385/5330-5295 BP

Dip of the layers

Blackish soll

e, e

-------

e [3 | Slope-derived angular gravel

o .
bl = A ""“E,:
i
d )
b

=
e

b

=5

T

ey
A
= -

7
e

&= R
y. - e TR
ot L g

e : - = =
RS B r,p#”.!‘?f;

o

i

. ._.f ll_.r- ; J.-. € =
'I. W o .-'-:}.'\"_3 e
| : 5 = o
5; : oy rn ]
1 ; iy A e
IIII' e o £ o -'%%v?ﬂ’. S -4
3 i e '\; Y & A o =2 ; Pl " # a
: : P ts.-. o R o o el e il e 2
! N ¥ oy o SR e -5 o
i 2 1 et et B : :. “‘tt . - 57 o .":?T
. : e T &
4 v I"i. - :
bedrock | | ATt
H ' i t'b- . =
i : b .
] : g e R o e g S e RS 1 A e
i o i ¥ eyl
AR SR e R o
i g
\ -
e r 5
L= N,
; R L~ = Q;
-
o
e 5 o$ - 5
. — L e | i
o o i ﬁ_&:?
f’-'; A
b I I I - —

2 | Reddish-brownish clayey-silty colluvial deposits e

2455-5385/5330-5295 BF  5290-5035/5005-4990 BP

e
—— ——

Fig. 6. a) Log of the trench (northern wall) excavated at site 2 across the Naole fault. Two displacement events have been detected at this site,
the youngest having occurred between 20710£300 BP and 5455-5385/5330-5295 BP (cal. age); b) view of the southern wall of the trench ex-

cavated at site 2 across the Naole fault.
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(oldest age of unit 1). It is not possible to detine nar-
rower chronological constraints, due to the fact that
after the loess and scree deposition, the Naole Valley
was only affected by the soil formation and did not
experience any other depositional activity. Moreover,
the date of unit 2 is related to the original glacial sedi-
ment, and testifies to an age preceding the wind-
blown re-deposition inside the Naole Valley. 'This re-
deposition may have occurred close to the LGM, on
the basis of the environmental reconstruction pro-
posed by Magaldi & Sauro (1982) and Sauro &
Zampieri (1999a), but within a time span of several
millennia following the date 20710x300 BP. Howev-
er, it probably occurred before the beginning of the
Bolling interstadial, about 13000 BP (e.g. Orombelli
& Ravazzi, 1996), when the valley glaciers were far
from the southern ice-limits of the LGM (e.g. Venzo,
1961; Casadoro et al., 1976; Bondesan, 1999) and,
based on the traces of residential human frequenta-
tion (Broglio & Lanzinger, 1996), Mt. Baldo was no
longer characterised by a steppe-like environment.

Finally, the occurrence of further displacements
along the main bedrock fault after 5455-5385/5330-
5295 BP cannot be ruled out, since sedimentary units
sealing it have not been found.

A previous event is evident in the tilting of the slope
deposits (unit 3) along the bedrock fault plane, betore
the deposition of unit 2 (dated at 20710+300 BP). As
stated before, this deposition may have occurred be-
tween the reported age and the Bolling interstadial
(began at 13000 BP). Therefore, considering that the
slope deposits (unit 3) may be related to the eftects ot
slope erosion in a periglacial environment related to
the LGM (Magaldi & Sauro, 1982), the tilting proba-
bly occurred in a period close to or slightly after the
LGM.

Lessini Mts.- Orsara Fault

The Lessini Mts. are basically a large plateau (carved
into the Meso-Cenozoic carbonate succession) gently
dipping towards south (with elevations ranging be-
tween 1,500 and 700 m a.s.l.) of triangular shape 1n
plan view, bounded by the Adige valley to the west,
the Verona Plain to the south, and the Schio-Vicenza
fault (along which minor valleys have formed) to the
east (Fig. 1). The plateau has been affected by uplift
since the Early Pleistocene (Zanferrar: et al., 1982;
Carton et al., 1988), as demonstrated by the continu-
ous erosional activity related to narrow canyon-like
valleys draining towards the Verona Plain and the
presence of sub-horizontal paleo-landsurfaces (sus-
pended over the valley bottoms) testifying to ancient
base levels (Castiglioni et al., 1988). Tilting of blocks

separated by NNE-SSW and NNW-SSE striking
faults occurred during the uplift together with “horst
and graben’ style displacements indicating mainly ex-
tensional kinematics (Panizza et al., 1987; Carton et
al., 1988). The area is affected by a large number ot
normal faults and related fault scarps (Fig. 7; Sauro,
1978; Magaldi & Sauro, 1982). Scarp formation has
been in some cases related to fault activity (Sauro,
1978) due to the constant scarp height along hun-
dreds of metres and the absence of erosional agents
which may have been responsible for differential ero-
sion along the fault plane. The faults are, however,
generally not longer than 5 km, while a longer main
fault has never been identified. This aspect implies
some problems in terms of the role played by the
faults in the structural framework of the Lessini Mts.
that will be addressed in the discussion.

The Orsara valley is a small fault-controlled de-
pression, not wider than 90 m, about 1.5 km long and
bordered on both sides by NNW-SSE trending nor-
mal-oblique faults (Fig. 8; Sauro, 1978). The faults
were responsible for the formation of bedrock (car-
bonate) scarps and the fault planes are sometimes ex-
posed along the scarps showing tectonic striations
(Sauro & Zampieri, 1999b). Also in this case, a
Holocene scarp formation was hypothesised on the
basis of the low karstic weathering of the fault plane
(Sauro, 1978).

The two faults are exposed for an almost constant
height (about 2 m) along the entire depression, both
when they are located in the lowest part of the slopes
and when they are at higher elevations. Therefore the
height of the fault exposure is by no means linked to
the slope morphology. For this reason an origin relat-
ed to erosion processes is not probable and fault ac-
tivity is the main cause of the scarp formation.

The eastern fault (whose total length 1s 2.5 km) 1s
about 1 km longer than the western one (Fig. 8a) and
it affects the carbonate bedrock further NNW ot the
Orsara graben (Sauro, 1978). Moreover, the geologi-
cal boundary between the ‘Rosso Ammonitico’ for-
mation (Late Jurassic) and the ‘Calcare oolitico’ for-
mation (Middle Jurassic) is vertically displaced across
the graben and is uplifted in the footwall of the east-
ern fault (Fig. 8d, Sauro, 1978). On this basis, the lat-
ter is probably the main fault of the graben.

Fieldwork selected one site for trenching along the
main fault (site 1) and another (site 2) along the west-
ern (antithetic) fault (Fig. 8a).

The fault planes were exposed in both trenches.
However, while the main fault plane places the car-
bonate bedrock in contact with slope deposits, the an-
tithetic structure only affects the carbonate bedrock
(see below).
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(ORS-12, see below) was collected for radiocarbon
dating at site 2. Charcoal was collected 1n the case of
ORS-7, while the other samples have been analysed
as bulk sediments. Apart from ORS-2, the other sam-
ples provided plenty of carbon for accurate radiomet-
ric analysis.

Samples for radiocarbon dating were collected at
site 1 (Tab.1) from soils and colluvial deposits (see
below) and analysed by following the same procedure
described for the Naole Valley trenches. After pre-
treatment, sample ORS-2 (original weight 501 gms)
yielded less final carbon than expected (0.15 gms)
and required AMS analysis. Only one soil sample

Table 1. Radiocarbon dates of samples collected in the trenches excavated across the Naole and Orsara faults. R, radiometric technique;
BLC, bulk/low carbon material procedure; AMS, accelerator mass spectrometry technique.

pSample Lab.code Analysis C13/C12 Measured Conventional  Calibrated age Calibrated age Sample
Beta- Ratio age BP age BP 1o BP 20 BP description
NAQ?2 133152 R,BLC -24.3 o/00 4470150 4480%50 5290-5035/5005-4990  5305-4955/4925-4885  Buried soil (silty sand)
| NAO3 133143 R, BLC -24.4 o/oo 14100250 14110%250 17435-16385 17740-16115 Loess (clayey silt)

NAO5 133153 R,BLC -21.9 o/oo 20660+300 20710x300 — — Loess (clayey silt)
NAO6 133154 R,BLC -24.4 o/o0 4600170 4610170 5455-5385/5330-5295  5570-5540/5475-5055  Buried soil (silty sand)
ORS2 137398 AMS —-23.6 0/00 16950190 16970x90 2063019795 20735-19690 Colluvium (clayey silt)
ORS7 137399 R —24.2 o/00 890160 900160 915-740 940-690 Charcoal
ORS9S 137400 R,BLC -23.6 o/oo 1740+60 1770x60 1735-1600 1835-1540 Buried soil (silty sand)
ORS10 137401 R, BLC -24.5 o/oo 800+60 810+60 765—675 9000-855/810-660 Present soil (silty sand)
ORS12 137402 R,BLC -23.7 o/oo 48060 50060 545-505 640-590/565—-470 Present soi1l (silty sand)
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Fig. 8. a) Plan map of the Orsara area and trench location; b, ¢) bedrock fault scarps bordering the Orsara graben; d) schematic geological
section through the Orsara graben.
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Site 1

Colluvial and slope deposits and a paleosol were ex-
posed in the southern wall of the trench excavated at
site 1 (Fig. 9). Unit 2, found in the western portion of
the trench and mainly made of charcoal and com-
busted reworked material, is the remain of a pit used
in the past to burn wood and testifies to the human
frequentation of the area. A sample from the charcoal
portion of this unit gave a radiocarbon age of 915-740
BP (cal. age). A dark brown soil (unit 3) has been de-
tected below the ploughed soil (unit 1). The soil, re-
sulting from the pedogenesis affecting unit 4, was
sampled (about 500 gms) and analysed for radiocar-
bon dating as bulk sediment (1735-1600 BP; cal.
age).

Unit 4 (Fig. 9) i1s a reddish-brownish silt with
sparse cherty pebbles (dimensions ranging between 1
and 10 cm) with whitish external patinae bearing evi-
dence of incipient weathering. Smaller carbonate
pebbles (max. 3 cm) appear almost completely decar-
bonated, testifying to the significant chemical weath-
ering action. The presence of pebbles included 1n the
reddish-brownish silt, together with the total absence

Dragged slope deposits
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of stratification, supports the hypothesis of a colluvial
origin for unit 3. A sample of silt (about 500 gms) has
been collected (from the area indicated in Fig. 9) for
radiocarbon dating (bulk sediment) and gave an age
of 20630-19795 BP (cal. age).

Unit 5 (Fig. 9) 1s a slope deposit made of gravel in
abundant silty matrix. Pebbles are angular, incipiently
decarbonated, with dimensions ranging from 1 to 10
cm and no preferred orientation. No evidence of
stratification has been detected. On the basis of the
described characteristics, a colluvial origin may be hy-
pothesised also for this unit.

Unit 6 1s completely similar to the above described
unit 4. -

Unit 7 (Fig. 9) 1s made of carbonate pebbles in yel-
lowish carbonate sandy matrix. Pebbles are angular
and with dimensions ranging between 1 and 10 cm.
They also displayed evidence of significant chemical
weathering and some pebbles appeared completely
decarbonated: i1n some cases, only the trace of the ex-
ternal pebble skeleton has been found. The entire unit
is faintly stratified, with layers dipping towards the
west. The dip larger than 70° and the presence of

i
-

A e e
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~...\H

Fig. 9. a) Log of the trench (southern wall) excavated at site 1 across the Orsara fault. Pleistocene displacements were responsible for drag-
ging the slope deposits along the fault, while the youngest displacement event occurred between 20630-19795 BP and 1735-1600 BP; b, ¢)

views of the southern trench wall.

Netherlands Journal of Geosciences / Geologie en Mijnbouw 80(3-4) 2001

https://doi.org/10.1017/50016774600023830 Published online by Cambridge University Press

199


https://doi.org/10.1017/S0016774600023830

shear planes in the deposits close to the bedrock (Fig.
9) indicate that the present attitude resulted from the
drag of unit 7 along the main fault.

The present soil (unit 1) is made of brownish sand
with sparse pebbles. A sample (about 500 gms) has
been collected from the area indicated in Figure 9 (in
the lower portion of unit 1) for radiocarbon dating
and gave an age of 765-675 BP (cal. age).

The main fault plane places the bedrock 1n contact
with the strongly deformed slope deposits (unit 7).
The attitude of this unit is the probable result of a
number of shear episodes. Unfortunately, we have no
indications about the age of the slope deposits and
therefore we suggest a generic Pleistocene age.

The youngest event detected at this site 1s indicated
by the displacement of the base of unit 3 along a mui-
nor shear plane affecting the central portion of the
trench wall. This event occurred after 20630-19795
BP (age of unit 3) and before the formation of the pa-
leosol (unit 2), dated at 1735-1600 BP. Narrower
chronological constraints are not available due to the
colluvial origin of unit 3 whose deposition age may be
very different from the obtained radiocarbon age.

Fault movements are probably older than the for-
mation of the present soil (unit 1, dated at 765-675
BP), since it seals the shear planes affecting unit 7 in
the easternmost part of the trench wall and it 1s not
deformed at the contact with the bedrock fault plane.

Site 2
The trench was almost entirely excavated in the car-
bonate bedrock in order to evaluate the vertical offset
along the antithetic fault. In fact, the base of the Bian-
cone Formation (Early Cretaceous) crops out in the
footwall about 20 m above the trench site, while the
basal portion of the same formation was found 1n the
trench (Fig. 8; Zampieri, pers. com.); thus the offset
is about 20-25 m.

The fault zone is indicated by a cataclastic triangu-

lar area bordered by the main fault plane to the west
and an antithetic minor plane to the east (Fig. 10a). A
reddish paleosol sealing the main fault plane was
found in the northern trench wall (Fig. 10b) which
has been radiocarbon dated at 545-505 BP (cal. age).
Displacements along the fault (sealed by the paleosol)
occurred before the above reported palesol age.

Discussion
Chronology of the displacement events

Radiocarbon dates indicate that some displacements
at the investigated sites occurred close to and after the
[L.GM. Considering that most of the obtained radio-
carbon dates have been derived from colluvial or loess
deposits (i.e. from units which may have deposited 1n
the Naole Valley and in the Orsara graben after the
primary deposition/formation to which the obtained
dates are related), some displacements may also have
occurred during the Holocene.

The youngest event detected at the Naole Valley oc-
curred before 5455-5385/5330-5295 BP and has
been identified along minor shear planes affecting
colluvial deposits (unit 2 in Fig. 6). This date gives an
indication of the minimum elapsed time since the last
fault activation, if younger displacements (which can-
not be excluded) did not affect the main bedrock
fault.

The youngest event along the Orsara fault occurred
before 765-675 BP, which is the radiocarbon age of
the soil (unit 1 in Fig. 9) not deformed by the main
bedrock fault at site 1. A minor shear plane affecting
colluvial deposits (unit 5) moved before 1735-1600
BP, which is the radiocarbon age of the paleosol (unit
4 in Fig. 9) sealing it. However, also 1n this case
movements along the main bedrock fault following
the latter date cannot be excluded. The antithetic
fault discovered at site 2 (Fig. 10) is sealed by a pale-

Fig. 10. a) View of the southern wall of the trench excavated at site 2 (Orsara fault); b) view of the northern wall of the trench excavated at site 2.
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osol which has been dated at 545-505 BP. Therefore
in the case of the Orsara structure the minimum
elapsed time may be of 5-8 centuries.

The main problem is, however, related to the defin-
ition of the chronological interval during which the
last displacement events may have occurred in both
the investigated areas. Due to the lack of sediments
younger than the LGM, the time interval of the event
occurrence is, indeed, very large.

Both the investigated sites at the Naole Valley
showed that the slope deposits were tilted. Tilting oc-
curred before the deposition of the loess deposits
(unit 2) at site 2 (Fig. 6), which in turn 1s displaced
along minor shear planes. This indicates that two dis-
placement events have affected the Naole Valley since
17435-16385 BP. The history of the tilting 1s, howev-
er, unknown, 1.e. we do not know if the present dip of
the slope deposits was obtained by means of only one
or more events. This means that it 1s not posssible to
exclude that more than two displacement events af-
fected the Naole Valley.

In the case of the trench excavated at site 1 across
the Orsara fault, Pleistocene slope deposits (unit 7 1n
Fig. 9) were evidently dragged along the fault plane.
The degree of the deformation indicates that multiple
displacement events affected the slope deposits but
precise chronological constraints for the deposition of
this unit are missing.

In conclusion, the peculiar depositional history at
the investigated sites prevented the possibility to de-
fine the number and the recurrence interval of dis-
placement events, nor did the investigations give pre-
cise information about the elapsed time since the last
fault activation.

The cause of the deformation -

Gravitational, tectonic and gravitational-tectonic defor-
mations
The distinction among the three different kinds of de-
formation has been summarised by Hutchinson
(1995). The two extremities of the range are related
to pure external (gravitational) and pure endogenous
(tectonic) forces. Gravitational-tectonic deformations
are usually represented by deep-seated gravitational
displacements whose origin is indirectly related to the
tectonic activity (responsible for tilting, increase of
the energy relief, seismic shaking, etc..).
Unfortunately, the surficial expression of gravita-
tional, gravitational-tectonic and tectonic deforma-
tions along mountain slopes may be the same and the
discrimination betweeen the different causes through
the evaluation of the local structural characteristics

and geological evolution 1s often impossible (see, for
example, the discussion at the end of the paper by
Forcella, 1984).

Taking into account these problems, the main
question about the deformations affecting Mt. Baldo
and the Lessini Mts. 1s whether the observed dis-
placements are related to pure gravitational, pure tec-
tonic or mixed causes.

In the case of Mt. Baldo, the recent deformation 1is
indicated by a double-crested summit and uphill-fac-
ing scarps (affecting both the western and the eastern
slopes; Fig. 2b). These geomorphic features are typi-
cal of deep-seated gravitational deformations, already
studied in many parts of the world (e.g. Jahn, 1964;
Zischinsky, 1969; Radbruch-Hall et al., 1976; Mahr,
1977). According to the available literature, non-tec-
tonic factors conditioning the deep-seated gravita-
tional deformations are mainly structural (soft
bedrock layers in a multilayered bedrock, rigid blocks
overlaying soft sediments, pervasive fracturation or
schistosity; Mahr, 1977; Nemcok & Baliak, 1977;
Forcella & Rossi, 1987; Sorriso-Valvo, 1988; Guerric-
chio et al., 1988; (Guida et al., 1989) and geomorphic
(slope oversteepening due to glaciation, valley deep-
ening, strain recovery of slopes after the glacial re-
treat; Radbruch-Hall et al., 1976; Bovis, 1982; Mor-
tara & Sorzana, 1987; Alonso et al., 1992; Reitner et
al., 1993; McCalpin & Irvine, 1995; Forcella et al.,
1998).

The deformation affecting Mt. Baldo cannot be re-
lated to peculiar structural conditions, since the
slopes are entirely made of carbonate rocks and no
significant soft layers have been recognised 1n the car-
bonate succession (e.g. Servizio Geologico d’Italia,
1969).

In contrast, the valleys limiting Mt. Baldo experi-
enced the flow of glacial tongues during the LGM
(e.g. Habbe, 1969) and, as pointed in the section ded-
icated to the Late Pleistocene-Holocene environmen-
tal history, the limit of the glaciers was located at

“about 500 m a.s.]. Many works dealing with deep-

seated slope deformations in previously glaciated ar-
eas indicate the glacial modelling and the removal of
lateral support by now-melted valley glaciers as the
main factors triggering gravitational movements (e.g.
Radbruch-Hall et al., 1976). However, the available
literature shows that this kind of deformation occurs
in the portion of the slope previously covered by the
glacial tongues or very close to the glacial limit (Fig.
11; Bovis, 1982; Forcella & Orombelll, 1984; Bor-
donau & Vilaplana, 1986; Mortara & Sorzana, 1987;
Alonso et al., 1992; Reitner et al., 1993; Bellotti et al.,
1995; McCalpin & Irvine, 1995; Forcella et al., 1998;

:Onida et al., 2000).
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Fig. 11. a) Topographic profile across Mt. Baldo with the location of the shear planes responsible for the formation ot uphill-facing scarps and
the position of the upper ice limit during the LGM; b) topographic profile across the Cima Verda sector of the Adda Valley (central Alps)
showing the location of the shear planes responsible for the formation of uphill- and downhill-facing scarps and the position of the upper ice
limit during the LGM; this area is affected by a well known deep seated gravitational movement (Onida, 1999, from which data necessary to
draw the section have been derived). Figure a) suggests that the deep seated gravitational deformations affecting Mt. Baldo have probably not
been conditioned by the de-buttressing effect due to the glacial retreat. In contrast, this effect has probably been the main cause of the defor-

mations affecting the SE slope of the Adda Valley (Onida, 1999).

In contrast, the deformation affects portions of the
Mt. Baldo slopes located at about 1000 m above the
upper ice limit during the LLGM and no evidence of
deformation has been detected in the lower portion of
the slope which may be related to the effects of the
glacial retreat (Fig. 11). Therefore, the Lake Garda
and Adige valley ice tongues did not have the classical
glacial buttressing effect on the slopes which experi-
enced gravitational deformations.

The summit of the Mt. Baldo chain was affected by
some minor glacial cirques (Fig. 2) feeding tongues
which drained towards Lake (Garda. These cirques
are, however, located 4 km north of the Naole Valley
and no relationship can be defined between the ob-
served gravitational deformations and the presence of
the small cirques and the related glacial tongues.

Therefore, the two main causes responsible for
gravitational deformations along slopes of glacial val-
leys (i.e. the valleyward squeezing of ductile rocks
overlain by brittle rocks and the end of the glacial
buttressing action against the slope) cannot be in-
voked for Mt. Baldo.

Attention has been dedicated in Italy to the prob-
lem of the relationship between deep-seated gravita-
tional deformations and tectonic activity (Dramis,
1984; Cavallin & Tornaghi, 1987; Guerricchio et al.,
1988; Dramis & Sorriso-Valvo, 1994). Dramis & Sor-
riso-Valvo (1994) have shown that a close relationship
may exist between the triggering of lateral spreading

(i.e. the deformation observed at Mt. Baldo, the dou-
ble crest and the uphill-facing scarps indicating ex-
tension perpendicular to the divide) and the growth
of anticlinal structures (with or without a thrust fault)
formed in compressional regime. Basically, a slight
warping of the structure may be responsible for
breaking the rocks at the extrados of the fold and trig-
gering deep-seated slope deformations. A similar evo-
lution has been hypothesised for the gravitational
movement affecting Mt. Cornagiera (central Alps) by
Cavallin & Tornaghi (1987), and coseismic deforma-
tions with similar forms have been described after the
1980 El Asnam (Algeria) earthquake (Philip &
Meghraoui, 1983).

The low seismicity in the area just west of Mt. Bal-
do (Figs. 1 and 3), the tilting and vertical displace-
ment which affected the karstic plateau during the
Quaternary (Forcella & Sauro, 1988) and the lack ot
the structural and geomorphic conditions responsible
for triggering pure gravitational deformations may
suggest that the model of the lateral spreading related
to the warping of the Mt. Baldo structure may ac-
count for the displacements which affected the Naole
Valley after 17435-16385 BP. This kind of deforma-
tion (conditioned by the tectonic activity) should be
defined, therefore, as gravitational-tectonic (e.g.
Hutchinson, 1995).

Investigations along this kind of structures do not
allow for hypotheses on the maximum expected mag-
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nitude which may be associated with the active struc-
ture. Therefore, also for the definition of this funda-
mental parameter, the effectiveness of paleoseismo-
logical investigations is limited. Historical catalogues
(e.g. Working Group CPTI, 1999) indicate that the
Mt. Baldo thrust may have been responsible for
earthquakes with Ma = 4.8, but it 1s not possible to
exclude that larger earthquakes may occur as a result
of 1ts activation.

In contrast, no evidence of gravitational deforma-
tion has been found in the case of the Orsara graben,
since the faults do not affect a mountain crest or
slope. The displacements observed along the Orsara
fault have, therefore, to be considered as the result of
tectonic activity. The interpretation of the recent tec-
tonic activity of the entire Lessini Mts. sector 1s, how-
ever, problematic (see below).

Tectonic activity: open problems

The deformation investigated in the Naole Valley
probably testifies to the persistent activity of the Mt.
Baldo thrust during the Late Pleistocene (-Holo-
cene?). Based on the available structural literature,
the whole NNE-SSW trending Giudicarie system has
been affected by a transpressional kinematics, respon-
sible for the activity of thrusts with variable strike-slip
components (Doglion1 & Bosellini, 1987; Avanzini,
1992; Castellarin et al., 1992; Prosser, 1998 and
2000; Castellarin & Cantelli, 2000). This activity 1s
consistent with the available data on the present-day
kinematics inferred by focal mechanisms (Panizza et
al., 1981; Slejko et al., 1989) and GPS measurements
(Caporali & Martin, 2000). These data indicate
strike-slip and compressive kinematics along the
NNE-SSW trending structures (Fig. 1) and a NW-SE
shortening (inferred from the changed length of base-
lines) in the investigated area.

The hypothesised warping of the Mt. Baldo struc-
ture (causing the investigated gravitational deforma-
tions) seems therefore to be consistent with the re-
gional kinematic framework.

In contrast the kinematic framework of the defor-
mation affecting the Lessini Mts. 1s, in our opinion,
unclear. Recent activity involving few-km-long faults
in the Lessini plateau (Fig. 7) basically results from
the re-activation of parts of longer fault systems
which formed graben-like depressions during the ear-
ly Tertiary (Zampieri, 1995 and 2000). However, the
mechanism responsible for the re-activation of short
fault segments 1s unknown.

Similar deformations (occurred during the
Holocene) have been described for an Andean
plateau of Ecuador by Ego et al. (1996), who related
the displacements to the elastic rebound following ice

melting. A similar origin cannot, however, be invoked
for the Lessini Mts., since this area was not covered
by glaciers (Fig. 2; Penck & Briickner, 1909, Cas-
tiglioni, 1940; Habbe, 1969).

We have no conclusive data to hypothesise which
mechanism was responsible for the activation of few-
km-long fault segments. Our preliminary hypothesis
1s that the surficial deformation may result from the
activation of a blind major fault, responsible for the
uplift of the Lessini Mts. and related displacements
along minor normal faults. The extensional kinemat-
ics along NNE-SSW and NNW-SSE faults may be
consistent with an uplift related to the activity of a
fault of the Giudicarie system.

A more general problem 1s represented by the role
that glacio-seismotectonics (1.e. the influence of
glacial rebound stresses on the crustal deformation
and seismicity; see Stewart et al., 2000) played 1n the
recent tectonic history of the investigated area. Evi-
dence of a direct relationship between fault activity
and post-glacial rebound has been found for areas af-
fected by large ice covers (Fennoscandia and North
America; Wu et al., 1999; Stewart et al., 2000 and ref-
erence therein), while this kind of relationship 1s less
clear for smaller glaciated areas such as the Swiss Alps
(Schaer & Jeanrichard, 1974; Gudmunsson, 1994;
Beck et al., 1996). As for the Italian Alps the effect of
the post-glacial rebound on the activation of faults
has been marginally addressed by Forcella. & Tibaldi
(1998), who rejected this mechanism as being re-
sponsible for the post-LGM re-activation of two few-
km-long faults 1n the central Alps. |

These remarks indicate that almost nothing 1s
known about the importance of glacio-seismotecton-
ics in the recent tectonic history of the Alps. The
problem is, however, by no means trivial, since the
deglaciation may be responsible for high horizontal
compressive stresses close and perpendicular to the
retreating ice-limit (Stewart et al., 2000 and refer-
ences therein). Deglaciation-induced stresses inter-
fere with the tectonic stress. In the case of the
Southalpine area, we know that the southern Alpine
glacial limit (towards the Po and Veneto Plains) coin-
cided with the limit between the Alps and the men-
tioned plains (Fig. 12).

This area i1s affected by the main compressive
structures for which evidence of recent activity is
available (e.g. Castaldini & Panizza 1991). Theretfore,
for the central-eastern Southalpine area, the limit of
the ice tongues and the Quaternary thrusts almost co-
incide, and the tectonic compressive stress could be
roughly parallel to the horizontal compressive stress
induced by the deglaciation (Fig. 12). This may result
in an increased compressive stress (Stewart et al.,
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Fig. 12. Morphological sketch of NE Italy during the Last Glacial
Maximum. The highest peaks of the inner Alpine sectors (not rep-
resented in figure) were not covered by glaciers. The southern ice
limit was close to the active thrusts bordering the Southalpine
chain. The glacial retreat and related post-glacial rebound may have
induced a NW-SE horizontal compressive stress perpendicular to
the ice limit. Tectonic and glacially induced stresses may have been
parallel in the investigated area, thus resulting in an increased hori-
zontal total compressive stress.

2000 and reference therein), which may be in turn re-
sponsible for increasing the ‘intensity’ of the tectonic
activity, reducing recurrence intervals between fault-
ing episodes, and increasing the seismicity both in
terms of earthquake frequency and magnitude. In this
light, the deglaciation may have increased the NW-SE
tectonic compressive stress in the Mt. Baldo sector,
and the lateral spreading which aftected the Naole
Valley area with the tilting of the slope deposits (close
to the LGM or slightly after it) may be the effect of an
increased deformation experienced by the Mt. Baldo
structure.

More generally, although there i1s evidence of
strong present-day tectonic activity in the South-
alpine area (demonstrated by the number of earth-
quakes with M=6-6.5; Working Group CP'11, 1999)
which i1s probably not related to deglaciation, Late
Pleistocene (after the LGM) and early Holocene ac-
tivity may have been conditioned by the glacial re-
treat. This implies that enhanced evidence of Late
Pleistocene-Holocene tectonic activity may be detect-
ed in the field (as the result of the deglaciation stress),
which probably does not reflect the present-day de-
formation. Therefore, due to the possible deglaciation
effects, paleoseismological information may be con-
sidered not fully reliable to define the present-day
Alpine fault behaviour if based on investigations of

the Late Pleistocene (after the LGM)-early Holocene
displacement history.

Conclusions

Paleoseismological investigations performed at Mt.
Baldo and in the Lessini Mts. (central Southalpine
chain) indicated that displacement events occurred
close to and after the Last Glacial Maximum 1n the
Naole Valley and along the Orsara fault. The defor-
mation in the Naole Valley has been interpreted as the
result of gravitational lateral spreading in response to
the warping of the Mt. Baldo structure (basically an
anticline with east-verging thrust faults). The Orsara
fault is, instead, a 2.5-km-long normal fault and 1s
part of the complex structural pattern (made of few-
km-long faults) related to the recent tectonic evolu-
tion of the Lessini Mts.

Investigated faults have been affected by displace-
ment events following 17435-16385 B’ and probably
occurred before 5455-5385/5330-5295 BP in the
Naole Valley and occurred between 20630-19795 BP
and 765-675 BP along the Orsara fault. The lack of
deposits younger than the Last Glacial Maximum at
the investigated sites prevented the definition of nar-
row chronological constraints for the observed dis-
placements. Moreover, the trench analyses did not al-
low for a distinction in the number and size of the dis-
placement events. The upper chronological limit of
the displacements indicates that the minimum elaps-
ed time since the last fault activation may be about
5,300 years for the Naole fault and 500-800 years for
the Orsara fault.

Some outstanding questions remain unanswered:
1) the maximum expected magnitude of the earth-
quakes which may originate from the activation of the
Mt. Baldo fault, due to the fact that investigations
have been performed along a secondary structure af-
fected by gravitational spreading and 2) the identifi-
cation of a main fault in the Lessini Mts. responsible
for the displacement along a complex pattern of sec-
ondary faults similar to the Orsara structure.

The problems arisen from the investigations per-
formed at Mt. Baldo and in the Lessini Mts. clearly
indicate that paleoseismological analyses in Alpine ar-
eas cannot give an amount of information similar to
that obtained 1n other areas affected by active tecton-
ics. In particular, the Late Pleistocene glacial history
has an outstanding role in hindering the definition of
the Alpine active tectonic framework for two main
reasons:

1) the thick glacial tongues which filled the Alpine
valleys and the subsequent fluvioglacial deposition
were the main factors affecting landscape model-
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ling (with erosion and deposition rates higher than
the active fault slip rates); this means that a) the
geological evidence of fault activity and the dis-
placement history may often be limited to the very
short time span of few millennia and b) the traces
of the activity may be very faint and difficult to
detect;

2) the rebound due to the retreat of the glacial cover
which affected the Alpine chain during the Late
Pleistocene may have induced horizontal com-
pressive stresses close to the retreating ice limits
which, in the case of the central-eastern South-
alpine sector, may have been coaxial with the tec-
tonic stress; in such a case, an increase in the de-
formation rates may have occurred along the
southern Alpine compressive belt following the
LGM.

Although the problems of the post-glacial rebound
in the Italian Alps have not been analytically ad-
dressed so far, the process outlined at point 2 may
further reduce the effectiveness of paleoseismological
investigations in Alpine areas. Paleoseismologically
inferred parameters describing the characteristics of
the fault activity (e.g. recurrence interval, elapsed
time since the last fault activation, slip rate) may, in-
deed, reflect the response of a fault to a state of stress
different from the present one.

Acknowledgements

The work has been financed by the EC PALEOSIS
project (ENV4-CT97-0578). We are grateful to U.
Sauro and D. Zampieri (University of Padova) for the
useful discussions on the active tectonics in the inves-
tigated area and for the suggestions during the trench
investigations. D. Zampieri analysed bedrock samples
from the trench excavated at site 2 along the Orsara
fault, while F. Forcella (University of Milan) drew the
geological section of Mt. Baldo reported in Figure 2.
G. Chelidonio gave us indications to interpret the
traces of human frequentation discovered in the
trench (site 1) across the Orsara fault. Special thanks
to I. Stewart and to an anonymous referee: their re-
views have strongly improved the original manu-
SCript.

References

Alonso, V. & Corte, A.E., 1992. Postglacial fracturing in the
Cantabrian Cordillera (NW Spain). Zeitschrift fur Geomor-
phologie, N.F. 36: 479-490.

Aoudia, A., Sarao’, A., Bukchin, B. & Suhadolc, P., 2000.The 1976
Friuli (NE Italy) thrust faulting earthquake: a reappraisal 23
years later. Geophysical Research Letters 27: 573-576.

Avanzini, M., 1992. Evoluzione strutturale della zona compresa tra

Riva del Garda e Rovereto (Alpi Meridionali). Memorie di
Scienze Geologiche 44: 13-25.

Baroni, C., 1985. Note sulla paleogeografia olocenica della costa
occidentale del lago di Garda. Geografia Fisica e Dinamica Qua-
ternaria 8: 49-61.

Beck, C., Manalt, F., Chapron, E.,Van Rensbergen, P. & De Batist,
M., 1996. Enhanced seismicity in the Post-Glacial period: evi-
dence from the Post-Wirm sediments of Lake Annecy, north-
western Alps. Journal of Geodynamics 22: 155-171.

Bellotti, B., D’Orefice, M. & Graciotti, R., 1995, Saggio di rileva-
mento geomorfologico in alta Valtellina (Vedretta de’ Piazzi): es-
empio di applicazione della normativa per la Carta Geomorfo-
logica d’Italia in scala 1:50.000. Bollettino del Servizio Geologi-
co d’Italia 114: 3-26.

Benedetti, L., Tapponnier, P., King, G.C.P., Meyer, B. & Manighet-
ti, 1., 2000. Growth folding and active thrusting in the Montello
region, Veneto, northern Italy. Journal of Geophysical Research
105: 739-766.

Bondesan, A., 1999. Una nuova data 14C nell’anfiteatro morenico
di Vittorio Veneto e la costruzione del suo sandur (Pianura del F.
Meschio). 8th Italian Glaciological Meeting ‘Alpine glaciers and
climate change’, Bormio, Sept. 9-12, 1999, Extended abstract
volume: 87-89.

Bordonau, J. & Vilaplana, J.M., 1986. Géomorphologie et tec-
tonique récente dans le Val d’Aran (Zone axiale des Pyréne¢es
Centrales, Espagne). Revue de Géologie Dynamique et de Geo-
graphie Physique 27: 303-310. |

Bosi, C., Galadini, F. & Messina, ., 1993. Neotectonic significance
of bedrock fault scarps: case studies from the Lazio-Abruzzi
Apennines (Central Italy). Zeitschrift fiir Geomorphologie, Sup-
pl.-Bd. 94, 187-206.

Bovis, M.]., 1982. Uphill-facing (antislope) scarps in the Coast
Mountains southwest British Columbia. Geological Society of
America Bulletin 93: 804-812.

Bressan, G., Snidarcig, A. & Venturini, C., 1998. Present state of
tectonic stress of the Friuli area (eastern Southern Alps).
Tectonophysics 292: 211-227.

Broglio, A. & Lanzinger, M., 1996. The human population of the
southern slopes of the eastern Alps in the Wiurm Late Glacial
and Early Postglacial. Il Quaternario 9: 499-508.

Caporali, A. & Martin, S., 2000. First results from GPS measure-
ments on present day alpine kinematics. Journal of Geodynamics
30: 275-283.

Carton, A. & Castaldini, D., 1985. Approfondimenti di morfo-
neotettonica tra il Lago di Garda ed il torrente Alpone (provincia
di Verona). Bollettino del Museo Civico di Storia Naturale di
Verona 12:461-491.

Carton, A. & Castaldini, D., 1987. Nuovi indizi di neotettonica tra il
lago di Garda e Verona. In: ENEL (ed.), Contributi di preminente
interesse scientifico agli studi di localizzazione di impianti nucleari
in Piemonte ¢ Lombardia (unpublished manuscript): 41-69.

Carton, A. & Soldati, M., 1992. Geomorphological features of the
Dolomites (Italy). In: Proceedings of the ‘First European Inten-
sive Course on Applied Geomorphology’, Modena-Cortina
d’Ampezzo, 24 June-3 July 1992: 13-29.

Carton, A., Castaldini, D. & Panizza, M. 1988. Tectonic evoiution
of the central sector of the Alpine margin in the Middle Pleis-
tocene-Holocene. In: IGU joint meeting on geomorphological
hazards; guidebook for the excursions in the Modena and Verona
areas, Firenze, Modena, Padova, May 28-June 4, 1988: 114.

Casadoro, G., Castiglioni, G.B., Corona, E., Massari, F., Moretto,
M.G., Paganelli, A., Terenziani, F. & Toniello, V., 1976. Un de-
posito tardowlirmiano con tronchi subfossili alle Fornaci di
Revine (Treviso). Bollettino del Comitato Glaciologico Italiano
24: 22-64. |

Netherlands Journal of Geosciences / Geologie en Mijnbouw 80(3-4) 2001 | 205

https://doi.org/10.1017/50016774600023830 Published online by Cambridge University Press


https://doi.org/10.1017/S0016774600023830

Castaldini, D. & Panizza, M., 1991. Inventario delle faglie attive tra
1 flumi Po e Piave e 1l Lago di Como (Italia settentrionale). Il
Quaternario 4: 333-410.

Castaldini, D., Carton, A. & Panizza, M., 1988. Description of the
stops. In: IGU joint meeting on geomorphological hazards;
guidebook for the excursions in the Modena and Verona areas,
Firenze, Modena, Padova, May 28-June 4, 1988: 118-128.

Castellaccio, E., 1993, Considerazioni morfotettoniche preliminari
allo studio geomorfologico del bacino fluviale del torrente Tasso
(Monte Baldo sud-orientale). Il Baldo 4: 15-33.

Castellaccio, E. & Zorzin, R., 1996. S. Faustino di Torri del Benaco
(Verona): un esempi1o di evoluzione geomorfologica per frana di
un tratto della riviera gardesana. Il Quaternario 9: 249-254.

Castellarin, A., (ed.) 1981. Carta tettonica delle Alpi meridionali
alla scala 1:200000. CNR-PFG, publ. no. 441, Bologna: 220 pp.

Castellarin, A. & Cantelli, L., 2000. Neo-Alpine evolution of the
Southern Eastern Alps. Journal of Geodynamics 30: 251-274.

Castellarin, A., Cantelli, L., Fesce, A.M., Mercier, J.L., Picotti, V.,
Pini, G.A., Prosser, G. & Selli, L., 1992. Alpine compressional
tectonics in the Southern Alps. Relationships with the N-Apen-
nines. Annales Tectonicae 6: 62-94.

Castiglioni, B., 1940. L’Italia nell’eta quaternaria; Carta delle Alpi
nel glaciale. In: Dainelli, G. (ed.), Atlante fisico economico d’I-
talia, Milano (map).

Castglioni, GG.B., Meneghel, M. & Sauro, U., 1988. Elementi per
una ricostruzione dell’evoluzione morfotettonica delle Prealpi
Venete. Supplementi di Geografia Fisica e Dinamica Quaterna-
ria 1: 31-43.

Cavallin, A. & Tornaghi, M.E., 1987. La ‘struttura’ del M. Cor-
nagiera (Prealpi Bergamasche): problematiche interpretative.
Bollettino della Societa Geologica Italiana 106: 239-251.

Cavallin, A., Crescenti, U., Dramis, F., Prestininzi, A. & Sorriso-
Valvo, M., 1987. Tipologia e diffusione delle deformazioni gravi-
tative di versante in Italia: prime valutazioni. Memorie della So-
cieta Geologica Italiana 37: 241-252.

Cavallin, A., Forcella, F., Orombelli, G. & Sauro, U, 1988a. L.e
‘scarpate-pareti di faglia’ del settore centro-meridionale del ‘fa-
scio giudicariense’. In: ENEL (ed.), Contributi di preminente in-
teresse scientifico agli studi di localizzazione di impianti nucleari
in Piemonte e Lombardia (unpublished manuscript): 24-37.

Cavallin, A., Orombelli, G. & Sauro, U., 1988b. Studio neotettoni-
co del settore centro-meridionale del ‘fascio giudicariense’. In:
ENEL (ed.), Contributi di preminente interesse scientifico agli
studi di localizzazione di impianti nucleari in Piemonte e Lom-
bardia (unpublished manuscript): 210-231.

Cavallin, A., Forcella, F., Orombelli, G. & Sauro, U., 1988c. Le
grandi frane dette ‘marocche’, nel Trentino meridionale. In;
ENEL (ed.), Contributi di preminente interesse scientifico agli
studi di localizzazione di impianti nucleari in Piemonte e Lom-
bardia (unpublished manuscript): 14 pp.

CNR-PFG, 1983. Structural Model of Italy and Gravity Map.
Quaderni de La Ricerca Scientifica, 114.

CNR-PFG, 1987. Neotectonic Map of Italy. Quaderni de La
Ricerca Scientifica, 114.

Dewey, J.F., Pitman, W.C., Ryan, W.B.F. & Bonnin, J., 1973. Plate
tectonics and the evolution of the Alpine System. Bulletin of the
Geological Society of America 84: 3137-3180.

Doglioni, C. & Bosellini, A., 1987. Eoalpine and Mesoalpine tec-
tonics 1n the southern Alps. Geol. Rund. 76: 735-754.

Dramis, F., (1984). Aspetti geomorfologici e fattori genetici delle
deformazioni gravitative profonde. Bollettino della Societa Geo-
logica Italiana 103: 681-687.

Dramis, F. & Sorriso-Valvo, M., 1994. Deep-seated gravitational
slope deformations, related landslides and tectonics. Engineering
Geology 38: 231-243,

Ego, E., S¢brier, M., Carey-Gailhardis, E. & Beate, B., 1996. Do
the Billecocha normal faults (Ecuador) reveal extension due to
lithospheric body forces in the northern Andes? Tectonophysics
265: 255-273.

Farabollini, P., Folchi Vici D’Arcevia, C., Gentili, B., Luz, L.,
Pambianchi, G. & Viglione, F., 1995. LLa morfogenesi gravitativa
nelle formazioni litoidi dell’Appennino centrale. Memorie della
Societa Geologica Italiana 50: 123-136.

Ferrarese, IF., Sauro, U. & Tonello, C., 1998. The Montello Plateau.
Karst evolution of an alpine neotectonic morphostructure.
Zeitschrift fur Geomorphologie N.F. Suppl.-Bd. 109: 41-62.

Flir1, F., 1988. An outline of the middle and main Wirm chronolo-
gy of the eastern Alps. Geografia Fisica e Dinamica Quaternaria
11: 117-118.

Forcella, F., 1984. Brevi note sulla tettonica gravitativa di versante -
nelle Alpi centrali. Bollettino della Societa Geologica Italiana
103: 689-696.

Forcella, F. & Orombelli, G., 1984. Holocene slope deformations
in Valfurva, central Alps, Italy. Geografia Fisica e Dinamica Qua-
ternaria 7: 41-48.

Forcella, F. & Rossi, PM., 1987. Le deformazioni di versante pre-
senti nel territorio di Fuipiano Imagna (Prealpi Bergamasche).
Bollettino della Societa Geologica Italiana 106: 281-291.

Forcella, F. & Sauro, U., 1988. Evoluzione morfotettonica del settore
meridionale della dorsale del Monte Baldo (Prealpi Venete). Sup-
plement di Geografia Fisica e Dinamica Quaternaria 1: 83-87.

Forcella, F. & Tibaldi, A., 1998. Geomorphological expression of
Alpine faults, Orobic Alps, Italy: Late Quaternary reactivation or
glacial modelling? a discussion. Bollettino della Societa Geologi-
ca Italiana 117: 643-655.

Forcella, F., Onida, M. & Tibaldi, A., 1998. Risultati preliminari di
un’indagine di tipo paleosismologico applicata allo studio di de-
formazioni recenti in ambiente alpino, alta Valtellina (Alpi cen-
trali, Italia). Geologia Insubrica 3: 63-72.

Galadini, F. & Galli, P., 1999. Paleoseismology related to the dis-
placed Roman archaeological remains at Egna (Adige valley,
northern Italy). Tectonophysics 308: 171-191.

Galadini, F., Giraudi, C. & Giuliani R., 1991. Su alcune dislo-
cazioni di un detrito di versante in un’area tettonicamente attiva
(conca de ‘Il Tagno’, media valle del f. Aterno). Bollettino della
Societa Geologica Italiana 110: 93-100.

Galadini, F., Galli, P., Molin, D. & Ciurletti, G., in press. Searching
for the source of the 1117 earthquake in northern Italy: a multi-
disciplinary approach. In: T. Glade, P. Albini, F. Frances (eds.):
The use of historical data in natural hazard assessments. Kluwer
Academic Publishers, Dordrecht.

Giardino, M., 1996. Aspetti metodologici e problemi cartografici
dello studio di deformazioni superficiali nella media Valle d’Ao-
sta. Il Quaternario 9: 227-232.

Giardino, M. & Polino, R., 1997. Le deformazioni di versante del-
I’alta valle di1 Susa: risposta pellicolare dell’evoluzione tettonica
recente. Il Quaternario 10: 293-298.

Gudmundsson, G.H., 1994. An order-of-magnitude estimate of
the current uplift-rates in Switzerland caused by the Wirm
Alpine deglaciation. Eclogae Geologicae Helvetiae 87: 545-557.

(Guerricchio, A., Melidoro, G. & Rizzo, V., 1988. Instrumental ob-
servations of the slope deformations and deep phenomena in
Maratea Valley (Italy). In: Bonnard, C. (ed.), Landslides, Pro-
ceedings of the 5th international symposium on landslides, Lau-
sanne, Jul., 10-15, 1988, vol.1: 415-422.

Guida, M., Guida, D., Perriello Zampelli, S., Vallario, A. & Vig-
giani, A.S., 1989. Le deformazioni gravitative profonde nella
morfogenesi quaternaria del versante settentrionale di M.te Bul-
gheria (Campania). Bollettino della Societa Geologica Italiana
108:431-451.

206 Netherlands Journal of Geosciences / Geologie en Mijnbouw 80 (3-4) 2001

https://doi.org/10.1017/50016774600023830 Published online by Cambridge University Press


https://doi.org/10.1017/S0016774600023830

Habbe, K.A., 1969. Die wiirmzeitliche Vergletscherung des Gar-
dasee-(Giebietes. Freiburg: 254 pp.

Hutchinson, J.N., 1995. Deep-secated mass movements on slopes.
Memorie della Societa Geologica Italiana 50: 147-164.

Jahn, A., 1964. Slopes morphological features resulting from gravi-
tation. In: Birot, IP.,, Macar, P. & Mortensen, H., (ed.),
Fortschritte der internationalen Hangforschung®. Zeitschrift fir
Geomorphologie, N.F. Suppl. Bd. 5: 59-72.

Laubscher, H. & Bernoulli, D., 1982. History and deformation of
the Alps. In: K.J. Hsii, ’Mountain Building Processes‘, Academic
Press: 169-180.

Magaldi, D. & Sauro, U., 1982. Landforms and soil evolution in
some karstic areas of the Lessini Mountains and Monte Baldo
(Verona, Northern Italy). Geografia Fisica ¢ Dinamica Quater-
naria 5: 82-101.

Magri, G. & Molin, D., 1986. I terremoti del 3 gennaio 1117 e del
25 dicembre 1222. ENEA internal report, RTI PAS-ISP-GEOL
L.O (86)2: 9pp.

Mahr, T., 1977. Deep-reaching gravitational deformations of high
mountain slopes. Bulletin of the International Association of En-
gineering Geology 16: 121-127.

McCalpin, ]J.P. & Irvine, J.R., 1995. Sackungen at the Aspen High-
lands Ski Area, Pitkin County, Colorado. Environmental and
Engineering (Geoscience 1: 277-290.

Monachesi, G. & Stucchi, M., 1998. DOM 4.1 an intensity data-
base of damaging earthquakes in the Italian area. Available on
Internet, http://emidius.itim.mi.cnr.ityDOM/home.html.

Mortara, GG. & Sorzana, P.F., 1987. Fenomen1 di deformazione
gravitative profonda nell’arco alpino occidentale italiano. Con-
siderazioni lito-strutturali e morfologiche. Bollettino della So-
cieta Geologica Italiana 106: 303-314.

Nemcok, A. & Baliak, F., 1977. Gravitational deformations in
Mesozoic rocks of the Carpathian mountain ranges. Bulletin of
the International Association of Engineering Geology 16: 109-
111.

Onida, M., 1999, Applicazione di tecniche paleosismologiche allo
studio di deformazioni recenti di versante 1in zone alpine. Univer-
sita degli Studi di Milano, Phd thesis: 231 pp.

Onida, M., Galadini, F. & Forcella, F., 2000. Investigating large
scale mass movements 1n the central Alps by means of paleoseis-
mological techniques: the case of the Mortirolo Pass (Italy). In:
‘HAN 2000 — potential for large earthquakes in low seismic ac-
tivity regions of Europe’, extended abstract volume, 117-120.

Orombelli, G., 1983. Il Pleistocene superiore in Italia — I depositi
glaciali. Geografia Fisica e Dinamica Quaternaria 6: 179-180.

Orombelli, G. & Ravazzi, C., 1996. The Late Glacial and Early
Holocene: chronology and paleoclimate. Il Quaternario 9: 439-
444,

Panizza, M., Slejko, D., Bartolomei, G., Carton, A., Castaldini, D.,
Demartin, M., Nicolich, R., Sauro, U., Semenza, E. & Sorbini,
L., 1981. Modello sismotettonico dell’area fra il Lago di Garda e
il Monte Grappa. Rendiconti della Societa Geologica Italiana 4:
587-603.

Panizza, M., Bollettinari, (., Carton, A. & Castaldini, D., 1987.
Studio neotettonico del sistema Verona-Brescia. In: ENEL (ed.),
Contributi di preminente interesse scientifico agli studi di loca-
lizzazione di impianti nucleari in Piemonte ¢ Lombardia (un-
published manuscript): 185-208.

Penck, A. & Briickner, E., 1909. Die Alpen im Eiszeitalter. Vol. 3,
Die eiszeiten in den Sidalpen und im bereich der ostabdachung
der Alpen. Leipzig: 1199 pp.

Petrucci, F. & Cavazzini, R., 1992. Il Quaternario del Trentino sud-
occidentale. 1- Carta geomorfologica e dei depositi quaternari
tra la Val Rendena e Cima Tosa Castel dei Camosci (Gruppo di
Brenta). Il Quaternario 5: 163-172.

Philip, H. & Meghraoui M., 1983. Structural analysis and interpre-
tation of the surface deformations of the El Asnam earthquake.
"Tectonics 2: 17-49.

Polino, R., Gosso, G. & Dal Piaz, G.V., 1990. Un modello attuali-
stico sulla genesi delle Alpi. Memorie della Societa Geologica
Italiana 45: 71-75.

Prosser, G., 1998. Strike-slip movements and thrusting along a
transpressive fault zone: the North Giudicarie line (Insubric line,
northern Italy). Tectonics 17: 921-937.

Prosser, GG., 2000. The development of the North Giudicarie tault
zone (Insubric line, Northern Italy). Journal of Geodynamics 30:
229-250.

Radbruch-Hall, D.H., Varnes, D.]. & Savage, W.Z., 1976. Gravita-
tional spreading of steep-sided ridges (‘sackung’) in western
United States. Bulletin of the International Association of Engi-
neering GGeology 14: 23-35.

Reitner, J., Lang, M. & van Husen, D., 1993. Deformation of high
slopes in different rocks after Wirmian deglaciation in the Gail-
tal (Austria). Quaternary International 18: 43-51.

Sauro, U., 1978. Forme strutturali e neotettoniche nei Monti
Lessini. Gruppo di Studio del Quaternario Padano 4: 31-60.

Sauro, U. & Meneghel, M., 1980. Dat1 preliminari sulla neotettoni-
ca dei fogli 21 (Trento), 35 (Riva), 36 (Schio) e 49 (Verona). In:
Contributi alla realizzazione della Carta Neotettonica d’Italia.
C.N.R., Progetto Finalizzato (Geodinamica, Publication no. 356:
331-357.

Sauro, U. & Zampieri, D., 1999a. Una montagna in evoluzione. In:
Turri, E. (ed.), Il Monte Baldo. Sommacampagna (Verona): 52-
104.

Sauro, U. & Zampieri, D., 1999b. Some evidence of surface fault-
ing and surface rupture in the fore-Alps of Veneto and Trentino.
Workshop ‘Large-scale vertical movements and related gravita-
tional processes’, June 21-26, 1999, Roma-Camerino, abstract

volume: 30.

Schaer, J.P. & Jeanrichard, F., 1974. Mouvements varticaux anciens
et actuels dans les Alpes suisses. Eclogae Geologicae Helvetiae
67:101-119.

Sébrier, M., Ghafiri, A. & Bles, J-L., 1997. Paleoseismicity 1n
France: fault trench studies in a region of moderate seismicity.
Journal of Geodynamics 24: 207-217.

Servizio Geologico d’Italia, 1969. Carta Geologica d’Italia, Foglio
48 ‘Peschiera del Garda’. Istituto Poligrafico e Zecca dello Stato,
Roma (map).

Slejko, D., Carulli, G.B., Nicolich, R., Rebez, A., Zanferrari, A.,
Cavallin, A., Doglioni, C., Carraro, F., Castaldini, D., Iliceto, V.,
Semenza, E. & Zanolla, C., 1989. Seismotectonics of the eastern
Southern-Alps: a review. Bollettino di Geofisica Teorica ed Ap-
plicata 31: 109-136.

Sorriso-Valvo, G.M., 1988. Studi sulle deformazioni gravitative
profonde di versante in Italia. Memorie della Societa Geologica
Italiana 41: 877-888.

Stewart, I.S., Sauber, J. & Rose, J., 2000. Glacio-seismotectonics:
ice sheets, crustal deformation and seismicity. Quaternary Sci-
ence Reviews 19: 1367-1389.

Stuiver, M., Reimer, .]., Bard, E., Beck, J.W., Burr, GG.S., Hughen,
K.A., Kromer, B., McCormac, G., van der Plicht, J. & Spurk,
M., 1998. INTCAIL98 Radiocarbon Age Calibration, 24,000-0
cal BP. Radiocarbon 40: 1041-1084.

Venzo, S., 1961. Rilevamento geologico dell’anfiteatro morenico
del Garda, parte II: tratto orientale Garda-Adige e anfiteatro
atesino di Rivoli Veronese. Memorie della Societa Italiana di
Scienze Naturali e del Museo Civico di Storia Naturale di Mi-
lano 13: 1-64.

Working Group CPTI, 1999. Catalogo parametrico dei terremoti
italiani. ING, GND'T, SGA SSN, Bologna: 92 pp.

Netherlands Journal of Geosciences / Geologie en Mijnbouw 80(3-4) 2001 207

https://doi.org/10.1017/50016774600023830 Published online by Cambridge University Press


https://doi.org/10.1017/S0016774600023830

Wu, P., Johnston, P. & L.ambeck, K., 1999, Postglacial rebound and
fault instability in Fennoscandia. Geophysical Journal Interna-
tional 139: 657-670.

Zampieri, D., 1995, Tertiary extension in the southern Trento plat-
form, Southern Alps, Italy. Tectonics 14: 645-657.

Zampieri, D., 2000. Segmentation and linkage of the Lessini
Mountains normal faults, Southern Alps, Italy. Tectonophysics
319:19-31.

Zanferrari, A., Bollettinari, G., Carobene, L., Carton, A., Carulli,
(G.B., Castaldini, D., Cavallin, A., Panizza, M., Pellegrini, G.B.,
Pianetti, F. and Sauro, U., 1982. Evoluzione neotettonica dell’l-
talia nord-orientale. Memorie di Scienze Geologiche 35: 355-
376.

Zischinsky, U., 1969. Uber Bergzerreissung und Talzuschub. Geol-
ogische Rundschau 58: 974-983,

208 Netherlands Journal of Geosciences / Geologie en Mijnbouw 80 (3-4) 2001

https://doi.org/10.1017/50016774600023830 Published online by Cambridge University Press


https://doi.org/10.1017/S0016774600023830



