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Science

Geological map of the San Donato – Costa Thrust Zone, Belluno Thrust System,
eastern Southern Alps (northern Italy)
Costantino Zuccari , Vignaroli Gianluca and Viola Giulio

Department of Biological, Geological and Environmental Sciences – BiGeA, Alma Mater Studiorum, University of Bologna, Bologna, Italy

ABSTRACT
We present a 1:7500 scale geological map of part of the footwall of the south verging Belluno
Thrust of the seismically active eastern Southern Alps of northern Italy. We report a previously
unknown thrust zone, the “San Donato-Costa Thrust Zone”, that cuts across the local Meso-
Cenozoic stratigraphic succession. 1:2500 and 1:5000 geological mapping, in combination
with the revision and improvement of the local lithostratigraphy and detailed structural
analysis, provided new insights into the thrust geometry and the setting of the greater area
it deforms. We show that the recorded deformation style (e.g. folding vs. faulting) exhibits
notable variations within the affected Meso-Cenozoic stratigraphic succession, with
shortening accommodated by fold trains and several subparallel thrust splays with variable
amounts of stratigraphic offset cumulated during repeated faulting. Our results contribute
to a better definition of folding and faulting within the Mesozoic carbonate multilayer
system of the eastern Southern Alps.
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1. Introduction

Geological maps are a key element of any scientific
and applied geological study by reporting detailed
and disparate information and making it readily avail-
able to public administrators and scientific commu-
nities. In this perspective, our geological mapping
effort was conceived and planned to map and charac-
terise the key geological features of an interesting tec-
tonic area of the eastern Southern Alps (hereafter
ESA) of northern Italy. The ESA are part of the Neo-
gene south-verging fold-and-thrust belt of the Euro-
pean Alps (Castellarin et al., 2006; Doglioni, 1990;
Schmid et al., 2004). They are a seismically active oro-
gen characterised by medium to large magnitude
earthquakes (M > 6) (e.g. Anderlini et al., 2020;
Anselmi et al., 2011; Serpelloni et al., 2016). Despite
their seismogenic potential, large areas of the ESA,
such as the chosen study area, are surprisingly
under-investigated from a cartographic point of
view, with the only existing official geological map
being the 1:100000 sheet nr. 22 ‘Feltre’ of the ‘Carta
Geologica d’Italia’ series (Braga et al., 1971), which
dates back to 1971. This consideration, coupled with
an ongoing research project aiming at the field charac-
terisation of potentially seismic sources within the
stratigraphic succession of this area, led to our geo-
logical mapping, specifically aiming at integrating
the general geological knowledge of the area with an
original and detailed structural characterisation. Our

ultimate goal was to produce a modern cartographic
tool to be used as input to further regional, structural,
and eventually, seismological studies.

We mapped an area of about 7 km2 at the 1:2500
and 1:5000 scale close to the village of Lamon in the
Belluno Province, shown on the Main Map at the
1:7500 scale. Our results permitted the definition
and formalisation of a new, thus far unreported, kilo-
metric thrust, the San Donato-Costa Thrust Zone
(hereafter SCTZ). From a geological perspective, the
area and the SCTZ belong to the footwall of the Bel-
luno Thrust (Figure 1), one of the most frontal and
significant thrusts of the ESA. The map, together
with detailed outcrop studies, biostratigraphy con-
siderations and facies and structural analysis, remark-
ably improves the understanding of the evolution of
the Belluno Thrust by adding on to the work of
Doglioni and Carminati (2008) and Selli (1998). In a
broader picture, our work offers a leap into the details
of the thrusting deformation affecting the multilayer
sedimentary succession of the ESA.

2. Geological setting

The ESA are the south-verging retro-belt of the east-
ern Alpine orogen, mainly formed during Cenozoic
convergence between the European and Adria plates
(Doglioni & Carminati, 2008). The ESA are therefore
the result of a long and complex geological evolution
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linked to three principal tectonic phases: (i) Permo –
Triassic rifting, associated with calcalkaline volcanism,
controlled by N-S trending lithospheric lineaments in
response to overall E-W stretching (Doglioni, 1987;
Schaltegger & Brack, 2007; Winterer & Bosellini,
1981); (ii) renewed Triassic – Jurassic rifting still in
response to E-W stretching, forming N-S trending
structural highs with intervening deep basins (e.g.
Bosellini et al., 1981; Masetti et al., 2012; Picotti &
Cobianchi, 2017; Santantonio & Carminati, 2011);
(iii) Cenozoic shortening and continental collision
between the Adriatic and European plates, character-
ised by a strong variability of the direction and sense
of the principal tectonic transport (e.g. Eocene WSW
‘Dinaric Trend’ – upper Miocene SE ‘Valsugana
Trend’) (Carminati et al., 2004; Castellarin et al.,

2006; Castellarin & Cantelli, 2000; Doglioni, 1987;
Doglioni & Bosellini, 1987; D’Ambrogi & Doglioni,
2008; Schmid et al., 2004; Viola et al., 2001). The
ESA can be divided into two main realms separated
by the regional-scale Valsugana Thrust: the Dolomites
s.s. to the north and the Venetian Pre-Alps to the
south (Figure 1(c)). The study area is located within
the Venetian Pre-Alps, which mainly formed during
the late Palaeogene and Neogene compressional
phase of the Alpine orogeny (Castellarin et al., 2006;
D’Alberto et al., 1995).

Structurally, the Venetian Pre-Alps form an E-W-
trending fold-and-thrust belt (Figure 1(b) and (c))
with a main tectonic transport towards the south.
Fromnorth to south, there are sixmain thrusts shaping
this part of the belt: the Valsugana Thrust, the Belluno

Figure 1. (a) Schematic tectonic framework of Italy. (b) Geo-structural map of the eastern Southern Alps in the Belluno Thrust area
(redrawn and modified after Doglioni, 1990 and Vignaroli et al., 2020). The study area is shown; (c) Geological cross-section of the
eastern Southern Alps (redrawn and modified after Selli, 1998; Bosellini et al., 2003; Doglioni & Carminati, 2008). Its trace is shown
in (b).
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Thrust, the Moline Thrust, the Tezze Thrust, the Bas-
sano-Maniago Thrust, and the Montello Thrust
(Figure 1(b) and (c)), which, in map view, form an ana-
stomosed pattern of structures converging toward the
Valsugana Thrust to the west (Figure 1(b)) (Doglioni,
1990, 1992; Doglioni & Carminati, 2008). The age of
thrusting generally decreases moving to the south,
toward the Venetian Plain (Figure 1(b)) (Castellarin
et al., 2006; Doglioni & Carminati, 2008), with the
southernmost frontal Montello Thrust interpreted to
be seismically active (Anselmi et al., 2011; Benedetti
et al., 2000; Carminati et al., 2007). The Cenozoic
cumulative total shortening for the ESA has been esti-
mated to c. 30 km (e.g. Castellarin et al., 2006; Castel-
larin & Cantelli, 2000; Doglioni, 1990).

The mapped area pertains to the footwall of the Bel-
luno Thrust, which is a WSW-ESE-trending c. 20 km
long structure (Figure 1(b)) that dips c. 30° to the
north (Figure 1(c)). It accommodated a total shorten-
ing of c. 6–8 km (D’Ambrogi & Doglioni, 2008; Selli,
1998). Multiple phases of thrust reactivation, with evi-
dence of coseismic rupturing, have recently been
inferred on the basis of meso- to microstructural ana-
lyses and have been related to the thrust long-lasting
propagation history (Vignaroli et al., 2020). The hang-
ing wall of the thrust is characterised by a regional-
scale anticline deforming Jurassic and Lower Cretac-
eous sedimentary units with a sub-vertical forelimb
and a c. 20° north-dipping back-limb (Figure 2(b)).
The footwall to the Belluno Thrust in the study area
is described in detail below.

The stratigraphy of the Venetian Pre-Alps (Figure 1
(c)) pertains to the geological framework of the eastern
margin of the Trento Plateau, which resulted from the
Triassic-Jurassic E-W lithospheric stretching
described above (D’Alberto et al., 1995). It is the
expression of a polyphasic tectonic evolution and
can be subdivided into four groups (Figure 1(c)).
The first group is represented by the Palaeozoic Her-
cynian igneous and metamorphic basement (Figure
1(c)), which is not exposed in the study area. The
second group, unconformably resting on the Palaeo-
zoic basement, is represented by a >3 km thick
Permo-Triassic succession made of siliciclastic and
carbonate-dolomitic sedimentary units, capped by
Lower Jurassic shallow water carbonates (Figure 1
(c)) (Bosellini et al., 1981; Masetti et al., 1998; Trevi-
sani, 1991). The third group is formed by pelagic sedi-
mentary units, spanning in age from the Lower
Jurassic to the Palaeocene (Figure 1(c)), and marking
the drowning of the benthic factory of the aforemen-
tioned shallow water carbonates. This Lower Juras-
sic-Palaeocene succession, which is indeed well
exposed in the study area, is formed by a cherty suc-
cession made of pelagites and hemipelagites (Figure
1(b) and (c)). The uppermost group is represented
by lower Eocene to Miocene terrigenous and bioclastic

rocks (Figure 1(b) and (c)) (D’Alberto et al., 1995; Ste-
fani et al., 2007).

3. Methods

Geological mapping was carried out with the ‘Carta
Tecnica Regionale’ (CTR, available online at https://
idt2.regione.veneto.it/idt/downloader/download) of
the Veneto Region as topographic base at the 1:2500
and 1:5000 scales, depending on the necessary detail
to elucidate the structural and sedimentological fea-
tures under study. The spatial reference of the Carte-
sian grid used for the georeferentiation of the map is
based on the metric system ‘Monte Mario /Italy
Zone 1’, EPSG: 3003.

Geological mapping was specifically aimed at the
understanding of the structural and stratigraphic fra-
mework of the study area based on: (i) the definition
of the local stratigraphy and stratigraphic relationships
(lateral thickness and facies variations), by either fol-
lowing the lithological contacts in the field or crossing
them along N-S transects at high angle to the strike of
the SCTZ; (ii) the mapping of main structural
elements, analysed and classified in terms of their
spatial distribution, orientation, geometry and
kinematics.

Furthermore, field analysis and the biostratigraphic
characterisation of representative samples focussed on
the classification of the planktonic fauna, aiming to
define: (i) the polarity (normal or overturned) of the
investigated succession affected by deformation; (ii)
the actual stratigraphic unit; (iii) the stratigraphic
throw along the main mapped faults. The stratigraphic
and structural field study was accompanied by the col-
lection of thirty hand specimens, representative of the
main sedimentary units, that were analysed in thin
section at the optical microscope to define the specific
palaeontological content. The Dunham (1962) classifi-
cation for carbonate rocks was used for microfacies
classification.

As to the stratigraphy, in this work the Upper Cre-
taceous interval is described by introducing a more
detailed differentiation compared to what is reported
by Braga et al. (1971). In detail, according to the recent
literature from surrounding areas (Barbieri & Grand-
esso, 2007; Costa et al., 1979; Picotti, 2003; Zanferrari
et al., 2013), the ‘Scaglia Variegata Alpina Fm’ (VAA)
was chosen for the portion of the succession sand-
wiched between the Maiolica Fm below and the Sca-
glia Rossa Fm above. The VAA can be easily
identified in the field by lithofacies analysis, it being
characterised by a remarkable and significant increase
of the marly and clayey component compared to the
overlying and underlying units. Additionally, the
VAA was subdivided into two lithofacies, the
‘Marne a Fucoidi lithofacies’ (VAA1) and the ‘Scaglia
Bianca lithofacies’ (VAA2), borrowing the
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formational names from the nomenclature of the Cen-
tral Apennines stratigraphy (e.g. Cipriani & Bottini,
2019; Coccioni et al., 1987; Petti & Falorni, 2007a,
2007b). This was made possible by the stark sedimen-
tological and biostratigraphical differences that are
easily recognised in the field and at the microscope.
The choice to use a higher stratigraphic resolution
reflects the need to better constrain the throw of the
investigated faults and the geometries of the analysed
structures.

To define and characterise the structural evolution
of the area, eleven structural stations were carefully
studied, and c. 600 readings of key structural elements
were collected therefrom. The six most representative
cases are shown on the Main Map. Structural readings
were collected to define and characterise the orien-
tation and geometry of mesoscopic stratigraphic and
structural features and the direction and sense of

tectonic transport accommodated along the mapped
splays of the SCTZ. We collected data of planar (bed-
ding, slip surfaces, fault planes, S-C fabric, axial
planes) and linear (slickenlines, fold axes) structures.
Slickenline and slickenside orientations were
measured to determine the direction and sense of tec-
tonic transport of the SCTZ. Fold axes and axial
planes, integrated with the description of the fold geo-
metry, were also systematically collected to complete
our structural database.

All planar data were recorded according to the dip
direction/dip angle convention, whereas linear
measurements according to the trend/plunge conven-
tion. Data were processed, plotted, and analysed using
the Stereonet software (version 11.0.7). To optimise
data visualisation, poles to planes were computed
and contoured by Bingham analysis (Fisher et al.,
1987). The tangent lineation plot (Twiss et al., 1991;

Figure 2. (a) Orthophoto of the study area (Google Satellite, ‘QuickMapServices’ for Qgis 3.8). The location of the panoramic view
of Figure 2(b) is shown. The Cartesian grid and coordinates are based on the metric system ‘Monte Mario/Italy Zone 1’; (b) panora-
mic view of the study area, with the SCTZ in the immediate footwall of the Belluno Thrust. The main villages and localities are
shown.
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Wallace, 1951) of slickenlines on poles to fault planes
was used to constrain the sense of movement of the
footwall blocks.

4. Data and results

4.1. The study area

The study area belongs to the southern foothills of the
Monte Coppolo (2069 m a.s.l.) (Figures 1(b) and 2).
The local topography is characterised by a steep relief
that commonly exceeds 1000 m of altitude a.s.l.
(Figure 2). The area is located between the village of
Lamon and locality Costa in the southeast, and the
San Donato village in the northwest (Figure 2(a),
‘Regional Structural Setting’ panel in Main Map). It
is located within the immediate footwall of the Belluno
Thrust, which is well exposed along the dirt road con-
necting the Furianoi and Pugnai localities (Figure 2),
where the Upper Triassic-Lower Jurassic core of the
Monte Coppolo anticline is exposed (Figure 2(b)).

4.2. Lithostratigraphy

In the following section, we describe the stratigraphic
succession cropping out in the study area, providing
specific information on the sedimentological and stra-
tigraphic features that are useful to recognise the units
in the field.

Rosso Ammonitico Veronese Fm (upper Tithonian
p.p. – Bajocian p.p.). The unit is generally subdivided
into three members (Barbieri & Grandesso, 2007)
but only the uppermost crops out in the study area.
As a whole, the unit is composed of white to reddish,
well bedded to massive limestone and marly lime-
stone, at times exhibiting a nodular structure. The
member outcropping in the mapped area consists of
massive to well bedded, nodular, reddish, red and
grey limestone (Figure 3(b)). Nodules and lists of
red and orange chert locally occur, associated with
millimetre to centimetric marly laminated beds. The
palaeontological content is dominated by Saccocoma
sp., radiolarians, ammonites and aptychi. The texture
is that of a wackestone-packstone. The disappearance
of Saccocoma sp. and the increase of calcareous con-
tent mark the transition to the overlying formation.
The outcropping thickness is about 20 m.

Maiolica Fm (lower Aptian – upper Tithonian
p.p.). This unit is formed by well bedded to massive,
(Figure 3(c)) white to grey mudstone. Black, grey,
and locally dark-red chert occurs extensively. To the
top, the chert content decreases concomitant with an
increase of marly layers, typically black in colour. Cal-
pionellids, radiolarians (in the lower part of the unit,
Figure 4(a)), aptychi and rare ammonites represent
the palaeontological content. Locally, the stratification
is interrupted by massive bodies of shallow water

carbonate material. The texture is that of a mudstone
– wackestone (Figure 4(a)). The passage to the over-
lying unit is marked by a strong increase of the
marly content. The thickness is more than 300 m.

Scaglia Variegata Alpina Fm (lower Turonian p.p.
– lower Aptian). The unit consists of well bedded lime-
stone, marly limestone and marl (Figure 3(d) and (e)).
The total thickness varies from 60 to 100 m. The unit
is subdivided into two lithofacies:

– VAA1 – marly lithofacies (upper Albian – lower
Aptian). It is formed by thinly bedded poly-
chrome marly limestone, marl and shale (Figure
3(d)). An up to 1m thick black shale horizon,
representing the Ocean Anoxic Event (OAE) 1a
‘Selli Level’ (e.g. Coccioni et al., 1987; Erba,
2004; Erba et al., 1999) occurs close to the base
of the informal member. Locally, centimetric
beds made of shallow water carbonate material
occur. Planktonic foraminifers (Hedbergella s.p.,
Talmanninella s.p., Ticinella s.p.) and radiolarians
occur (Figure 4(b)). The thickness varies between
20 and 40 m.

– VAA2 – calcareous lithofacies (lower Turonian p.p.
– upper Albian). It is formed by well bedded,
white to grey limestone and marly limestone
(Figure 3(e)), bearing dark chert nodules and
lists, with subordinated centimetric marly beds. A
40–60 cm thick bed of black shale, representing
the OAE2 ‘Bonarelli Level’ (e.g. Coccioni &
Luciani, 2005; Premoli Silva et al., 1999) occurs
toward the top of the member. Planktonic forami-
nifers (Rotalipora cushmani, Rotalipora ticinensis,
Planomalina buxtorfi) and radiolarians (Figure 4
(d)) are common throughout. The texture is that
of a mudstone – wackestone (Figure 4(d)). The
thickness varies between 40 and 60 m.

Scaglia Rossa Fm (lower Eocene p.p. – lower Turo-
nian p.p.) The unit is represented by well bedded
and laminated reddish to red limestone and marly
limestone (Figure 4(f)), including red to orange
chert nodules and lists. The unit lower contact is
transitional and marked by a significant increase of
the calcareous content, whereas the upper contact
is transitional, heteropic and marked by a significant
increase of the clay content. Locally, centimetre to
decimetre thick laminated and ooidal resedimented
beds occur (Figure 3(f)). The unit contains plank-
tonic foraminifers (Globotruncana lapparenti, Mar-
ginotruncana coronata, Globotruncana stuarti,
Rosita contusa, Morozovella velascoensis) and rare
ammonites (Figure 4(d)–(f)). The texture changes
from that of a mudstone, to wackestone and to
packstone (Figure 4(d)–(f)). The thickness varies
between 120 and 180 m.
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Marna della Vena D’Oro (lower Eocene p.p. –
upper Palaeocene). This unit is the youngest for-
mation outcropping in the area. It is defined by
polychrome, thinly bedded, foliated and laminated
marl. The unit crops out poorly, only allowing for a
few analyses and considerations. The texture, for the
most calcareous portion, is that of a mudstone – wack-
estone. The fossil content is given by benthic and
planktonic foraminifers (Morozovelloids). The out-
cropping thickness is of c. 130 m.

Quaternary deposits (Pleistocene – recent). This
group includes:

– Heterometric and weakly cemented talus deposits
within red, sandy-clayey matrix.

– Eluvio-colluvial deposits, formed by unconsolidated
evolved red soil, characterising the topographically
higher zones.

4.3. Structural setting

The San Donato-Costa Thrust dominates the entire E-
W areal extension of the map (Figure 5) and rep-
resents the most important structural feature of the
study area. It is a moderately N-dipping thrust zone

Figure 3. Stratigraphy of the investigated area. (a) Schematic stratigraphic column of the mapped succession; (b) top nodular and
cherty lithofacies of the Rosso Ammonitico Veronese Fm (ARV); (c) calcareous and cherty lithofacies of the Maiolica Fm (MAI); (d)
marly lithofacies of the Scaglia Variegata Alpina Fm (VAA1); (e) calcareous and cherty lithofacies of the Scaglia Variegata
Alpina Fm (VAA2); (f) calcareous portion of the Scaglia Rossa Fm (SAA). Hummer for scale (in red) in (b), (c) and (d).
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striking ∼ E-W (Main Map, Geological Cross section
A–B, C–D, Figure 5). The SCTZ exhibits a complex
internal architecture that changes along the strike.
Whereas the thrust is characterised by a single main
fault surface in the eastern portion of the study area,

to the west the thrust splays into an imbricate fan
formed by several N-dipping, subparallel fault planes
(Geological cross section A–B, Structural station 2,
3). The hanging wall succession of the SCTZ is folded
by a major anticline (Figure 2(b), geological cross

Figure 4. Microphotographs of lithofacies with information about biostratigraphy: (a) calpionellids (Calpionella alpina) rich mud-
stone associated with radiolarians (Maiolica Fm.); (b) bioclastic packstone with planktonic foraminifers (Hedbergella sp., Ticinella
sp.) (Scaglia Variegata Alpina Fm; VAA1 lithofacies); (c) bioclastic wackestone with planktonic foraminifers (Rotalipora ticinensis)
and radiolarians (Scaglia Variegata Alpina Fm; VAA2 lithofacies); (d–f) bioclastic wackestone and packstone with planktonic for-
aminifers representative of the entire Scaglia Rossa Fm (Campanian – Maastrichtian Globotruncana stuarti (d), Maastrichtian Ven-
tilabrella sp. (e), uppermost Paleocene – lower Eocene Morozovella aff. velascoensis (f)). The scale bar corresponds to 500 μm for all
microphotographs. Examples of the described taxa in each sample are indicated by yellow arrows.

Figure 5. Panoramic view of the San Donato-Costa Thrust along the Via Crosere Molin Pian (Lamon, Belluno Province) in the Copo-
lét locality (Main Map).
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section A–B and C–D), which is characterised by a
c. E-W trending axis, a gently N-dipping backlimb
and a steep to subvertical locally overturned S-dipping
forelimb (geological cross section A-B, Figure 7). To
the east, this anticline passes to an open geometry. A
lesser order anticline is associated with a NW-SE

striking thrust splay in the northern part of the map
(Geological cross section CD ‘Col Torond locality’,
structural station 5). The hanging wall succession is
also cut by thrust-related structures, such as meso-
scopic reverse faults with metric displacements, m
spaced synthetic shear features (Riedel shears) and
south verging duplexes (geological cross section A–
B, structural station 1, 4, Figure 5).

The footwall succession is characterised by a large,
overturned E-W syncline that progressively opens
toward the east, where its core, made of MVD rocks,
crops out (Geological cross sections A–B, C–D). The
footwall syncline is generally defined by a steep N-dip-
ping overturned limb toward the SCTZ and by a nor-
mal, gently N-dipping limb in the southern part of the
map (Geological cross sections A–B, C–D). Moving to
the east from the tectonic contact at Copolét (Figure 2
(a), Main Map), the succession tends to become over-
turned. Folding within the footwall succession also
increases moving toward the SCTZ (Figure 5). Fold
wavelength, which is generally short in the western
sector of the footwall (up to 1–2 m; structural stations
2, 3, 4), tends to become longer toward the east, where
folds are characterised by gently dipping limbs and by
steeply dipping axial planes within the normal succes-
sion (Geological cross section C–D, ‘Col de Demo’
locality, Figure 2(b)).

The total stratigraphic throw estimated for the
SCTZ is c. 60 m in the eastern sector of the Map (Geo-
logical cross section C–D), but it increases to several
hundreds of metres in the western sector of the map,
moving toward the most deformed portion of the
succession.

We used mesostructural observations (attitude of
bedding and orientation of folds and faults) to con-
strain the structural framework of the SCTZ. The bed-
ding orientation defines two main clusters, dipping
north and south (Figure 6(a)). Some N-dipping
measurements refer to overturned beds that define
the stratigraphic framework in the southern portion
of the map, along the foothills of Colle Costion and
to the north of Col de Demo (Main Map, Geological
cross sections A–B, C–D, Figure 2(b)). The normal
polarity bedding characterises the hanging wall of
the SCTZ, at higher altitudes. Fold axes define one
main, subhorizontal to gently E- and W-plunging
cluster, (Figure 6(a)) which is consistent with the
fold axis computed from the folded bedding (red dia-
mond on pole to bedding in stereonet of Figure 6(a))
and with the axis of the already described SCTZ hang-
ing wall anticline and footwall syncline. Two further
minor data maxima can be also seen, oriented N70°
and N110°, plunging at an angle generally between
5° and 20° (Figure 6(a), Structural stations on Main
Map). The contouring of 38 poles to axial planes is
shown in Figure 6(b); it highlights N- and S-dipping
axial surfaces (Figure 6(b)). Most plotted axial planes

Figure 6. Stereographic projections (Schmidt net, lower hemi-
sphere) of the measured structural elements. (a) Contour of
poles to bedding, fold axes and computed fold axis (‘Bingham
Analysis’ on pole to bedding); (b) contour of pole to axial
planes (green circles); (c) contour of poles to fault planes
detected in the study area. The tangent lineation plot displays
the direction and sense of movement of the footwall blocks of
the plot (c).
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are associated with highly asymmetric folds, contain-
ing steeply (70°–80°) S-dipping forelimbs (Figure 7
(a)), or even N-dipping overturned forelimbs (Figure
7(b)), and gently N dipping backlimbs (Figure 7(a)
and (b)). Axial plane and fold axis orientations,
when interpreted in combination with the vergence
of the corresponding folds, are consistent with the
regional top-to-the SSW tectonic transport within
area, as shown by the measured fault planes and
their kinematics (Figure 6(c)). Discrete fault surfaces,
often associated with faulted-folds, dip mainly to the
NNE, with only a few planes dipping to the NNW.
The mean fault orientation is 008/36 (dip direction/
dip; Figure 6(c)). Twenty-five slickenlines (mostly cor-
responding to abrasion striae) are also plotted, con-
straining a consistent top-to-the SSW tectonic
transport for the SCTZ, compatible with the orien-
tation of fold axes and axial planes.

5. Discussion and conclusions

The geological map at the 1:7500 scale proposed in this
work formalises and describes a new thrust zone,
named herein the San Donato-Costa Thrust Zone
(SCTZ). It represents a kilometric splay of the Belluno
Thrust of the ESA.

The structural architecture of the SCTZ (Geological
cross section A–B, C–D, structural stations 2, 3, 4,
Figure 7) was constrained by integrating structural-
and high-resolution stratigraphic analysis (Figures 3
and 4), allowing us to (i) constrain the lateral and ver-
tical variations (e.g. normal vs overturned polarity) of
the stratigraphic setting and (ii) document differences
in deformation style (faulting vs folding) occurring
both along- and across-strike the SCTZ. Also, our geo-
logical map and cross-sections constrain the total
throw accommodated during the development of the
thrust zone affecting the Jurassic-Palaeocene multi-
layer sedimentary succession.

In comparison to existing maps, our results offer a
refinement of the knowledge of the footwall succession

of the Belluno Thrust. In particular, the analysis of
meso-scale structures within the SCTZ indicates that
the style of thrust-related deformation recorded by
the studied Meso-Cenozoic stratigraphic succession
includes large folds in both the hanging wall and the
footwall blocks, and the development of discrete
fault surfaces that accommodated the overall top-to-
the SSW SCTZ tectonic transport. At the regional
scale, the identification of the hitherto unreported
SCTZ suggests that shortening-related strain in the
area is partitioned onto multiple and subparallel
thrust splays and cumulated during repeated faulting
episodes also involving secondary thrust splays,
indeed like the SCTZ, of the main regional thrusts
(e.g. Belluno Thrust, Valsugana Thrust, Figure 1(b)
and (c)).

Our new map and analyses stress the often forgot-
ten importance of field work and detailed geological
mapping. Similar efforts in other key areas of the
ESA will certainly lead to the definition of a much-
refined reference geological model for purposes con-
nected to, among other things, an improved environ-
mental planning, territory administration and hazard
mitigation. Our contribution can thus be of inspi-
ration to further studies of the region and the ESA,
with the potential to better constrain the tectonic evol-
ution of the orogen.

Software

The map was digitalised and georeferenced with the
opensource software Qgis (version 2.18.13 and 3.8.3.
https://www.qgis.org/it/site/). Final editing of the
map and the geological cross sections was realised
with Adobe Illustrator (version CC).

Stereographic projections were realised using
the software Stereonet 11 (version 11.0.7, http://
www.geo.cornell.edu/geology/faculty/RWA/programs/
stereonet.html) and Wintensor (version 5.8.9, http://
damiendelvaux.be/Tensor/WinTensor/win-tensor.
html).

Figure 7. Asymmetric folds within the Maiolica Fm along the Via Crosere Molin Pian (Lamon, BL), at the footwall of the SCTZ. (a)
asymmetric and south-verging fold with a high-dipping forelimb; (b) asymmetric and south-verging fold with vertical-to-over-
turned forelimb. Hammer (in red) and bar for scale in (a).

JOURNAL OF MAPS 345

https://www.qgis.org/it/site/
http://www.geo.cornell.edu/geology/faculty/RWA/programs/stereonet.html
http://www.geo.cornell.edu/geology/faculty/RWA/programs/stereonet.html
http://www.geo.cornell.edu/geology/faculty/RWA/programs/stereonet.html
http://damiendelvaux.be/Tensor/WinTensor/win-tensor.html
http://damiendelvaux.be/Tensor/WinTensor/win-tensor.html
http://damiendelvaux.be/Tensor/WinTensor/win-tensor.html


Acknowledgements

The authors thank Francesca Stendardi for her support in
the field. Angelo Cipriani is thanked for the fruitful discus-
sion about the stratigraphy of the area. Fabio Gamberini is
thanked for thin sections preparation. The final version of
the manuscript benefitted from the constructive reviews
by H. Ortner, S. Bernard, and P. Gramigna. The Editor-
in-Chief (M.J. Smith) and the Associate Editor (A.
Merschat) are thanked for the editorial handling of our
contribution.

Disclosure statement

No potential conflict of interest was reported by the author
(s).

Funding

This present work belongs to the PhD project ‘Structural
characterisation of selected thrust zones in the eastern
Southern Alps and Northern Oman: implications on strain
localisation and seismogenesis in carbonates’ and the paper
and project were funded by the RFO2020, a personal
research fund of Giulio Viola.

Data availability statement

The authors confirm that the data supporting the findings of
this study are available within the article and its supplemen-
tary materials.

ORCID

Zuccari Costantino http://orcid.org/0000-0001-6522-
3190
Vignaroli Gianluca http://orcid.org/0000-0001-7345-
6162
Viola Giulio http://orcid.org/0000-0002-8383-3328

References

Anderlini, L., Serpelloni, E., Tolomei, C., Marco De Martini,
P., Pezzo, G., Gualandi, A., & Spada, G. (2020). New
insights into active tectonics and seismogenic potential
of the Italian Southern Alps from vertical geodetic vel-
ocities. Solid Earth, 11(5), 1681–1698. https://doi.org/10.
5194/se-11-1681-2020

Anselmi, M., Govoni, A., De Gori, P., & Chiarabba, C.
(2011). Seismicity and velocity structures along the
south-Alpine thrust front of the Venetian Alps (NE-
Italy). Tectonophysics, 513(1–4), 37–48. https://doi.org/
10.1016/j.tecto.2011.09.023

Barbieri, G., & Grandesso, P. (2007). Note illustrative della
Carta Geologica D’italia alla scala 1:50.000 Foglio 082
Asiago. In Carta Geologica d’Italia (pp. 1–148 ).

Benedetti, L., Tapponnier, P., King, G. C. P., Meyer, B., &
Manighetti, I. (2000). Growth folding and active thrusting
in the Montello region, Veneto, northern Italy. Journal of
Geophysical Research: Solid Earth, 105(B1), 739–766.
https://doi.org/10.1029/1999JB900222

Bosellini, A., Gianolla, P. (2003). Geology of the dolomites.
Episodes, 26, 181–185.

Bosellini, A., Masetti, D., & Sarti, M. (1981). A jurassic ‘ton-
gue of the ocean’ infilled with oolitic sands: The Belluno
Trough, Venetian Alps, Italy. Marine Geology, 44(1–2),
59–95. https://doi.org/10.1016/0025-3227(81)90113-4

Braga, G., Gatto, G. O., Gatto, P., Gregnanin, A., Massari, F.,
Medizza, F., Nardin, M., Perna, G., Rossi, D., Sacerdoti,
M., Semenza, E., Sommavilla, E., Zirpoli, G., & Zulian,
T. (1971). Note illustrative delle Carta Geologica d’Italia
alla scala 1:100000, foglio 22 ‘Feltre’.

Carminati, E., Doglioni, C., & Scrocca, D. (2004). Alps vs
Apennines. Special Volume of the Italian Geological
Society for the IGC, 32, 141–151.

Carminati, E., Enzi, S., & Camuffo, D. (2007). A study on the
effects of seismicity on subsidence in foreland basins: An
application to the Venice area. Global and Planetary
Change, 55(4), 237–250. https://doi.org/10.1016/j.
gloplacha.2006.03.003

Castellarin, A., & Cantelli, L. (2000). Neo-Alpine evolution
of the Southern Eastern Alps. Journal of Geodynamics,
30(1–2), 251–274. https://doi.org/10.1016/S0264-3707
(99)00036-8

Castellarin, A., Nicolich, R., Fantoni, R., Cantelli, L., Sella,
M., & Selli, L. (2006). Structure of the lithosphere beneath
the Eastern Alps (southern sector of the TRANSALP
transect). Tectonophysics, 414(1–4), 259–282. https://doi.
org/10.1016/j.tecto.2005.10.013

Cipriani, A., & Bottini, C. (2019). Early Cretaceous tectonic
rejuvenation of an Early Jurassic margin in the Central
Apennines: The “Mt. Cosce Breccia”. Sedimentary
Geology, 387, 57–74. https://doi.org/10.1016/j.sedgeo.
2019.03.002

Coccioni, R., & Luciani, V. (2005). Planktonic foraminifers
across the Bonarelli Event (OAE2, latest Cenomanian):
The Italian record. Palaeogeography, Palaeoclimatology,
Palaeoecology, 224(1–3), 167–185. https://doi.org/10.
1016/j.palaeo.2005.03.039

Coccioni, A., Nesci, O., Tramontana, M., Wezel, F., &
Moretti, E. (1987). Descrizione di un livello-guida
Radiolaritico-bituminoso ittiolitico alla base delle marne
a fucoidi nell’Appennino umbro-marchigiano.
Bollettino Della Società Geologica Italiana, 106(1),
183–192.

Costa, V., Doglioni, C., Grandesso, P., Masetti, D.,
Pellegrini, G. B., & Tracanella, E. (1979). Carta
Geologica d’Italia alla scala 1:50.000. Note illustrative
del F°63 Belluno, 74. https://www.isprambiente.gov.it/
Media/carg/note_illustrative/63_Belluno.pdf

D’Alberto, L., Boz, A., & Doglioni, C. (1995). Structure of
the Vette Feltrine (Eastern Southern Alps). Memorie
Della Società Geologica Italiana, 47, 189–199.

D’Ambrogi, C., & Doglioni, C. (2008). Struttura delle Vette
Feltrine. Rendiconti Online Societa Geologica Italiana, 4,
37–40.

Doglioni, C. (1987). Tectonic of the Dolomites (Southern
Alps, Northern Italy). Journal of Structural Geology, 9
(2), 181–193. https://doi.org/10.1016/0191-8141
(87)90024-1

Doglioni, C. (1990). Thrust tectonics examples from the
Venetian Alps.pdf. Studi Geologici Camerti, Special Vol.
117–129.

Doglioni, C. (1992). The Venetian Alps thrust belt. Thrust
Tectonics, 319–324. https://doi.org/10.1007/978-94-011-
3066-0_29

Doglioni, C., & Bosellini, A. (1987). Eoalpine and mesoal-
pine tectonics in the Southern Alps. Geologische
Rundschau, 76(3), 735–754. https://doi.org/10.1007/
BF01821061

346 C. Zuccari et al.

http://orcid.org/0000-0001-6522-3190
http://orcid.org/0000-0001-6522-3190
http://orcid.org/0000-0001-7345-6162
http://orcid.org/0000-0001-7345-6162
http://orcid.org/0000-0002-8383-3328
https://doi.org/10.5194/se-11-1681-2020
https://doi.org/10.5194/se-11-1681-2020
https://doi.org/10.1016/j.tecto.2011.09.023
https://doi.org/10.1016/j.tecto.2011.09.023
https://doi.org/10.1029/1999JB900222
https://doi.org/10.1016/0025-3227(81)90113-4
https://doi.org/10.1016/j.gloplacha.2006.03.003
https://doi.org/10.1016/j.gloplacha.2006.03.003
https://doi.org/10.1016/S0264-3707(99)00036-8
https://doi.org/10.1016/S0264-3707(99)00036-8
https://doi.org/10.1016/j.tecto.2005.10.013
https://doi.org/10.1016/j.tecto.2005.10.013
https://doi.org/10.1016/j.sedgeo.2019.03.002
https://doi.org/10.1016/j.sedgeo.2019.03.002
https://doi.org/10.1016/j.palaeo.2005.03.039
https://doi.org/10.1016/j.palaeo.2005.03.039
https://www.isprambiente.gov.it/Media/carg/note_illustrative/63_Belluno.pdf
https://www.isprambiente.gov.it/Media/carg/note_illustrative/63_Belluno.pdf
https://doi.org/10.1016/0191-8141(87)90024-1
https://doi.org/10.1016/0191-8141(87)90024-1
https://doi.org/10.1007/978-94-011-3066-0_29
https://doi.org/10.1007/978-94-011-3066-0_29
https://doi.org/10.1007/BF01821061
https://doi.org/10.1007/BF01821061


Doglioni, C., & Carminati, E. (2008). Structural styles &
Dolomites field trip. Memorie Descrittive Della Carta
Geologica d’Italia, 82, 1–299.

Dunham, R. J. (1962). Classification of carbonate rocks
according to depositional textures. In Classification of
carbonate rocks, American association of petroleum geol-
ogists, memoir 1 (pp. 108–171).

Erba, E. (2004). Calcareous nannofossils andMesozoic ocea-
nic anoxic events.Marine Micropaleontology, 52(1–4), 85–
106. https://doi.org/10.1016/j.marmicro.2004.04.007

Erba, E., James, E. T. C., Claps, M., Charles, J., Roger, L.,
Bradley, O., Silva, I. P., Angelo, R., Giovanni, S., &
Stefano, T. (1999). Integrated stratigraphy of the
Cismon Apticore (Southern Alps, Italy): A “reference sec-
tion” for the Barremian – Aptian interval at low latitudes.
Journal of Foraminiferal Research, 29(4), 371–391.

Fisher, N. I., Lewis, T. L., & Embleton, B. J. (1987). Statistical
analysis of spherical data. (pp. 329). Cambridge:
Cambridge University Press.

Masetti, D., Claps, M., Giacometti, A., Lodi, P., & Pignatti,
P. (1998). I Calcari Grigi della Piattaforma di Trento
(Lias inferiore e medio, Prealpi Venete). Atti Tic. Sc.
Terra, 40, 139–183.

Masetti, D., Fantoni, R., Romano, R., Sartorio, D., &
Trevisani, E. (2012). Tectonostratigraphic evolution of
the Jurassic extensional basins of the eastern Southern
Alps and Adriatic foreland based on an integrated study
of surface and subsurface data. AAPG Bulletin, 96(11),
2065–2089. https://doi.org/10.1306/03091211087

Petti, F. M., & Falorni, P. (2007a).Marne a Fucoidi. Catalogo
Delle Formazioni – Unità Tradizionali, Carta Geologica
d’Italia 1:50.000, Quaderni Serie III, Volume 7,
Fascicolo VI (pp. 188–201). https://www.isprambiente.
gov.it/files/pubblicazioni/periodicitecnici/quaderni-sgi/
quaderno7fasc6/quad-7-vi-marne-a-fucoidi.pdf

Petti, F. M., & Falorni, P. (2007b). Scaglia Bianca. Catalogo
Delle Formazioni – Unità Tradizionali, Carta Geologica
d’Italia 1:50.000, Quaderni Serie III, Volume 7,
Fascicolo VI (pp. 202–210). https://www.isprambiente.
gov.it/files/pubblicazioni/periodicitecnici/quaderni-sgi/
quaderno7fasc6/quad-7-vi-scaglia-bianca.pdf

Picotti, V. (2003). Note Illustrative della Carta Geologic della
Provincia di Treno alla scala 1:25.000, Tavola 80 IV,
‘Roncone’. http://www.protezionecivile.tn.it/binary/pat_
protezione_civile/Cartografiageologica/3_RONCONE_
NI_rid.1479284910.pdf

Picotti, V., & Cobianchi, M. (2017). Jurassic stratigraphy of
the Belluno Basin and Friuli platform: A perspective on
far-field compression in the Adria passive margin. Swiss
Journal of Geosciences, 110(3), 833–850. https://doi.org/
10.1007/s00015-017-0280-5

Premoli Silva, I., Erba, E., Salvini, G., Locatelli, C., & Verga,
D. (1999). Biotic changes in Cretaceous oceanic anoxic
events of the Tethys. Journal of Foraminiferal Research,
29(4), 352–370.

Santantonio, M., & Carminati, E. (2011). Jurassic rifting
evolution of the Apennines and Southern Alps (Italy):
Parallels and differences. Geological Society of America
Bulletin, 123(3–4), 468–484. https://doi.org/10.1130/
B30104.1

Schaltegger, U., & Brack, P. (2007). Crustal-scale magmatic
systems during intracontinental strike-slip tectonics: U,
Pb and Hf isotopic constraints from Permian magmatic
rocks of the Southern Alps. International Journal of
Earth Sciences, 96(6), 1131–1151. https://doi.org/10.
1007/s00531-006-0165-8

Schmid, S. M., Fügenschuh, B., Kissling, E., & Schuster, R.
(2004). Tectonic map and overall architecture of the
Alpine orogen. Eclogae Geologicae Helvetiae, 97(1), 93–
117. https://doi.org/10.1007/s00015-004-1113-x

Selli, L. (1998). Il lineamento della Valsugana fra Trento e
Cima d’Asta: Cinemtica neogenica ed eredità strutturli
permo-mesozoiche nel quadro evolutivo del sudalpino
orientale (NE-Italia). Memorie Della Società Geologica
Italiana, 53, 503–541.

Serpelloni, E., Vannucci, G., Anderlini, L., & Bennett, R. A.
(2016). Kinematics, seismotectonics and seismic potential
of the eastern sector of the European Alps from GPS and
seismic deformation data. Tectonophysics, 688, 157–181.
https://doi.org/10.1016/j.tecto.2016.09.026

Stefani, C., Fellin, M. G., Zattin, M., Zuffa, G. G., Dalmonte,
C., Mancin, N., & Zanferrari, A. (2007). Provenance and
paleogeographic evolution in a multi-source foreland:
The Cenozoic Venetian-Friulian Basin (NE Italy).
Journal of Sedimentary Research, 77(11–12), 867–887.
https://doi.org/10.2110/jsr.2007.083

Trevisani, E. (1991). Il Toarciano-Aaleniano nei settori cen-
tro-orientali della piattaforma di Trento (Prealpi Venete).
Rivista Italiana Di Paleontologia e Stratigrafia, 97(1), 99–
124.

Twiss, R. J., Protzman, G. M., & Hurst, S. D. (1991).
Theory of slickenline patterns based on the velocity gra-
dient tensor and microrotation. Tectonophysics, 186(3–
4), 215–239. https://doi.org/10.1016/0040-1951(91)90
360-5

Vignaroli, G., Viola, G., Diamanti, R., Zuccari, C., Garofalo,
P. S., Bonini, S., & Selli, L. (2020). Multistage strain local-
isation and fluid-assisted cataclasis in carbonate rocks
during the seismic cycle: Insight from the Belluno
Thrust (eastern Southern Alps, Italy). Journal of
Structural Geology, 141. https://doi.org/10.1016/j.jsg.
2020.104216

Viola, G., Mancktelow, N. S., & Seward, D. (2001). Late oli-
gocene-neogene evolution of Europe-Adria collision:
New structural and geochronological evidence from the
Giudicarie fault system (Italian Eastern Alps). Tectonics,
20(6), 999–1020. https://doi.org/10.1029/2001TC900021

Wallace, R. E. (1951). Geometry of shearing stress and
relation to faulting. The Journal of Geology, 59(2), 118–
130. https://doi.org/10.1086/625831

Winterer, E. L., & Bosellini, A. (1981). Subsidence and sedi-
mentation on Jurassic passive continental margin,
Southern Alps, Italy. American Association of Petroleum
Geologists Bulletin, 65(3), 394–421. https://doi.org/10.
1306/2f9197e2-16ce-11d7-8645000102c1865d

Zanferrari, A., Masetti, D., Monegato, G., & Poli, M. E.
(2013). Carta Geologica d’Italia scala 1:50000, progetto
CARG, Foglio 49 ‘Gemona del Friuli’. https://www.
isprambiente.gov.it/Media/carg/note_illustrative/49_
Gemona _del_Friuli.pdf

JOURNAL OF MAPS 347

https://doi.org/10.1016/j.marmicro.2004.04.007
https://doi.org/10.1306/03091211087
https://www.isprambiente.gov.it/files/pubblicazioni/periodicitecnici/quaderni-sgi/quaderno7fasc6/quad-7-vi-marne-a-fucoidi.pdf
https://www.isprambiente.gov.it/files/pubblicazioni/periodicitecnici/quaderni-sgi/quaderno7fasc6/quad-7-vi-marne-a-fucoidi.pdf
https://www.isprambiente.gov.it/files/pubblicazioni/periodicitecnici/quaderni-sgi/quaderno7fasc6/quad-7-vi-marne-a-fucoidi.pdf
https://www.isprambiente.gov.it/files/pubblicazioni/periodicitecnici/quaderni-sgi/quaderno7fasc6/quad-7-vi-scaglia-bianca.pdf
https://www.isprambiente.gov.it/files/pubblicazioni/periodicitecnici/quaderni-sgi/quaderno7fasc6/quad-7-vi-scaglia-bianca.pdf
https://www.isprambiente.gov.it/files/pubblicazioni/periodicitecnici/quaderni-sgi/quaderno7fasc6/quad-7-vi-scaglia-bianca.pdf
http://www.protezionecivile.tn.it/binary/pat_protezione_civile/Cartografiageologica/3_RONCONE_NI_rid.1479284910.pdf
http://www.protezionecivile.tn.it/binary/pat_protezione_civile/Cartografiageologica/3_RONCONE_NI_rid.1479284910.pdf
http://www.protezionecivile.tn.it/binary/pat_protezione_civile/Cartografiageologica/3_RONCONE_NI_rid.1479284910.pdf
https://doi.org/10.1007/s00015-017-0280-5
https://doi.org/10.1007/s00015-017-0280-5
https://doi.org/10.1130/B30104.1
https://doi.org/10.1130/B30104.1
https://doi.org/10.1007/s00531-006-0165-8
https://doi.org/10.1007/s00531-006-0165-8
https://doi.org/10.1007/s00015-004-1113-x
https://doi.org/10.1016/j.tecto.2016.09.026
https://doi.org/10.2110/jsr.2007.083
https://doi.org/10.1016/0040-1951(91)90 360-5
https://doi.org/10.1016/0040-1951(91)90 360-5
https://doi.org/10.1016/j.jsg.2020.104216
https://doi.org/10.1016/j.jsg.2020.104216
https://doi.org/10.1029/2001TC900021
https://doi.org/10.1086/625831
https://doi.org/10.1306/2f9197e2-16ce-11d7-8645000102c1865d
https://doi.org/10.1306/2f9197e2-16ce-11d7-8645000102c1865d
https://www.isprambiente.gov.it/Media/carg/note_illustrative/49_Gemona
https://www.isprambiente.gov.it/Media/carg/note_illustrative/49_Gemona
https://www.isprambiente.gov.it/Media/carg/note_illustrative/49_Gemona

	Abstract
	1. Introduction
	2. Geological setting
	3. Methods
	4. Data and results
	4.1. The study area
	4.2. Lithostratigraphy
	4.3. Structural setting

	5. Discussion and conclusions
	Software
	Acknowledgements
	Disclosure statement
	Data availability statement
	ORCID
	References

