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Abstract: In this study, we analyze the fault and fracture network of the Middle Triassic carbonate
platform of the Lastoni di Formin (Italian Dolomites, Italy). The reconstruction of the deformation
history is of primary importance for a full comprehension of the present structural setting of this
carbonate platform. The huge dimensions of the carbonate body and superb exposure of its vertical
cliffs and gently dipping top plateau make the Lastoni di Formin platform an ideal outcrop to
integrate traditional fieldwork with Digital Outcrop Modelling analysis. The results of the structural
studies partially confirm that the present-day fracture pattern is the result of differential compaction-
induced deformation that generated WNW-ESE-trending extensional fractures and normal faults,
perpendicular to the direction of progradation of the platform. Successively, extensional tectonics,
likely related to the Jurassic rifting phase, led to the formation of NNW-SSE striking fractures and
westward-dipping normal faults. A Neogene compressional tectonic event, characterized by N-S to
NW-SE crustal shortening, deformed the platform, essentially with strike-slip structures.

Keywords: outcrop analogues; structural analysis; faults; fractures; UAV; photogrammetry; DOM;
VOM; dolomites; carbonate platform

1. Introduction

The Lastoni di Formin mountain relief consists of a dolomitized carbonate complex
located in the central-eastern Dolomites (Italy) that, despite the relatively mild tectonic
deformation that preserved most of the original depositional geometries, registered several
subsequent tectonic events, which formed an extensive network of faults and fractures. In
the Cassian carbonate platform exposed at the Lastoni di Formin and Nuvolau outcrops,
the presence of early fractures has already been documented by previous studies [1,2],
which show that they can be related to differential compaction of the underlying basinal
facies [1,2], a widespread condition in Mesozoic carbonate platforms [3–10]. The clear
recognition, identification, and definition of these early structures all around the carbonate
bodies are often hampered by the complexity of faults and fracture networks. As suggested
by [1,2], this may be due to different tectonic events that successively generated different
sets of fractures with similar orientations or reactivated inherited ones. For this reason,
and to better understand the tectonic history of the Lastoni di Formin, we performed a
structural analysis of the different fault and fracture sets defining their relative timing and
their correlation with the different deformation events that affected the study area.

We used a multiscale approach combining field investigation with proximal- and
distal-remote sensing. The aerial (e.g., LiDAR and orthoimage) and Unmanned Aerial
Vehicle (UAV)-based Digital Outcrop Model (DOM) data supported the collection of a
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large dataset and enabled the acquisition of reliable georeferenced fracture parameters on
remote and inaccessible parts of the outcrop, such as vertical cliffs (e.g., [11]), while field
investigations provided a focus on the fracture features below the remote sensing resolution
(e.g., <1 s–10 s of cm). The use of a multiscale approach is necessary because fractures
occur at multiple scales, particularly at a sub-seismic resolution (<40 m) where the fracture
density is extremely high [12]. This can be very important not only in structural studies but
also in industrial applications, for example, in reservoir modeling, where heterogeneities of
this dimension are often included in the matrix properties [13] and, therefore, multiscale
studies are particularly important to cover the resolution gap between the core sample and
the geophysical scale [14–17].

2. Geological and Structural Setting

The Lastoni di Formin massif is located in the eastern Dolomites (Italian Southern Alps)
near Passo di Giau (46.477293◦ N, 12.083458◦ E—WGS84). The Dolomites are bounded to
the north by the Insubric line and to the south by the south-verging Valsugana thrust [18]
(Figure 1).
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Figure 1. Simplified geological map of the central Dolomites region showing the major structural
lineaments and the main sedimentary rocks from Paleozoic to Cretaceous (stratigraphy modified
from [19,20]). The major structural lineaments were digitalized following the structural model at a
scale of 1:500,000 from [21,22] and the geological map of Italy at a scale of 1:1,000,000 from [20] and
integrating with the geological map at a scale of 1:50,000 from [23–27]. The background greyscale
represents the Digital Elevation Model (DEM) of Italy (retrievable from [28]); lighter colors represent
higher elevations.

The domain includes terrains only mildly deformed by tectonics from Permian to
Jurassic; the landscape is dominated by spectacular Middle Triassic carbonate edifices. The
relief of Lastoni di Formin represents the remnants of an exhumed carbonate platform
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(so-called Cassian Dolomite) of Upper Ladinian–Lower Carnian age (Figure 2), and appears
as a vast isolated plateau, gently tilted towards the north-east by approximately 15◦ and
extending for over 2 km2. It is bordered on the western and southern sides by vertical cliffs
up to 250–300 m high. To the east, it is bounded by the Pinnacles of the Croda da Lago,
carved into the Norian Dolomia Principale Formation.
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Figure 2. (a) Geological map of the study area (modified from [1]). (b) Simplified tectonic scheme
of the study area and its surroundings (modified from [26]). (c) Stratigraphic framework of part of
Middle and Upper Triassic of the central-eastern Dolomites (from [29], redrawn). (d) Simplified sketch
of the stratigraphic relationships in the study area (modified after [1,26]). DP, Dolomia Principale;
TVZ, Travenanzes Fm.; HKS, Heiligkreuz Fm.; DCS, Cassian Dolomite (differentiated in DSC1 and
DSC2 according to [26]); SCS, San Cassiano Fm.; WEN, Wengen Fm.; SCI, Sciliar Fm.; IMF, Mt.
Fernazza Fm.; AQT, Acquatona Fm.; LVN: Livinallongo Fm.
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The Lastoni di Formin outcrop belongs to the Cernera-Marmarole (CM) tectonic unit
(sensu [26,30]) (Figure 2b) that is delimited in the study area to the north by the Falzarego
thrust and to the south by Antelao-Selva di Cadore thrust system. The Falzarego thrust,
located to the west of Cortina, juxtaposes the Tofane unit with the CM unit [30]. To the
south, the CM tectonic unit is overthrusted onto the Pelmo-Antelao unit through the south-
verging Antelao-Selva di Cadore thrust system (Figure 2b). Moving from east to west,
the complexity of the Antelao-Selva di Cadore thrust system increases [30], whereas in
the eastern sector, it is constituted by a limited number of thrust planes, which juxtapose
Dolomia Principale to Calcari Grigi Fm. (Lias). In the western sector, it involves more
heterogeneous and ductile formations such as San Cassiano Fm. and Bellerophon Fm.,
forming a zone of diffuse deformation with a high geometric and kinematic complexity.

The Lastoni di Formin outcrop is formed by two superimposed carbonate complexes,
separated by a horizontal unconformity [1]: The lower body is dominated by 10–15 m
thick, low-angle, northward-dipping clinoforms, while the upper unit is organized in
well-developed regular cycles of peritidal deposits that outcrop in the central and southern
part of the massif and are connected to margin and slope facies (dipping 20◦/25◦ to N/NE)
in the northernmost sector. Individual cycles have a thickness ranging from 7–9 m to 1 m in
the uppermost complex. However, the internal organization of the cycles and bed-parallel
structures such as stylolites, enhanced by weathering (especially in the upper layers), create
an apparent sub-metric stratification with a thickness of 20–50 cm. The lithology of the
Cassian Dolomite consists of fine-grained greyish and whitish dolostone with a sucrose
texture. The extensive dolomitization almost entirely obliterates the original depositional
fabric and the sedimentary structures that are only locally visible. The Lastoni outcrop
represents the easternmost part of a larger carbonate platform that includes, from west to
east, the outcrops of Sass de Stria, Col Gallina, and Nuvolau-Averau [31–33].

The summit plateau is surmounted, in its southern sector, by the mixed carbonate-
terrigenous deposits of the Heiligkreuz formation (sensu [26,34]). The onset of the Heiligkreuz
formation marks the demise of the high-rimmed carbonate platforms, corresponding to
a Tethys-scale crisis of the carbonate factories and a significant increase in the siliciclastic
input [19,35,36]. According to several authors, this crisis was caused by a global episode of
climate change, the “Carnian Pluvial Event” (CPE, [37,38]), which consists of a switch to
humid conditions and increased rainfall and runoff at low latitudes, triggered by a major
perturbation of the global carbon cycle [39–44]. The Heiligkreuz was deposited in a ramp
environment that progressively filled the intraplatform basins, onlapping the platform
slopes and leveling the paleotopography. In the study area, this formation corresponds to a
~50/60 m thick sequence consisting of a densely stratified carbonate basal unit (upper part
of the Borca member), an intermediate unit comprising mainly marls and marly limestones
with evident cross lamination (Dibona mb.), and a topmost unit represented by a 10–15 m
thick massive oolitic bank, almost entirely dolomitized (Lagazuoi mb.) ([26]).

Tectonic Evolution of the Dolomites

During the Late Permian and Early Triassic, a rifting phase produced N-S-trending
structural highs and lows [45]. The structural highs became the nucleus of shallow water
carbonate production, which evolved and developed into carbonate buildups, while in the
subsiding areas, the deposition of basinal units took place. During the Ladinian, sinistral
transpressive tectonics occurred in the central Dolomites [18], developing flower structures
and high-angle strike-slip faults concentrated along the alignment of the Stava fault and
Cima Bocche anticline, characterized by an N70◦ strike. These structures are reported to cut
the entire basement and sedimentary cover up to Early Ladinian rock [46]. Subsequently,
these structures were crosscut by the Late Ladinian–Early Carnian intrusive complexes of
Predazzo and Monzoni also associated with subaerial events (Sciliar, Monte Agnello) that
occurred in the area [47,48].

From Late Triassic to Jurassic times, the Dolomites were subjected to rifting and
progressively became part of the passive continental margin of the Adria plate [49,50],
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associated with the opening of the western Alpine Tethys (Piedmont-Ligurian Ocean).
This rifting led to the fragmentation of the large Dolomia Principale platform in struc-
tural highs and lows (Lombard Basin, the Trento Platform, the Belluno basin, and Friuli
Platform) and was controlled by the presence of N-S striking normal faults. During the
Paleogene and Neogene, the Southern Alpine domain was involved in the Alpine Orogeny,
and the Dolomites became the innermost part of a south-vergent thrust belt [18,50]. The
compressional tectonics started with the subduction of the Alpine Tethys Ocean during the
Cretaceous phase [51,52], and extensive investigations have highlighted the presence of sev-
eral distinct tectonic phases [53,54]. During the Dinaric phase (Chattian-Burdigalian), the
maximum compressive axis was oriented to ENE-WSW [53–55]. Between Serravallian and
Tortonian (Alpine—Valsuganense phase), N-S to NW-SE compression was recorded by the
orientation of the major overthrusts (i.e., Valsugana and Belluno overthrusts, [18,53,55–57].
In the Late Messinian–Pliocene times, the last Alpine phase (Schledrense phase) was char-
acterized by the reorientation of the σ1 axis to NW-SE [53,58], depicting an anticlockwise
rotation of the main compressive direction from NE-SW to NW-SE [53,59].

3. Materials and Method

The massive dimensions of the Lastoni di Formin outcrop and the inaccessibility of its
vertical cliffs represent a potential disadvantage for effective structural data collection using
traditional fieldwork. Moreover, the field structural measurements are necessarily limited
to a weighted number of sampling windows (mostly located on the topmost plateau) and
suffer from truncation and occlusion related to the upper limit of the field ‘resolution’ (e.g.,
fracture traces cannot be correctly measured for their entire visible extension [60]) and
the ineffective terrestrial point of view). As depicted by [1], the 3D nature of the Digital
Outcrop Model (DOM) represents a valuable option to resolve these issues, allowing one
to acquire quickly large volumes of three-dimensional, georeferenced digital measures at
multiple scales, and distributed around the outcrop. For this reason, in this research, we
used a multiscale approach combining field data with UAV-based DOM (proximal remote
sensing) and aerial-based LiDAR and orthoimage (distal remote sensing) data covering a
wide spectrum of measurement resolutions and sizes (Figure 3) that overlap each other.
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Figure 3. Schematic plots of the possible measurement resolutions achievable by the different
techniques of investigation: The traditional field survey (direct-contact), UAV-based Digital Outcrop
Models (proximal remote sensing), and aerial LiDAR and orthoimage (distal remote sensing).

3.1. Data

The UAV survey and the related development and accuracy assessment of the DOM of
Lastoni di Formin (Figure 4) have been addressed in detail by [1] and are briefly described
in Table 1.
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Table 1. Summary of the main specifications of UAV instrumentation, the photogrammetric survey,
and the developed Digital Outcrop Model (DOM) accuracy.

UAV type Sensor type Sensor
resolution Sensor size Focal length

DJI Matrice 200 Zenmuse X4S
(CMOS)

5472 × 3078
pixels 13.2 × 8.8 mm 8.8 mm

N. of flights N. of
photographs

Mean overlap
and sidelap

Mean
camera-outcrop

distance
Mean resolution

16 (ca. 20 min
each) ca. 12,000 95% 200 m 5 cm/pixel

N. of Ground
Control Points *

DOM mean
horizontal
absolute
accuracy

DOM mean
vertical absolute

accuracy

DOM mean
relative accuracy

in length

DOM mean
relative accuracy

in orientation

22 120 cm 72 cm 0.17% <1◦

* Ground Control Points (GCPs) measured by a Topcon Hyper Pro RTK-GPS.

In this research, we used part of the dataset already presented by [1] composed of a
field-based fracture dataset, a 3D line drawing of the bedding, and a 2D and 3D fault and
fracture dataset, improved with high-detail new measurements.

The fracture dataset of [1] includes 523 2D fracture traces mapped onto the outcrop
top plateau, stored as an SHP file and georeferenced in WGS84/UTM33N (EPSG:32,633),
and 246 3D polylines and their 3D best-fit planes representing 246 fracture mapped onto
the outcrop cliff, stored as georeferenced BIN files (CloudCompare format). During this
research, the 2D dataset was improved by measuring 466 2D fault and fracture traces in
order to perform a correct topological analysis of the fracture network. Therefore, the new
improved 2D dataset is composed of a total amount of 989, obtaining fault and fracture
traces. Similarly, the 3D dataset was improved with 218 new measurements to obtain a
more representative picture of the 3D fault and fracture network. Therefore, the new and
improved 3D fracture dataset is composed of 464 fault and fracture planes.

The 3D line drawing dataset of [1] is composed of 1059 3D polylines representing more
than 150 bedding surfaces [1] stored as georeferenced BIN files (CloudCompare format).
During this research, this dataset was improved by performing a global correlation of
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the beds all along the rock cliffs, which allowed us to understand and measure the fault
stratigraphic separation.

The field-based fracture dataset (449 measures) is compared with a new DOM-based
high-resolution 2D fracture dataset composed of 3503 2D fracture traces. This new dataset
will be further described.

3.2. Method
3.2.1. 2D Structural Analysis

The 2D structural analysis of the Lastoni di Formin was conducted in a GIS envi-
ronment, by means of the open-source software QGIS [61] and using the LiDAR DEM
(resolution 1 m) and AGEA2012 orthoimage (resolution 50 cm) [28]. Then, the fault and frac-
ture trace dataset was improved, adding unmapped faults and fractures and repairing the
trace topology. The repair of fracture topology was conducted using the Enable Snapping
tool of QGIS and properly defining the fracture terminations/intersections. The acquisition
of a topologically correct 2D fracture network allowed us to apply the NetworkGT algo-
rithm, developed by [62], and perform the topological analysis of the 2D fracture network
visible on the top of Lastoni di Formin outcrop.

The UAV-photogrammetric DEM and orthoimages were analyzed with a similar
procedure on selected scan areas.

The digitized fault and fracture traces were then used to extract their attitude (trend)
and length. As shown by [12], this approach could have some limitations, such as length
truncation and censoring, which may be crucial only during fluid flow and permeability-
related fracture network studies.

3.2.2. 3D Structural Analysis

The DOM was imported and sampled using CloudCompare stereo software [63] for
the stereoscopic structural data interpretation and extraction, following the methodology
presented in [11,60,64,65], and the faults, fractures, bedding altitudes and thickness, and
stratigraphic separation were collected also using a semi-automatic picking tool embedded
in the Compass plugin [66].

4. Results

The results of the fracture analysis (Figure 5) will be presented by describing (i) the
fracture geometry (orientation and size), (ii) fracture displacement and kinematic, (iii) frac-
ture intensity, and (iv) fracture network topology. The original dataset [1] was consistently
improved with the recognition of several new fractures.

4.1. Fracture Orientation

The orientations of 989 2D faults and fracture traces (Figure 5a) can be grouped into
three principal sets (Figure 6a): K1 with a mean trend of approximately 120◦ N, K2 with a
mean trend of 154◦ N, and K3 with a mean trend of 21◦ N.

The 3D DOM analysis of the orientation of the fracture network was performed on
464 fracture planes affecting the rock cliffs. Four sets of faults and fractures (Figure 6b,c)
can be distinguished: K1 with a mean attitude of 212◦N/81◦ (dip direction and dip), which
can be subdivided into K1a (200◦ N/86◦) and K1b (216◦N/79◦); K2 with a mean attitude
of 249◦N/77◦; K3 with a mean attitude of 287◦ N/86◦; and K4 with a mean attitude of
165◦ N/77◦.
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ment/kinematic, (c) fracture areal intensity (P21)., and (d) fracture network topology. The AGEA2012
orthoimage and 1 m resolution LiDAR DEM used as background are retrievable from [28].
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of the 3D fracture planes attitude and trend. The stereoplot (lower hemisphere equal angle projection)
shows the attitude of the mean plane of the recognized fracture sets K1a, K1b, K2, K3 and K4.

The 3D and 2D mapping show similar results, indicating the presence of the same
sets, K1, K2, and K3. Notwithstanding, the 3D mapping reveals the presence of a fourth
set, K4, that cannot be clearly identified by the mapped 2D fracture traces and allows us to
distinguish the sub-set K1a and K1b. Upon classifying the 2D fracture traces according to
the 3D results (e.g., Figure 6c), it has been possible to assign 614, 248, 103, and 24 fractures
to K1 (176 K1a and 438 K1b), K2, K3, and K4, respectively. According to this classifica-
tion, the analyses of the 2D fracture trace length (Figure 7a) and 3D fracture plane size
(Figure 7b) show a similar fracture size distribution, indicating that K1 and K2 have the
largest dimensions.

Despite these similarities, the 2D and 3D datasets show some differences in the general
distribution of the trace size. The size distribution of the 2D dataset is characterized by
minimum and maximum values of ca. 4 m and 1184 m, a mean length of ca. 89 m (standard
deviation of ca. 122), and a mode ranging between 20 and 30 m, while the 3D data are
characterized by minimum and maximum values of ca. 2 m and 291 m, a mean length of ca.
36 m (standard deviation of ca. 40), and a mode ranging between 10 and 20 m. While the
maximum sizes of the 2D and 3D fracture datasets are conditioned by the extension of the
Lastoni di Formin outcrop of the orthoimage and the height of the cliffs, respectively, the
minimum size of both fracture datasets is due to the resolution and the fracture sampling
strategies. As shown by [67] for the 2D datasets, the ‘effective’ fracture mapping resolution
is at least twice that of the orthoimage resolution, and for the 3D dataset, fractures under
2 m size were considered not important for the 3D analysis of the fracture attitude.

The fracture trend analysis performed at a smaller scale in selected digital scan ar-
eas on the DOM-based high-resolution orthoimage of the outcrop summit plateau (e.g.,
Figure 8a,b) and the field measurements already presented by [1] (e.g., Figure 8c,d) show
similar results.

Despite the limitations of the rectangular scan window approach [68], during the
analysis of the high-resolution orthoimage, we decided to be consistent with the approach
used in the previous study [1]. Due to the aims of this analysis consisting of the comparison
between fracture networks of the Cassian Dolomite and Heiligkreuz Fm., the limitations of
the rectangular scan window approach can be considered negligible because it affects the
two formations and the two sampling scales (field scale, DOM scale) as well.
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resolution of the data. 3D bin size is one order lower than 2D bin size.
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DOM. (c,d) Examples of fractures mapped in the field during the rectangular-window scanning. K1,
K2, K3, and K4 fractures are marked by green, red, yellow, and light blue traces, respectively.

The analysis confirms that the fracture network is mainly formed by two sets of
conjugate fractures, K1 and K2, which resemble the orientation of the major faults and
intersect each other with an angle ranging between 45◦ and 60◦, and by two other less
frequent sets of fractures, K3 and K4. Generally, field-scale fractures display straight
trends and plane parallel matching walls (Figure 8c,d). Moreover, this analysis allowed
the careful evaluation of the possible differences between the fracture networks affecting
the Cassian platform and the overlying the Heiligkreuz Fm. From the DOM analysis,
2685 and 818 fracture traces were collected on the scan areas of the Cassian Dolomite and
Heiligkreuz Fm., respectively. The fracture traces of the Cassian Dolomite are characterized
by minimum and maximum trace lengths of ca. 7 cm and 8.34 m and a mean length of ca.
75 cm (standard deviation of ca. 70 cm), whereas the fracture traces of the Heiligkreuz Fm.
are characterized by minimum and maximum lengths of ca. 14 cm and 10.53 m and a mean
length of ca. 1.43 m (standard deviation of ca. 1.10 m) (Figure 9).
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(c) normalized histograms (bin size 10 cm and normalized by probability density function) of the
length of fracture traces mapped onto the digital scan areas analyzed onto the Cassian Dolomite and
Heiligkreuz Fm.

The results of the comparison of the fracture trend analysis at two different scales
(Figure 10) clearly show that the K2 set, trending at 150–160◦ N, is present in both the
Cassian Dolomite and Heiligkreuz Fms., whereas the K1 set, trending at 110–130◦ N, is
present only in the Cassian Dolomite and is substantially absent in the Heiligkreuz Fm.
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Figure 10. Comparison of the trends of fractures mapped in 2D on the top surface of Cassian platform
(a–c) and on the overlying Heiligkreuz Fm (d–f). Fractures were mapped from the orthoimage (a,b),
high-resolution DOM (b,e), and directly on the outcrop (c,f) during the field survey. The roseplots
represent the logarithmic frequency for bin size of 10◦.

The comparison based on the high-resolution DOM-orthoimage strongly confirms the
results presented by [1] and is based only on field data, revealing a strong prevalence of
K2 structures at the top of the Heiligkreuz formation with respect to K1 structures. These
latter structures, widely outcropping on the Cassian platform pavements, are much less
frequent in the overlying Heiligkreuz Fm deposited after the demise of the Lastoni di
Formin buildup.

4.2. Fracture Displacement and Kinematics

This analysis was performed by inspecting the 3D fracture dataset and the 3D line-
drawing. The latter was used to correlate all the visible strata along the outcrop cliffs
(Figure 11a,b), identify the main faults, and quantify their visible stratigraphic separation
(Figure 11c).

During the DOM-based inspection of the outcrop, 40 faults were detected, and the
stratigraphic separations of 37 of them were estimated by using the ‘Measure two-points
thickness’ tool of the Compass plugin [66] and measuring the bedding-orthogonal distance
between correlated layers on the opposite side of the sliding surface (Table 2).
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Figure 11. (a) Bird’s eye view toward NE of the 3D DOM and (b) 3D line-drawing of the visible
stratigraphic horizons. (c) Horizontal and orthographic view toward NW of the 3D DOM where
the faults and the strata are highlighted (see Figure 5b for the fault location). F1, F2, F3, and F5
show normal stratigraphic separation, whereas F4 shows an inverse separation. (d) Normal- and
(e) reverse-separation faults stereographic projection (lower hemisphere equal).
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Table 2. Fault orientation and stratigraphic separation.

Fault
Number

Dip Direction
(◦N) Dip (◦)

Stratigraphic Separation

Type Mean Value (m) N. of Measures

1 235 80 normal 7.7 2
2 210 60 normal 7.2 4
3 220 65 normal 15.9 3
4 215 87 reverse 9.3 7
5 220 52 normal 11.9 9
6 270 72 normal 18.8 9
7 250 70 normal 31.2 3
8 260 78 normal 18.9 3
9 248 70 normal 11.0 8
10 244 69 normal 2.1 7
11 260 75 normal 4.3 5
12 220 75 normal 3.9 5
13 230 70 normal 4.4 6
14 266 85 normal 3.8 7
15 234 81 normal 4.3 7
16 172 72 normal 7.0 7
17 254 80 normal 9.0 6
18 213 79 normal 5.0 12
19 251 76 normal 2.3 2
20 204 81 reverse 19.3 4
21 200 89 reverse 1.1 5
22 197 82 reverse 5.0 2
23 218 63 normal 6.1 12
24 217 63 normal 9.4 4
25 215 59 normal 4.5 5
26 200 64 normal 7.2 3
27 216 60 ND ND 0
28 201 60 normal 7.7 1
29 214 59 normal

13.2 130 207 72 normal
31 203 63 normal 3.6 4
32 201 62 normal

2.4 233 215 79 normal
34 206 65 normal 3.2 3
35 206 65 normal 1.8 3
36 219 62 normal 4.4 5
37 221 81 normal 2.3 3
38 197 70 normal 6.5 11
39 228 53 ND ND 0
40 197 62 ND ND 0

Two main sets of normal stratigraphic separation faults are visible. They are likely
extensional faults that are hundreds of meters long and cross the entire volume of the
outcrop with a mean attitude of 210◦ N/64 ◦ (K1) and 250◦ N/75◦ (K2). Due to the lack
of kinematic indicators, it cannot be excluded that some of these normal-separation faults
are strike-slip faults or have been reactivated with strike-slip kinematics. The ascertained
strike-slip structures affecting Lastoni di Formin will be presented and discussed further.

K1 faults are particularly well exposed in the central part of the western cliff of Lastoni
di Formin; they display a listric geometry and a small normal stratigraphic throw toward
SW. They present branches and conjugate faults and are arranged in a regularly spaced
domino array (Figure 12a).
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Figure 12. (a) Horizontal view toward east of the DOM representing the central part of the western
cliff of Lastoni di Formin where the K1 faults are visible. (b) Horizontal view toward north of the
DOM representing the eastern part of the Lastoni di Formin south wall where the main K2 faults
(fault segments 7 and 8) are visible.

K2 faults show a higher inclination (approximately 75◦) and a dip direction toward
W. The main K2 fault (fault segments 7 and 8) dissects both the Cassian dolomite and
the overlying Heiligkreuz formation (Figure 12b). This fault splits into three branches
corresponding to the south wall of the outcrop, where a displacement of more than 30 m on
the main branch (fault 7) can be measured. Both K1 and K2 structures form large trenches
at the fault core (1 m ca. Figure 13), sealed by soils and loose carbonate material.
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Figure 13. Trenches at the fault core and intersection zone of K1 and K2 faults on the top of the
Lastoni di Formin platform as it appears in the UAV-photographs (a) and in the field (b). Note the
large trenches that characterize the fault core and the depression zone formed at the intersection
between the two faults.
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In the field, the fault and fracture surfaces are strongly altered by pervasive dolomitiza-
tion and weathering, preventing the recognition of kinematic indicators, such as slickenlines
and calcite slickenfibers. However, evidence of strike-slip deformation affecting the plat-
form was detected on DOM by observing the geometrical features of several fractures. In
particular, several nearly vertical faults with no visible stratigraphic separation and a mean
orientation of N202◦/87◦ (Figure 11e) are clearly visible along the west cliff, which crosscut
and slightly displace the older K1 fault planes (Figure 14).
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Figure 14. (a) Sub-vertical strike-slip faults that crosscut a K1 fault near Forcella Giau. The combi-
nation of strike-slip and compression generates an uplifted antiformal “dome” that forms the peak
of Lastoni. (b) Detail of sub-vertical faults that crosscut a K1 fault plane along the western cliff of
the outcrop.

Near Forcella Giau narrow shear fractures, characterized by reverse stratigraphic
separation, generate an uplifted antiformal area on the top surface (Figure 14a).

The DOM-based morphometric analysis of the top plateau of Lastoni di Formin reveals
that K1 and K2 faults often form pull-apart-like zones of depression in which confined
fractures form a 30◦ angle with the faults (Figure 15a–c). These faults often show conjugate
geometry by intersecting themselves with an angle of 40–50◦ (Figure 15d); in this area,
several mode-I fractures are parallel to the bisector of these faults.

4.3. Fracture Intensity

The analysis of the fracture intensity was performed at the top of the Lastoni di Formin
using the DICE algorithm, developed by [69] and retrievable from [70]. Following the
guidelines of [69], the scan radius of the scan circular window was set as ca. 90 m. The
DICE-based analysis shows that the Cassian Dolomite has a higher fracture intensity with
respect to the Heiligkreuz Fm. (Figure 5c). The fracture intensity is essentially due to the
K1b set because it is more frequent (NK1b = 438; 44.3%) with respect to K1a (NK1a = 176;
17.8%), K2 (NK2 = 248; 25.1%), K3 (NK3 = 103; 10.4%), and K4 (NK4 = 24; 2.4%). This could
explain the relatively low fracture intensity of the Heiligkreuz Fm., which is substantially
free of K1 fractures.
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Figure 15. Examples of strike-slip structures visible at the top of the platform. (a) DOM top view of a
releasing stepover structure that forms a sort of small pull-apart basin along a K2 fault. Its presence is
enhanced by (b) the DOM elevation and (c) the DOM distance from the ‘local’ plane that best fits the
surface of the top plateau. (d) Releasing stepover on a K1 fault (F11) and mode-I (tensional) fractures
oriented parallel to the bisector of the conjugate strike-slip faults. The inferred kinematics is dextral
for the K1 and sinistral for the K2 faults, respectively.

In the Cassian Dolomite, at the field-scale, fractures show an increase in their intensity
toward the faults [69].
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4.4. Fracture Network Topology

A topological analysis of the fracture network (sensu [71]) affecting both the Cassian
Dolomite and Heiligkreuz Fm. was performed using the Network-GT plugin of QGIS. The
results of this analysis are displayed in Figure 16 and reported in Tables 3 and 4.
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Figure 16. Ternary plots of the fracture termination nodes and branches defining the 2D fracture
network topology for (a) Cassian Dolomite and (b) Heiligkreuz Formation. Pie-charts representing
(c) the proportion of Y-type termination (fracture terminates on fracture) and (d) X-type nodes of the
fracture network topology of Cassian Dolomite.

Table 3. Fracture nodes statistic retrieved from the topological analysis of the 2D fracture traces
mapped onto the top of Lastoni di Formin Cassian Dolomite.

Set
Nodes

I-Type X-Type Y-Type

All sets 1162 (68%) 343 (20%) 193 (12%)
K1a 219 (59%) 120 (32%) 35 (9%)
K1b 492 (66%) 183 (24%) 74 (10%)
K2 317 (57%) 199 (36%) 41 (7%)
K3 114 (40%) 141 (49%) 30 (11%)
K4 20 (27%) 42 (56%) 13 (17%)
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Table 4. Fracture node statistics retrieved from the topological analysis of the 2D fracture traces
mapped onto the top of Lastoni di Formin Heiligkreuz Fm.

Set
Nodes

I-Type X-Type Y-Type

All sets 39 (80%) 3 (6%) 7 (14%)
K1a 3 (60%) 1 (20%) 1 (20%)
K1b 1 (33%) 1 (33%) 1 (33%)
K2 34(77%) 3 (7%) 7 (16%)
K3 1 (50%) 0 (0%) 1 (50%)
K4 - - -

The overall topology of the fault and fracture network (see also a preliminary analysis
in [1]) affecting the Cassian Dolomite (I-nodes 68%, X-nodes 20%, and Y-nodes 11%) is
mainly influenced by K1b (I-nodes 66% X-nodes 24%, and Y-nodes 10%) and secondly
by K1a (I-nodes 59%, X-nodes 32%, and Y-nodes 9%) and K2 nodes (I-nodes 57%, X-
nodes 36%, and Y-nodes 7%), whereas K3 and K4 show a slightly different topology
(I-nodes 40%, X-nodes 49%, and Y-nodes 11% for K3 and I-nodes 27%, X-nodes 56%,
and Y-nodes 17% for K4). In general, most of the abutting relationships (Y-type nodes;
Figure 12c) regard fractures abutting against the K1 set (55%), especially against the K1b
subset (33%). Fractures that abut against K2 are also relatively abundant, representing
ca. 28% of all Y-type terminations. Fractures that abut against K3 and K4 are the least
abundant, representing less than 19% of all Y-type terminations.

The topology of the fracture network affecting the Heiligkreuz Fm. is quite different
(I-nodes 80%, X-nodes 6%, and Y-nodes 14%) and seems to be mostly influenced by K2 (I-
nodes 77%, X-nodes 7%, and Y-nodes 16%) and successively by K1a (I-nodes 60%, X-nodes
20%, and Y-nodes 20%), whereas K3 and K1b show a slightly different topology (I-nodes
50%, X-nodes 0%, and Y-nodes 50% for K3 and I-nodes 33%, X-nodes 33%, and Y-nodes
33% for K1b). Notwithstanding this, due to the low number of fracture nodes detected, the
results of the topological description of the fracture network affecting the Heiligkreuz Fm.
must be considered only qualitatively.

5. Discussion
Relative Timing and Deformation History

The analysis of the orthoimage, LiDAR aerial dataset, and UAV-based DOM, together
with the results of field observations, provide valuable information on the relative timing
of the different fracture sets affecting the carbonate platform. The results confirm the
findings of [1,2] that several ESE-WNW-trending K1 extensional fractures and normal faults
occurred during or shortly after the platform growth due to the differential compaction
of the basinal unit driven by the platform progradation and aggradation [1,2] and pre-
date the tilting of the platform and further tectonic events that generated other structures.
The K1 normal faults are characterized by a metric normal stratigraphic separation and
have extensively affected the Cassian Dolomite, lowering the platform interior (Figures
5b, 11d and 12a). These faults that dip towards the inner platform are possible due to
the differential compaction of the San Cassiano basinal Formation that may have induced
a greater lowering of the sectors towards the aggrading inner platform [1,2]. Regarding
field-scale fractures (Figure 10), they are substantially absent in the overlying Heiligkreuz
Fm. (Figure 5c). This helps to limit their origin to a moment before the deposition of
this unit: K1 fractures were likely formed during or shortly after the platform growth
(Late Ladinian, Early Carnian). This hypothesis is also supported by the analysis of the
topological relationships between fractures (Figure 16), as generally most of the K2, K3,
and K4 fractures terminate against the K1 fractures, especially K1b, suggesting an earlier
relative timing of K1 and their synsedimentary age [1]. K1 fractures were generated by
the differential subsidence of the basinal deposits located at the platform margin under
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the load of the prograding platform [1,2], so due to their synsedimentary origin they can
be associated with an early embrittlement phase of carbonate rocks [13] and they could
have played a significant role in the early diagenetic fluid migration, triggering karst
development and enhanced permeability [72–76].

However, it should be noted that some of the K1 fractures may have a more re-
cent origin because they do not display synsedimentary features, are nearly vertical, and
show right-hand strike-slip displacement (Figure 15d). The analysis of the altitude of
the reverse stratigraphic separation faults (Figure 11e; Table 2) clearly suggests that most
of the newest K1 and/or reactivated ones may belong to the subset K1a due to their
comparable orientation.

NNW-SSE K2 fractures, on the other hand, are widespread both in the Cassian
Dolomite and Heiligkreuz Fm. and post-date K1 structures. Taking into account their
orientation (Figure 6) and extensional kinematics (Figures 11d and 12b), we suggest that
this set is possibly related to the E-W phase of extension and rifting that occurred in the
Dolomites during Upper Triassic–Jurassic times. The analysis of the fracture network topol-
ogy supports this hypothesis, showing that K2 directly follows K1 in terms of fractures that
terminate against it, and suggests that most of the potential fracture network conductivity
is developed, showing that most of the connection nodes (e.g., X- and Y-type nodes) relate
to fracture sets K1 and K2.

The last phases of deformation that affected the area during the Alpine Orogeny are
responsible for the partial reactivation of the preceding K1 and K2 structures, the formation
of new parallel fractures, and the genesis of K3 and K4 fractures. The more recent genesis
of K3 and K4 fractures has also been shown by the analysis of the fault and fracture traces
(Figure 7), which indicates that the traces of K3 and K4 are generally shorter than those of
K1 and K2 and that the larger part of the Y terminations are due to K1 and, subordinately,
younger fractures (e.g., K3), which abut against the older ones (K2) (Figure 16).

Strike-slip kinematics is likely the more relevant manifestation of these last phases
of deformation. In general, due to the lack of clear fault surface kinematic indicators, the
shear sense was inferred by the geometries of structures (e.g., [13,77,78]). Extensional
releasing stepovers form small local zones of depression, often partially filled with detritic
materials or soil. In contrast, restraining compressional stepovers produce local shortening
that generates uplifted areas that are, however, usually partially eroded and, therefore,
more difficult to recognize. The linkage of the parallel fault segments generally occurs
through the development of R and P fractures. According to this rationale, the observations
revealed dextral kinematics for the subvertical, nearly E-W-trending faults (parallel to
K1 fractures, Figure 14a) and sinistral strike-slip reactivation for the inherited K2 faults
(Figure 15). However, the presence of some indicators such as releasing bands suggests
that some K1 normal faults were also subjected to dextral reactivation (Figure 15d).

Therefore, it can be supposed that a strike-slip tectonic regime, characterized by an
NW-SE maximum compressional axis, generated new 100–120◦ N-trending right strike-
slip faults and K3 sinistral strike-slip structures that intersected the preceding/inherited
extensional K1 and K2 fractures and faults. This hypothesis is also supported by the
releasing stepover structures detected in the study area, which suggest reactivation with a
sinistral-offset strike-slip kinematic of westward-dipping K2 normal faults (Figure 15a–c),
and by the conjugate arrangements of K1 and K2 strike-slip faults and mode-I fractures
(Figure 15d).

Similar releasing stepover structures at a larger scale were reported for Croda da
Lago—Rocchette and Col di Gallina structures, where K2-trending strike-slip structures
are associated with normal faults with huge dimensions and offsets and opposite vergence
that develop pull-apart basins [26,30].

K4 fractures were likely generated as compressional fractures with a direction sub-
orthogonal to the maximum compressional axis. These features, similar to those reported
by [79] on the coeval Cassian platform of the Sella Complex, are consistent with the NW-SE
direction of the maximum compressive stress during the last phases of the Alpine compres-
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sions and the consequent kinematic inversion of the pre-existent structures inherited from
the earlier tectonic phases. Lastly, considering the orientation of the K3 and K4 fractures,
it cannot be excluded that the Alpine compressional phase of deformation could have
been characterized during the Neogene by an anticlockwise reorientation of the maximum
compressional axis from N-S (or NNE-SSW) to NW-SE.

The sketch in Figure 17 summarizes the major deformational phases that affected the
platform and the resulting structural features.
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Figure 17. Sketch of the main deformational phases that affected the platform of Lastoni di Formin:
(a) K1 faults and fractures formation due to the early/syndepositional fracturing driven by differential
compaction processes; (b) K2 faults and fractures formation due to the Jurassic E-W extensional
tectonics; (c) K1 and K2 fault and fracture reactivation and K1, K3, and K4 faults and fractures
formation due to the NNE-SSW to NW-SE Alpine compression (Cenozoic).

6. Conclusions

The complex fracture and fault network that affects the Lastoni di Formin platform
is the result of several overlapping deformational events that occurred essentially in a
brittle regime. Most of the mapped structures correspond to fractures, and the faults
detected along the platform seem to accommodate little strain, showing relatively small
metric displacements (except the main K2 fault that displays a normal stratigraphic offset
of ~20 m, clearly dissecting the Heiligkreuz Formation). Considering the features and
the geometry of the detected fractures, the main deformational events that affected the
platform can be summarized as follows:

1. Compaction-induced deformation that generated WNW-ESE-trending K1 extensional
fractures and normal faults, perpendicular to the direction of platform progradation,
likely active during or shortly after the platform growth (Late Ladinian, Early Carnian).

2. Extensional tectonics, likely related to the Jurassic rifting phase, led to the formation
of NNW-SSE striking K2 fractures and westward-dipping normal faults.

3. Neogene compressional tectonics, characterized by an N-S to NW-SE crustal shorten-
ing that deformed the platform essentially with fractures and strike-slip structures:
The best-documented deformational phase is characterized by an NW-SE-trending
maximum compressional axis and is associated with the formation of new 100–120◦ N-
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trending right strike-slip faults and K3 sinistral strike-slip structures that intersected
the preceding extensional K1 and K2 fractures and faults. The partial transcurrent
reactivation of the preceding K1 and K2 structures together with the generation of
new sets of fractures (K3 and K4) suggest that the Neogene strike-slip tectonics could
be characterized by a reorientation of the maximum compressional axis from N-S (or
NNE-SSW) to NW-SE.
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