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ABSTRACT

Among the several Triassic carbonate platforms of the Dolomites, the high and vertical cliff of the Gusela del Nuvolau Cassian carbonate platform provides one of the
best exposures of a platform - basin transition. However, its analysis using traditional filed surveys can often be limited and distorted due to the difficult and often
impossible accessibility of its walls and the lack of optimal observation points. For this reason, in this study an analysis based on the Digital Outcrop Model (DOM)
developed by Uncrafted Aerial Vehicle (UAV) digital photogrammetry technique was used. The 3D DOM analysis allowed to properly determine the stratal geometry
and the fracture network of the carbonate platform and underlying basinal deposits (San Cassiano Formation) and to identify the presence of early deformation
structures. These structures were probably driven by the differential compaction of the basinal facies that is due the differential load of the carbonate platform as
confirmed by the numerical 2D models. These structures are generally orthogonal to the NE progradation direction of the carbonate platform, as in the nearby Lastoni

di Formin platform.

1. Introduction

Between 50% and 60% of the world’s hydrocarbon reserves are held
in carbonate reservoirs. The Middle East, for example, is characterized
by large carbonate fields that host around 70% of oil and 90% of gas
reserves (Beydoun, 1986; Nairn and Alsharhan, 1997). Moreover, car-
bonate aquifers are probably one of the most important thermal water
resources outside of volcanic areas (Goldscheider et al., 2010).

The porosity and permeability of carbonate reservoirs are often
secondary as are due to fracturing and in some reservoir rocks such as
low-porosity carbonates, secondary permeability provides the main flow
conduit for fluid migration. The presence in carbonate reservoirs of
fracture corridors with an extent of hundreds of meters in width and
height and an area in the order of kilometers represent primary path-
ways for hydrocarbon migration. Generally, these structures have a
permeability incomparably greater than the rock matrix, having a
considerable influence on hydrocarbon and water production and re-
covery (Nelson, 2001).

In recent years, the role of syn-depositional fractures in controlling
the permeability and flow of fluids in carbonate bodies has been pro-
gressively recognized of crucial importance. Early fractures are often
characterized by a great aperture and non-matching margins (Inama,
2020) and generally they are subjected to repeated mobilizations under
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the action of subsequent tectonic stress fields. These peculiar features
make them the principal hydraulic patways of the carbonate reservoirs,
enhancing permeability (Kosa and Hunt, 2005; Frost and Kerans, 2009;
Berra and Carminati, 2012), providing pathways for fluid flow and
playing a significant role in the migration of early diagenetic fluids,
triggering karst development.

A connection between the dynamic of a carbonate platform and its
early fracturing has been already hypothesized (Frost and Kerans, 2009;
Berra and Carminati, 2012; Budd et al., 2013; Ibrayev et al., 2016;
Nooitgedacht et al., 2018; Nolting et al., 2020), however only few study
investigated the mechanisms with which fractures develop during
platform evolution (e.g. Nolting et al., 2020).

The eastern sector of the Gusela del Nuvolau Cassian carbonate
platform (Upper Ladinian — Lower Carnian age) provides one of the best
exposures of the platform-to-basinal transition and the geometrical
connection between slope and basinal deposits (the heteropic San Cas-
siano Formation) (Bosellini, 1984; Blendinger and Blendinger, 1989),
where the relationships between early fractures and the progradation of
a platform can be observed and measured. However, the geological and
structural analysis is locally very difficult due to the huge dimensions
and inaccessibility of the outcrops (sub-vertical cliffs), and also distant
observations are often affected by perspective errors caused by unfa-
vorable exposure of the outcropping cliffs (e.g. the absence of outcrops
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Fig. 1. (a) Geological map of the Gusela del Nuvolau surrounding area (from Neri et al., 2007, modified), (b) location map of the outcrop, and (c) terrestrial
panoramic view of the Gusela del Nuvolau. DP, Dolomia Principale; TVZ, Travenanzes Fm.; HKS, Heiligkreuz Fm.; DCS, Cassian Dolomite (differentiated in DSC1 and
DSC2 according to Neri et al., 2007); SCS, San Cassiano Fm.; WEN, Wengen Fm.; SCI, Sciliar Fm.; IMF, Mt. Fernazza Fm.

exactly perpendicular to the direction of progradation) and occlusions
that can lead to significant errors in the interpretation of the outcrop
geometries.

For all these reasons the geological study of the platform was con-
ducted by the analysis of detailed photogrammetric Digital Outcrop
Models (DOMs) that were realized using Unmanned Aerial Vehicles
(UAV or drones) and Structure from Motion (SfM) process. This tech-
nique allowed to acquire quantitative information along the vertical and
inaccessible cliffs of the Gusela del Nuvolau, and to study the outcrop-
ping structures. Digital photogrammetry is an important source of data
in many fields of geosciences (Hodgetts et al., 2004; Casini et al., 2016;
Cawood et al., 2017; Corradetti et al., 2017; Burnham and Hodgetts,
2019; Menegoni et al., 2019; Inama et al., 2020) because it allows the
reconstruction of georeferenced 3D outcrop models that can be visually
analyzed in a stereoscopic environment with high-resolution images and
without perspective distortion, and where accurate measurements of
structures of every size can be acquired.

The use of UAVs allows shooting remote or inaccessible portions of
the outcrops (Sturzenegger and Stead, 2009; Menegoni et al., 2018;
Inama et al., 2020), reducing occlusions and vertical orientation biases.
In addition, the processing of high-resolution DOMs can produce
orthorectified images collected from different points of view (Gattolin
et al., 2015; Tavani et al., 2016; Corradetti et al., 2017; Inama et al.,
2020).

2. Geological setting

The Gusela del Nuvolau is an isolated peak that outcrops in a domi-
nant position a few hundred meters north of Passo Giau (Belluno
province, Italy) and is one of the major elevations of the Nuvolau Group,
in the central-eastern Italian Dolomites (Fig. 1).

The Dolomites are part of the Southern Alpine domain and are
bounded to the north by the Funes-Passo delle Erbe line and to the south
by the south verging Valsugana thrust (Doglioni, 1987). During the
Alpine orogeny, most of the strain was accommodated by intensive

thrusting at the southern margin of the Alps, and the central part of the
chain was only mildly deformed by tectonics (Bosellini and Neri, 1991;
Mollema and Antonellini, 1999), preserving the seismic-scale deposi-
tional geometries of the Middle Triassic platforms.

The outcrop of Gusela del Nuvolau represents the remnants of an
exhumed Cassian buildup of Upper Ladinian — Lower Carnian age
(Fig. 2).

This generation of platforms (Cassian Dolomite, Neri et al., 2007),
belonging to the so called post-volcanic platforms, are dominated by
prograding slope deposits and associated with shallowing basinal suc-
cession (Stefani et al., 2010).

Several authors (Leonardi, 1968; Bosellini et al., 1982; Blendinger
and Blendinger, 1989) have pointed out that the Gusela was part of a
larger carbonate platform extended approximately between Falzar-
ego/Valparola and Giau passes, and including the outcrops of Sass de
Stria, Col Gallina and Averau to west and the Lastoni di Formin to east. The
lithology of the Cassian Dolomite consists of greyish and whitish fine
grained dolostone with sucrose texture. The dolomitization of the Cas-
sian platform is often pervasive and the original texture of the rock, the
fossil content and the sedimentary structures are hardly recognizable:
the reconstruction of the biota is largely based on studies of isolated and
undolomitized olistholites (cipit boulders), and swarms of carbonate
material embedded in the coeval basinal sediments of the San Cassiano
Formation (Russo et al., 1997).

The eastern wall of the Gusela represents a spectacular example of
the platform-to-basin transition: while the small topmost part of the
mountain corresponds to the platform interior, the outcrop is mainly
constituted by the massive northward-dipping clinoforms of the slope
facies, that prograded over the coeval basinal deposits, composed by
marly limestones (San Cassiano Formation). The exceptional exposure of
the depositional geometries gives the opportunity to study in detail the
processes that control the progradation of the Cassian Dolomite
platform.
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Fig. 2. (a) Stratigraphic framework of part of Middle and Upper Triassic of the central-eastern Dolomites (from Preto et al., 2017, redrawn) and (b) simplified sketch
of the stratigraphic relationships in the study area (modified after Neri et al., 2007 and Inama et al., 2020). DP, Dolomia Principale; TVZ, Travenanzes Fm.; HKS,
Heiligkreuz Fm.; DCS, Cassian Dolomite (differentiated in DSC1 and DSC2 according to Neri et al., 2007); SCS, San Cassiano Fm.; WEN, Wengen Fm.; SCI, Sciliar Fm.;

IMF, Mt. Fernazza Fm.; AQT:Acquatona Fm.; LVN: Livinallongo Fm.
2.1. Tectonic history and structural evolution

From Mesozoic Dolomites underwent a complex tectonic evolution.
During Late Permian — Early Triassic, a rifting phase generated two
principal N-S trending structural highs and lows (Doglioni, 1987;
Bosellini et al., 2003) allowing the development of the so called Trento
platform and the Carnico-Bellunese basin. During Ladinian, a local
sinistral transpressive tectonic induced the development of flower
structures and high angle strike slip faults concentrated along the
alignment of the Strava fault and Cima Bocche anticline, characterized
by a N70° direction (Doglioni, 1987). The age of these structures was
determined by the cross-cutting relationships with the Late Ladinian -
Early Carnian volcanic and plutonic bodies related to the emplacement
of the intrusive complexes of Predazzo and Monzoni (Doglioni, 1987;
Castellarin., 1988; Abbas et al., 2018).

From Late Trassic to Jurassic times the Dolomites were subjected to a
rifting process and progressively became part of the passive continental
margin of the Adria plate (Bertotti, 2001; Berra and Carminati, 2012).
Due to the rifting, the Dolomia Principale platform was fragmented in
different structural highs and lows characterized by the presence of N-S
striking normal faults (Doglioni, 1987). During Paleogene and Neogene
Alpine tectonics, the Dolomites became the innermost part of a
south-verging thrust belt (Doglioni, 1987; Berra and Carminati, 2012).
Extensive investigations show as the Alpine compressional tectonics is
outlined by different phases (Caputo, 1996; Caputo et al., 1999, 2010).

In the Dinaric phase (Chattian-Burdigalian) the maximum compressive
axis was oriented ENE-WSW (Caputo, 1996, 2008). Between Serraval-
lian 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, Doglioni, 1987; Antonellini
and Mollema, 2000; Caputo, 1996; Schonborn, 1999). In the Late Mes-
sinian-Pliocene times, the last Alpine phase (Schledrense phase) was
characterized by the reorientation of the maximum compression axis to
NW-SE (Caputo, 1996; Castellarin et al., 1992), depicting an anticlock-
wise rotation of the main compressive direction from NE-SW to NW-SE
(Caputo, 1996; Mazzoli and Helman, 1994).

Despite this long tectonic history, Dolomites are only slightly
deformed in a large pop-up syncline of Neogene age (Doglioni and
Castellarin, 1985; Doglioni, 1987; Castellarin et al., 1992; Bosellini
et al., 2003) and exhibit several generations of different and
well-exposed Triassic carbonate platforms.

3. Geometry of clinoforms

Some of the Middle - Triassic carbonate platforms outcropping in the
Dolomites are characterized by the superb exposure of the platform-to-
basin transition (i.e. Sella, Rosengarten) and the extraordinary preser-
vation of the slope facies geometries. The several generations of plat-
forms that developed from Anisian to Carnian display different
evolution and geometries (controlled by the progradation to
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Fig. 3. The four main geometrical configurations of clinoforms, depicted by Bosellini (1984), as a function of sediment fabric and distribution along the slope: (a)
oblique-tangent pattern, (b) oblique-parallel pattern, (c) sigmoidal-oblique pattern and (d) flattening-out pattern (redrawn from Bosellini, 1984).

aggradation ratio) and slope angles. Growth and architecture of car-
bonate platforms are controlled by several sedimentary, biological and
physical factors (Schlager, 1993; Maurer, 2000; Marangon et al., 2011;
Preto et al., 2017; Reijmer, 2021), and a certain degree of variability in
terms of depositional geometries is also possible within platforms of the
same age.

The Anisian Contrin platforms show thickness that normally ranges
between 50 and 150 m (occasionally 500 m) flanked by large clinos-
tratified (15-20°) slope bodies. Anisian platforms aggraded very fast in
response to extremely high subsidence values (Gianolla et al., 2008;
Preto et al.,, 2011). The subsidence ratio was estimated around
600-1500 m/Myr (Franceschi et al., 2020), while the platforms reached
700-800 m of thickness (e.g. Rosengarten, Marmolada and Latemar
platforms) and developed slopes with different geometry (Stefani et al.,
2010; Gianolla et al., 2021). Slopes are generally characterized by a
concave upward shape with inclination of 10°-25° in the early phase,
and a very steep planar morphology (30° — 42°) in the late pre-volcanic
phase. During the early Ladinian subsidence decreased to negligible
values and the carbonate platforms expanded by progradation for
several km over the adjacent basins producing large clinostratified slope
breccia bodies (Maurer, 2000, Bosellini et al., 2003). The Carnian gen-
eration of buildups (Cassian Dolomite) displays clinostratified slope
angles that reach 20°-30° (Bosellini et al., 2003) that progressively
decrease at the toe of slope (Keim et al., 2001). However, slope angles
can vary depending on the carbonate factory that supplies the sediment
and the processes operating on the slopes (Kenter, 1990; Keim and
Schlager, 1999, 2001; Trombetta, 2011).

Few studies carried out in the Dolomites described the variability of
clinoforms shape (e.g. Bosellini, 1984; Kenter, 1990; Adams and
Schalger, 2000). In particular, Bosellini (1984) describes four main
geometrical configurations of clinoforms as a function of sediment fabric
and distribution along the slope: (a) oblique-tangent pattern, (b) oblique
parallel pattern, (c) sigmoidal-pattern and (d) flattening-out pattern
(Fig. 3).

The oblique-parallel pattern forms where the slope beds are
composed of coarse talus debris (e.g. megabreccia) that can deposit with
a relatively high angle of repose at the footslope, as the case of the
Catinaccio; the other geometries occur where the deposits have lower
grain size (gravel, sand, mud), as for Gusela de Nuvolau and western and
southern Sella. Notwithstanding, according to Bosellini (1984) the
flattening-out geometry (configuration c) could be strongly influenced
by the slope height (lower height, stronger flattening-out geometry).
The oblique-parallel clinoforms, also called planar clinoforms, are
characterized by “a homogeneous foreslope and often exhibit abrupt or
sub-horizontal downlap patterns” (Playton et al., 2010). The shape of
oblique tangential and flattening-out clinoforms, also called exponential
clinoforms, is influenced by the gradational facies changes and

Table 1
Specification of the UAV used to perform the Digital Photogrammetric survey.

Type DJI Phantom 4 RTK DJI Mavic Air 2

Weight (payload 1391 g 570 g
included)

Camera sensor size 1 inch 1/2 inch

Camera sensor 20 megapixels 48 megapixels
resolution

GNSS type Professional (Real Time Consumer

Kinematic) (standalone)
GNSS accuracy <5 cm >2m

basinward fining along dip (Playton et al., 2010). The Sella platform
represents a key example of the mutual relationship between basinal
sedimentation and platform progradation rates. The southward and
westward clinoforms, facing the major volcanoclastic source, shows
climbing progradation, while the slope in the northern side of the
platform displays a quasi-horizontal contact between clinoforms and
basinal deposits: this is probably caused by a reduced sediment supply
due to the barrier formed by the platform itself for sediments carried
from south (Bosellini et al., 1982; Bosellini, 1984; Doglioni, 1987).

4. Methodology

The facies and geometry analysis of the Gusela del Nuvolau platform
are hampered by its unfavorable exposure, huge dimensions, and
extremely difficult access to the outcrops (e.g. sub-vertical cliffs
inspectable only by climbing with a high hazard of rockfall). Also the
extensive dolomitization often partially obliterates the original deposi-
tional fabric, the sedimentary structures and the fossil content, similarly
to the nearby Lastoni di Formin outcrop (Inama et al., 2020). For these
reasons, the geological analysis of the Gusela del Nuvolau Platform was
performed coupling the traditional field survey with the Uncrafted
Aerial Vehicle (UAV)-based Digital Photogrammetry (DP). This tech-
nique permits overcoming the main limitation of the traditional field
survey, such as the impossibility to reach the inaccessible position of the
outcrops and properly visualize the geological structures from a correct
point of view (Tavani et al., 2016; Inama et al., 2020).

4.1. UAV digital photogrammetry survey and Digital Outcrop Models
development

The UAV Digital Photogrammetry survey (UAVDP) was achieved
using two different types of quadcopters, one equipped with a standard
Global Navigation Satellite System (GNSS) and another with a high
accuracy Real Time Kinematic (RTK)-GNSS.
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Table 2
Specification of the UAVs surveys.

UAV Type DJI Phantom 4 RTK DJI Mavic Air 2
Number of flights/models 6 4

Distance camera-outcrop range (m) 30-200 20-80

Image resolution range (cm) 1-5 0.3-1

The specifications of the two UAVs are reported in Table 1.

The main differences between the two drones regard the weight and
the GNSS accuracy. The quadcopter DJI Phantom 4 RTK can record the
position of image acquisition with higher accuracy (<5 cm), but it re-
quires the positioning of the D-RTK2 GNSS-base station that can make
the mission planning more complicated. For its lightweight and lower
cost the quadcopter DJI Mavic Air 2 was used in a more ‘carefree’ way
flying much closer to the outcrop, thereby acquiring pictures with a
higher resolution.

For this reason, the DJI Phantom 4 RTK was used to acquire the
images of the entire outcrop, whereas the DJI Mavic Air 2 was used to
acquire images with a very-high resolution and, therefore, to cover with
a high resolution some details of the outcrop.

The specifications of the UAV-DP surveys conducted by the two
drones are reported in Table 2.

The images acquired by the UAVs were then used to elaborate the
Digital Outcrop Models. The DOMs were developed using the Metashape
software (Agisoft, 2019) processing the image at the full resolution,
following the procedures described in Inama et al. (2020). The result of
the DOMs development is shown in Figs. 4 and 5.

4.2. Digital Outcrop Models accuracy

Due to the use of a UAV with RTK-GNSS, a Ground Control Points
(GCPs) survey was not performed. Several studies (Peppa et al., 2019;
Taddia et al., 2019, 2020; Stott et al., 2020; Stroner et al., 2020) show
that using the quadcopter DJI Phantom 4 RTK, together with the D-RTK2

Fig. 6¢ “I
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|
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GNSS base station, it is possible to obtain absolute accuracies lower than
7 cm that is considered largely sufficient for the aims of this study.

The DOMs obtained using the DJI Mavic Air 2 quadcopter that is
equipped with a low-cost GNSS were elaborated using the positions
registered by the onboard GNSS and, then, they were appropriately
translated to fit the high-precision models developed using the DJI
Phantom 4 RTK quadcopter. These translations are in general about 2-5
m and correspond to the absolute accuracies of these models.

After the translation of the DOMs developed with the quadcopter DJI
Mavic Air 2, the relative accuracy was estimated using the methodology
described in Menegoni et al. (2019) and Inama et al. (2020), which
consist in calculating the difference in scale and orientation of the vec-
tors that join the real points of the world and those that join the
equivalent points onto the models. The comparison of 45 vectors that
join the points of the high-accuracy DOMs, developed with the DJI
Phantom 4RTK, with the equivalent points of the DOMs developed with
the DJI Mavic Air 2 indicate a difference in scale and orientation lower
than 0.8° and 0.45%, respectively. These values indicate a good relative
accuracy of the DOMs developed using the DJI Mavic Air 2 and are
coherent with the values reported by Menegoni et al. (2019) and Inama
et al. (2020) for DOMs developed using UAVs equipped with low-cost
GNSS.

4.3. Digital Outcrop Models analysis

The analysis of the Digital Outcrop Models (DOMs) was conducted
using the open-source CloudCompare software (CloudCompare, 2019)
that permits visualization of the DOMs in a 3D-stereoscopic environment
and collection of 3D measures with high precision (Menegoni et al.,
2018; Inama et al., 2020). In particular, bedding, fractures and faults,
together with their geometric information, as attitude, position and
dimension were measured and mapped (Fig. 6). Whereas the 3D map-
ping of the bedding (3D line drawing) was performed mainly using the
Compass plugin of CloudCompare (Thiele et al., 2017), the 3D mapping
of the fractures and faults was done manually by picking the fractures

Fig. 4. 3D oblique view of the mosaic of all the Digital Outcrop Models (DOMs) developed using the images acquired by the UAVs. The red dashed line delimits the
area covered by the DJI Phantom 4RTK surveys, whereas the yellow dashed lines delimit the areas covered by the DJI Mavic Air 2 surveys. The grey boxes represent
the point of view of the next figures (Fig. 5a, b and 5c¢). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 5. The Digital Outcrop Models (DOMs) viewed from different horizontal views. (a) North-view of the Gusela del Nuvolau outcrop from the Passo Giau road, from
where both the ‘South cliff’ and ‘East cliff’ are visible. (b) NW-view of the ‘East cliff’ which is roughly parallel to the N-NE progradation of the platform. (c) ‘South

cliff’ of the Gusela del Nuvolau viewed from SW.
and faults points and interpolating the best-fit 3D plane.

5. Results
5.1. Analysis of the platform geometry and facies

The visual inspection and 3D interpretation of the developed DOM
allowed us to identify the geometry and the sedimentological features of
the 3 principal facies outcropping in the area, the inner platform beds,
slope clinoforms and thinly layered basinal deposits (Fig. 7).

In the southwestern upper part of the outcrop, a succession of regular
and well stratified beds was identified and interpreted as the inner
platform facies of the Cassian Dolomite. The mean attitude and thickness
of the recognized beds are around 028°N/25° (dip direction/dip; Figs. 8)
and 2 m, respectively.

The inner platform beds increase their thickness moving towards the
margin (Fig. 9).

The variation of the beds from the inner part of the platform toward
its margin was calculated on the DOM measuring the real thickness of
the selected packs of strata using the Compass plugin of CloudCompare
(Thiele et al., 2017) (Fig. 10).

The analysis clearly shows that the strata increase their thickness
moving toward the margin (Fig. 10b).

The clinoforms that represent the slope of the platform (marked by
purple lines in Fig. 8b) show a higher attitude variability with respect to
the inner platform beds; on average, they dip towards NE (036°N/35°)
and have a variable thickness of about 5-10 m (Fig. 11).

The inclination of the clinoforms increases from the margin of the
platform to the upper slope and decreases at the toe of the slope toward
the slope-basin contact as confirmed also by the relationships between
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Fig. 6. Example of the workflow used for the 3D mapping of the geological features of the Digital Outcrop Model (DOM): (a) 3D inspection of the DOM,; (b) bedding
and fracture traces detection and mapping through semi-automatic tracing (Thiele et al., 2017) and manual point picking (Inama et al., 2020); (c) estimation of the
3D planes that best-fit the bedding and fracture traces; (d) calculation of the attitude of the bedding and fracture planes.

their dip angles and the altitude where the measurements are performed
(Fig. 12).

Notwithstanding, due to the impossibility to identify continuous
clinoforms from the platform margin to the basin, it was not possible to
perform an accurate quantitative analysis of the dip variation along the
slope.

In the basal part of the east-facing rock cliff, some limited successions
of regular, well defined thin beds of the basinal facies of the San Cas-
siano Formation, were identified. The tabular and regular bedding sur-
faces recognized onto the DOM have a mean attitude and thickness of
029°N/25° and 20 cm, respectively (Fig. 13), as confirmed by mea-
surements locally performed in the field.

In the study area, the San Cassiano formation consists of shales, marls
and pelites alternating with volcanoclastic materials and gravity-
displaced swarms of oolitic-bioclastic calcarenites (Fig. 14), derived
from the upper part of the platforms (Fig. 15).

In some portions of the outcrop, close to the termination of the

clinoforms, the basinal unit is affected by folds that are possibly related
to faulting (Fig. 16) or compaction processes (Fig. 17). In general, the
fold axes seem horizontal with a NW-SE direction.

The restoration of the original geometry of the Gusela del Nuvolau
platform was obtained by bringing the inner platform strata back to the
horizontal with a rotation around their direction with an angle equal to
their average inclination (Fig. 18).

After the restoration, the mean dip direction of the clinoforms was
055°N suggesting a progradation of the platform towards N-E.

5.2. Fracture network analysis

The fracture network analysis of the Gusela del Nuvolau massif was
performed by 2D and 3D mapping.

The 2D analysis was conducted using a zenithal orthoimage with a
resolution of 30 cm, and a 1 m resolution airborne LiDAR-based DTM
(data retrievable from Geoportale Nazionale of Ministero dell’Ambiente e
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Fig. 7. (a) Orthographic view of the East cliff of the Gusela del Nuvolau DOM and (b) its interpretation; in the sketch only the main tectonic and stratigraphic

surfaces are indicated.

della Tutela del Territorio e del Mare at http://www.pcn.minambiente.it/
mattm/) by mapping all the visible fracture traces. The acquired 2D
fracture dataset is composed of 152 fracture traces with a mean length of
ca. 80 m and a minimum and a maximum length of 10 m and 579 m,
respectively (Fig. 19).

The rose plot of the azimuth of the fracture traces (Fig. 20b) high-
lights the presence of 2 different fracture sets: K1 with an azimuth mode
of 120°-130°N, and K2 with an azimuth mode of 150°~160°N. The di-
rection of these two sets is very similar to those reported by Inama et al.
(2020) for the Lastoni di Formin outcrop.

Moreover, 339 faults and fractures with their attitudes were detected
by the 3D analysis of the DOM that was performed onto the ‘south’ and

‘east’ cliffs of the outcrop (Fig. 20).

The fracture dataset was discriminated in (i) faults (fractures with a
visible displacement) and major fracture and (ii) minor fractures. Major
fractures are considered the fractures that cut the whole outcrop
(generally with a dimension greater than 100 m), while minor fractures
have a dimension lower than 100 m. Faults and major fractures affect
the entire outcrop, while minor fractures are located principally in the
inner platform.

Both the 3D fracture data show the presence of 3 main sets:

e K1, the most abundant set with a sub-vertical and NW-trending
attitude;
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Fig. 8. Contour of the poles of the inner platform beds. The red line and cross mark the mean plane and pole, respectively (lower hemisphere and equal angle
projection). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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thickness moving towards the Platform break hinge. Moreover, also the dip and thickness of the clinoforms (purple lines) increase moving closer to the fault,
suggesting the presence of a rollover fold structure. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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a)

Fig. 10. (a) Orthographic and rotated view of the
DOM area where the calculation of the thickness
variation was performed. SO, S1, S2, S3 and S4 are the
surfaces delimiting the packs of strata considered
during the calculation. (b) Plot of the thickness vari-
ation (in meters) along the dip direction of the strata
(028°N/25°), the thickness increase is calculated with
respect to the thickness measured in the southern
limit of the slope (close to black arrow). The mea-
surements were performed using the tool ‘Measure
two-point thickness’ of the Compass plugin of
CloudCompare (Thiele et al., 2017), selecting the
mean plane attitude of the inner platform beds and
measuring the real thickness of the packs of strata
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Fig. 11. Contour (lower hemisphere and equal angle projection) of the poles of the clinoforms. A progressive increase of the inclination is registered towards

the basin.

e K2, with a sub-vertical and N-trending attitude;
e K3, the less abundant set with a sub-vertical and NE-trending
attitude.

These orientations show a good coherence with those evaluated by
the 2D fracture analysis, suggesting the presence of two main sets NW
and ~N trending. The slight difference in the K2 trend observed in the
two analyses is probably due to the bias of the 2D analysis because the
fracture traces are mapped onto a N-dipping surface (top of the outcrop)
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causing an incorrect estimation of the fracture trends. The recognition of
K3 set only in the 3D analysis is probably due to the easier exposure of
these fractures onto the rock cliff.

Four main faults that affect the carbonate platform have been
detected along the east cliff of the outcrop. They have the same direction
of the K1 set, however they have a lesser inclination than the fractures
belonging to this set, dipping toward ~220°N and displaying a curved
shape (listric geometry), and an inclination that progressively decreases
towards the base of the outcrop, passing from about 75° to 60° (average
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Fig. 12. Plot of the dip angles of the clinoforms versus the altitude at which the
measures are performed. Although the data show a scattered pattern, they
suggest a weak positive correlation.

inclination of all faults of 62°-71° - Fig. 21).

They dislocate the top of the basinal deposits that underlie the
platform with a normal displacement of a few meters. No kinematic
indicators were detected along these listric faults nor in the accessible
part of platform nor in the basinal deposits, however the ductile de-
formations visible in these last sediments seem to confirm their normal
displacement (see Figs. 16 and 17). Moreover, along the footwall of the
two central and more extended faults, roll-over anticlines associated
with an appreciable thickening of the clinoform beds can be observed
(Fig. 22). This interpretation is based on the visible progressively and
continuous increasing of the curvature of the bed surfaces towards the
fault, on their abrupt interruption on the structure, as well as on the
progressive thickening towards the faults of some clinoforms.

These structures and in particular the variation in thickness of the
strata, indicate a probable synsedimentary activity. The ductile de-
formations locally affecting the basinal deposits below the normal faults

S
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and the clinoforms are in agreement with the fault displacement and can
be explained by differential compaction under the weight of carbonate
clastic deposits prograding from the inner platform towards the basin.

After the rotation of the DOM the faults and main fractures belonging
to sets K2 and K3 assume a nearly vertical geometry; only the K1 set
(minor fractures) appears to be less steep, with a mean dip of 65°.
(Fig. 23).

6. Discussion

The Gusela del Nuvolau was already cited in the literature as a
spectacular outcrop of Cassian carbonate platform where the relations
between inner platform, slope and basin are well exposed (Bosellini,
1984; Blendinger and Blendinger, 1989). Notwithstanding, until recent
years most of the observations were only possible from improper or
distant points of view (e.g. from the base of the rock cliff or the top of the
distant, 1-2 km, Lastoni di Formin massif) that can affect negatively the
overall interpretation, introducing many biases. Thanks to the
UAV-based digital photogrammetry, it has been possible to develop an
accurate high-resolution DOM of the Gusela del Nuvolau outcrop
(Figs. 4 and 5) whose analysis can overcome the main limitation of the
traditional studies (Menegoni et al., 2018) and allow to obtain reliable
measurements and interpretations (Inama et al., 2020).

Three different facies of the platform can be observed on the DOM
(Fig. 7):

e inner platform facies, composed by well stratified, regular and plane
parallel layers with a mean thickness of ~2 m;

e slope facies, characterized by thick and massive clinoform strata
with a less marked layering;

e basinal facies, characterized by strongly marked, plane parallel and
regular layers with a mean spacing of ~20 cm.

Moreover, the DOM structural analysis has allowed to identify four
main normal faults and different sets of fractures affecting the outcrop

and which are characterized by a high inclination (Figs. 20 and 21):

e K1 set, composed by faults and fractures dipping toward ~220°N.
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Fig. 13. Contour and lower hemisphere and equal angle projection of the poles of the basinal unit beds attitude. The red lines and cross mark the mean plane and
pole, respectively. Only the regular and tabular beds attitudes are projected. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)

11



N. Menegoni et al.

Marine and Petroleum Geology 138 (2022) 105574

Fig. 14. Details of the San Cassiano Fm. (basinal facies) visible in the lower part of the rock cliff where access is possible. (a) Grayish fresh surface of the carbonatic
component. (b) Regular layering of basinal deposits with the alternation of erodible beds and more competent strata. (c) Dolomitized coral patch-reef. (d), (e)

Bioclastic and intraclastic components of the San Cassian Fm (after Passoni, 2020).

e K2, composed by faults and fractures dipping toward ~260°N.
e K3, composed by faults and fractures dipping toward ~310°N.

The relative orientations of these sets seem to be pretty similar to
those detected in the study of Inama et al. (2020) onto the nearby Las-
toni di Formin outcrop, with a probable overall clockwise-rotation of
about 10° toward East.

6.1. Direction of progradation

The actual geometries and attitudes of the exposed platform suggest
a NE direction of progradation onto the San Cassiano basinal unit, which
is confirmed also after the platform restoration realized bringing the
inner platform beds back to the horizontal (Fig. 18). This direction of
progradation agrees with that described by previous interpretations,
where the Gusela del Nuvolau is depicted as a NE step-wise prograding
platform (Bosellini, 1984) with a restored clinoforms dip of around 5°
(Blendinger and Blendinger, 1989).

6.2. Clinoforms geometry

Investigating accurately the 3D orientation of the clinoforms, it has
been possible to determine that they dip toward NE (actual dip direction
036°N, restored one 055°N) with angles higher than the 5°, proposed by
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Blendinger and Blendinger (1989). The restored dip angles are very
variable (Fig. 24), but show a maximum frequency around 12°-15°.

The 3D analysis of the DOM suggests an oblique-tangent shape of the
clinoforms: steeper in its central part and less steep at its toes. This
suggestion seems also confirmed by the clinoforms dip angle measure-
ments (Fig. 12) that show a weak positive correlation with the altitudes
at which the measurements are performed: at higher altitudes higher dip
angles are measured while at lower quotes (towards the basin) dip an-
gles decrease.

Notwithstanding, the presence of faults that cut the entire outcrop
and the consequent impossibility to follow the entire clinoforms from
the platform-break hinge to the downlap surface hampers an accurate
analysis of the dip change along clinoforms.

6.3. Slope-to-basin transition geometry

The previous study of Bosellini (1984) identifies the Gusela dal
Nuvolau outcrop as an excellent example of step-wise progradation to-
ward N-NE of the Cassian platform-margin talus slope over bedded
basinal San Cassian sediments. Bosellini (1984) describes this geometry
as the results of “episodic processes of massive debris input, during
which the platform margin advances, alternated with long periods of
non-sedimentation during which basinal sediments accrete and onlap
the platform” slope, creating an interfingering geometry.
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Fig. 15. (a) Photographs of the Gusela del Nuvolau east cliff, where in the lower part of slope outcrops the basinal facies represented by the San Cassiano Formation

(b) and some metric olistolites are visible (c).

During the 3D model analysis, the step-wise geometry of the slope-
basin contact proposed by Bosellini (1984) was effectively verified,
while no clear interfingering or onlap phenomena were detected. The
irregular slope-basin boundary seems essentially due to the presence of
faults dipping towards the inner platform and ductile deformations
affecting the San Cassiano beds, both probably related to differential
compaction of the basinal sediments (Figs. 16 and 17).

6.4. Early deformations due to differential compaction

Different studies (Saller, 1996; Hunt and Fitchen, 1999; Rusciedelli
and Di Simone, 2007; Berra and Carminati, 2012; Resor and Flodin,
2010; Berra et al., 2016) show as the differential compaction processes
could cause different syndepositional or syndiagenetic deformations in
carbonate platforms, from stratal architecture modification to synde-
positional/syndiagenetic fracturing and folding. In general, differential
compaction happens when the thickness of the compactable unit or the
compactional load is not uniform. During the analysis of the Gusela del
Nuvolau DOM, numerous evidences of differential compaction-driven
early deformations were found.

The first evidence concerns the inner platform stratal architecture.
The 3D model allows us to estimate that the inner platform strata
thickness and dips increase toward the margin of the platform (Fig. 11).
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This behavior was already documented by Inama et al. (2020) and
Doglioni and Goldhammer (1988) for the nearby and coeval Cassian
platforms of the Lastoni di Formin and Sella, respectively. This mecha-
nisms could be related to the non-uniform compaction of the basinal unit
caused by the differential thickness of the basinal unit (e.g. Doglioni and
Goldhammer, 1988; Berra and Carminati, 2012; Berra et al., 2016)
and/or the differential load caused by the irregular geometry of clino-
forms (Hunt & Fitchen, 1999). In both cases, the inner platform beds are
bended-down toward the basin with an increase of their thickness and
dips for the differential compaction of the basin unit, but whereas in the
first cases this is due to the geometry of the basinal unit, the latter is due
to the geometry of the carbonate platform (Fig. 25).

This scenario is also confirmed by the folds affecting the basinal
deposits of the San Cassiano Formation that have been detected at the
base of the platform. They are visible under the irregular steps that
characterize the lower boundary of the buildup, indicate a major dif-
ferential lowering of the basin towards the inner platform, and are
characterized by a sub-horizontal axis whose trend is orthogonal to the
direction of progradation.

Another possible evidence is related particularly to one of the main
faults that cut the entire outcrop. The fault is a high angle listric normal
fault that dips towards SW, belongs to the K1 set and moves down the
SW block (hanging wall). The clinoforms of the hanging wall near the
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Fig. 16. (a) (b) High resolution orthographic views of the Gusela del Nuvolau DOM, where the deformations at the slope-basin contact are visible. The normal faults,
marked in red, dip toward SW about 70°. In (b) the displacement is partially masked by talus. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

fault surface are affected by a probable rollover anticline and show an
increase of thickness towards the fault suggesting its possible syn-
depositional deformation (Fig. 22).

However, the intense fracturing affecting the margin of the carbon-
ate platform partially masks the structure.

From the analysis of DOM of the Gusela Del Nuvolau, it cannot be
excluded that some of these deformations (Figs. 10 and 22) may be
ascribed to depositional geometries of the carbonate platform. It has
been demonstrated that some Early Carnian carbonate platforms of the
Dolomites were microbial platforms (Preto et al., 2017 and reference
within). Some research on microbial platforms (Sierra della Cuenta in
Della Porta et al., 2004 and Kenter et al., 2005; Latemar in Marangon
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etal., 2011; Latemar and Sella in Preto et al., 2017) show as they tend to
develop margins that deepens towards the slopes (basinward-dipping
strata, also called ‘fall-in strata’), with the outermost facies of the inner
platform subtidal and less well stratified. However, in microbial plat-
forms, the possible seaward bed thickening develops at the base and not
in the upper part of the slope as in the case of Nuvolau.

Moreover, due the pervasive dolomitization of the platform that
often completely obliterates the original texture of the rocks, it was not
possible to assess the real microbial nature of the Nuvolau platform and,
therefore, to discriminate the deformations due to differential compac-
tion from the original depositional geometries.

To better understand the possible consequences on the carbonate
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Fig. 17. (a) Interpreted detail of the DOM near the termination of the clinoforms and the slope to basin transition. The San Cassiano formation is folded in cor-
respondence of the clinoforms terminations, with a sub-horizontal fold axis trending around 301°-315°N.

platform of the differential compaction of the underlying basin unit, we
performed a 2D compaction model using the 2D Decompaction module of
the software MOVE (Petroleum Experts). This module can be used to
decompact or compact a succession according to the traditional porosity-
depth change method (Athy, 1930; Rubey and Hubert, 1959; Sclater and
Christie, 1980; Schmoker and Halley, 1982). Among the several
empirical curves presented in the literature that describe the relation-
ship between porosity and depth, we used the single term exponential
curves proposed by Sclater and Christie (1980). Whereas the basinal unit
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was considered compactable, the carbonate platform was considered
virtually uncompactable. The parameters of the basinal unit used for the
compaction model correspond to chalk parameters, defined by Sclater
and Christie (1980), and are indicated in Table 3.

We decided to use the chalk parameters to emphasize the differential
compaction effects.

Doglioni and Goldhammer (1988) already depict the possible
contribution of the differential thickness of the basinal unit onto the
differential compaction process onto the coeval Cassian platform of
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Fig. 18. (a) Interpreted DOM of the Gusela del Nuvolau after the restoration (for the legend see Fig. 8b). Stereoplots of the restored attitude of (b) inner platform
beds, (c) clinoforms and (d) basinal unit. The restoration consists of a clockwise rotation of 25° around an axis 118°N/0° (trend and plunge). The rotation allows
restoring at their possible initial horizontal configuration the inner platform and basinal strata.

Sella, but do not consider the possible effect due to the platform
geometry.

According to Hunt and Fitchen (1999), the compactional load is
mainly influenced by the mechanism and geometry of progradation and
aggradation acting at the margin of a carbonate platform. Therefore, we
developed an initial compaction model (t = 0) with a 300 m thick, flat
and compactable basinal unit overlaid by a 50 m thick uncompactable
carbonate platform with a straight slope inclined of 30° (Fig. 26).

The initial geometry of the compaction model was set-up considering
the thickness of the basinal unit, the San Cassiano formation, measur-
able onto the Italian geological cartography at scale 1:50,000 of the
study area - the Foglio - 29 Cortina d’Ampezzo of the CARG project
described by Neri et al. (2007) and retrievable online at ISPRA catalogue
(https://www.isprambiente.gov.it/Media/carg/29_CORTINA -
DAMPEZZO/Foglio.html) - and a low carbonate platform height, in
order to simulate a successive growth phase. Moreover, it has been
decided to locate the slope to basin transition far from the model
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boundary in order to avoid numerical artifacts. It is important to
emphasize that this model set-up does not want to represent the exact
geometry and/or evolution of the Gusela del Nuvolau, but simply to
describe the possible deformations caused by differential compaction.

The deformed geometry (t = 1) achieved after the first compaction
was then used to develop three different models of the platform growth
with three different Progradation to Aggradation (PA) ratios: PA ratio
equals to O corresponds to O m progradation and 50 m aggradation; PA
ratio equals to 1 corresponds to 50 m progradation and 50 m aggrada-
tion; PA ratio equals to 10 corresponds to 50 m progradation and 5 m
aggradation. This second stage of compaction (t = 2) was performed
considering only the new developed carbonate platform as the com-
pactional load (Fig. 27).

The results of all the models (Figs. 26b and 27) show that the
maximum compaction of the basinal unit due to the load of the car-
bonate platform is always located below the inner platform, where the
carbonate body has the greater thickness, and that the downslope plane
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Fig. 19. (a) Orthoimages of top of the Gusela del Nuvolau outcrop and fracture traces mapped during the 2D analysis. (b) Rose plot of the fracture traces azimuth
suggesting the presence of two main fractures sets (bins dimension is 10°). (c) Histogram of the fracture trace length (bins dimension is 25 m) displays a log-normal

distribution.

always modifies its attitude, dipping toward the platform.

The models that underwent a second stage of compaction due to
further growth of the carbonate platform show that differential
compaction causes climbing progradation-like platform geometry and a
deformation of the slope (Fig. 27) that assumes a shape from straight to
concave-up, with dip angles that progressively decrease from the upper
slope to the toe of the slope.

Moreover, the compaction models with PA ratios equal to 1 and 10
(prograding platform) display a tilting of the platform margin toward
the basin also in this case caused by the differential compaction of the
underlying basinal unit. It cannot be excluded that this phenomenon
may favor the progressive curvature of the normal faults which can
affect the margin and the slope of the platform.

In general, the results of the compaction models fit well with the
deformations visible at the Gusela del Nuvolau, strengthening the hy-
pothesis that these could be differential compaction-driven early de-
formations. In particular, the transition zone connecting the platform
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margin with the basin, which includes the whole area of the slope, is
subjected to the most relevant differential subsidence due to differential
compaction of the underlying basinal sediments. It is therefore reason-
able to assume that this is the sector most subject to fracturing and
faulting and that the normal faults that can form tend to lower the blocks
towards the inside of the carbonate platform.

6.5. Fracture network

The fracture network affecting the Gusela del Nuvolau is similar to
that observed by Inama et al. (2020) onto the nearby Lastoni di Formin
outcrop. Three main near-vertical fracture sets named K1, K2 and K3
and trending around 130°N, 170°N, and 40°N, respectively, have been
detected. The only difference consists in the fact that the Gusela del
Nuvolau fracture network is probably rotated about 10° toward East
respect to the Lastoni di Formin one and that the K1 fracture set at the
Gusela del Nuvolau cannot be discriminated in two subsets as in the
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Fig. 20. (a) Oblique view of the Gusela del Nuvolau DOM with some principal 3D faults and fractures detected (marked by the red rectangles). (b) Contour of the
poles of the recognized faults and major fractures and cyclographic projection of the mean planes of the different sets (lower hemisphere and equal angle projection).
(c) Contour of the poles of the recognized minor fractures and cyclographic projection of the mean planes of the different sets (lower hemisphere and equal angle
projection). Major and minor fractures are discriminated according to their size (higher or lower than 100 m, respectively). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Lastoni di Formin outcrop (Inama et al., 2020; Inama, 2021). This last
difference is probably due to the smaller dimensions of the Gusela del
Nuvolau outcrop, where a large exposition of the top of the platform is
missing.

The DOM-based fracture dataset show similarity with the fracture
pattern recognized in some other Middle Triassic carbonate platforms of
the Dolomites (e.g. Mollema and Antonellini, 1999; Boro et al., 2013;
Hardebol et al., 2015). In particular, the accurate analysis performed by
Mollema and Antonellini (1999) at the Sella complex, where part of a
coeval Cassian platforms is exposed, show faults and fractures pattern
similar to those obtained from our analysis (Fig. 20) describing the
presence of three sets of strike-slip faults formed during Alpine orogeny
for the localization and coalescence of opening-mode fractures How-
ever, in our opinion and according to Inama et al. (2020) interpretations,
we believe that some of these faults and in particular the NW-SE striking
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structures are syndepositional normal faults caused by an early gravi-
tational deformation of the platform possibly caused by the platform
progradation and differential compaction-induced subsidence of the San
Cassiano basinal deposits. These synsedimentary structures are oriented
nearly perpendicular to the direction of progradation of the carbonate
platform.

In fact, after the restoration of the original geometry of the Gusela del
Nuvolau platform that was obtained by bringing the inner platform
strata back to the horizontal K1 fracture set (Fig. 23) assume an attitude
near-orthogonal to the direction of progradation (NE, around 55°N). the
K1 major fractures generally become sub-vertical (mean dip of 85°,
Fig. 23b), K1 normal faults dip towards SW, whereas the restored K1
minor fractures have a smaller angle of inclination (about 65°) with a
near Andersonian attitude (Fig. 23c). These kinds of extensional frac-
tures were already identified and deeply investigated by Inama et al.
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Fig. 21. Simplified interpretation of the orthographic view of the east cliff of the Gusela del Nuvolau, where the mean attitude of the main normal faults that affect
the carbonate platform is shown. All the faults dip toward 214°-221°N with an mean angle of 62°~71°. These faults belong to the K1 set. For the two main faults in the
central sector of the outcrop, the dip variation is shown.
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Fig. 22. Simplified interpretation of the Gusela del Nuvolau outcrop (black and red lines are strata and faults, respectively) where the increase of dip angle and
thickness of the clinoforms suggest a possible rollover anticline. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 23. (a) Rotated outcrop with its fracture network. (a) Stereoplots of rotated faults and major fractures and (b) minor fractures datasets. The contours of the
stereoplots depict the density of the rotated fractures orientations, whereas the red lines depict the rotated mean plane of the fractures sets. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

(2020) onto the Lastoni di Formin outcrop interpreting them as synde-
= positional fractures. Comparison of field data orientation on the Lastoni
di Formin confirms the probable early age of many K1 structures
showing that this set, widely present on the platform top, is much less
present in the overlying Heiligkreuz Fm, deposited after the demise of
the Lastoni buildup. Moreover, Inama (2021) after a kinematic and
cross-cutting relationship analysis of the fault and fracture network

=y
(&)}

frequency
=

5 affecting the closer and coeval Cassian carbonate platform of the Lastoni

di Formin show that the outcropping K1 normal faults (with metric

0 offsets toward the platform interior) are related to the synsedimentary

0 5 10 15 20 25 30 35 deformation and predated the Jurassic K2 set and a set of vertical a
Dip angle of restored clinoforms (°) dextral strike-slip faults with a W-E trend.

However, it should be clearly emphasized that not all K1 fractures
are synsedimentary and that all the fractures show signs of successive
reactivations. Moreover, the exact quantification of the incidence of
syndepositional fracturation, as well as any correlation with the main
facies of the platform, is strongly inhibited by the current condition of

Fig. 24. Histogram of the dip angle of the restored clinoforms showing a high
variability of the dip values. The maximum frequency is around 12°-15°.
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a) Deposition

Fig. 25. Sketch model of the differential
compaction caused by differential compac-
tional load (redrawn after Hunt and Fitchen,
1999). (a) Geometry of the carbonate plat-
form (uncompactable facies) and basin
(compactable facies) after an episode of
deposition of carbonate platform facies
(compactional load) and (b) geometry after
the depositional hiatus and compactional.
The different geometry of the compactional
load (mostly due to clinoforms) causes dif-
ferential compaction of the basin facies and,
therefore, syn-depositional deformation of

LEGEND
E= compactable basin facies

E uncompactable facies
[1 compactional load

precompaction profile

O depositional shelf-slope break

® compaction-induce slope break

Table 3
Parameters used to perform the 2D compaction model.

the uncompactable carbonate platform
facies.

the outcrop, pervasively dolomitized and affected by several deforma-
tional events occurred over times.

Stratigraphic unit Density Initial porosity Depth coefficient 7. Conclusions

Carbonate platform 2700 kg/m* N/D N/D .

Basin 2200 kg/m? 0.70 0.71 km-! The field survey of the carbonate platform of the Gusela the Nuvolau
was integrated using the UAV-based digital photogrammetry, with the
interpretation of high accuracy and resolution Digital Outcrop Model
(DOM). This technique permits overcoming the main limitation of the

a)
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E
c200— e e e —
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Fig. 26. (a) Initial geometry (t = 0) of the model. (b) Detailed view of the model after the compaction performed using the Decompaction tool of the MOVE software
(Petroleum Experts). The compaction is constant in the inner part of the platform (at the left of the platform break), where the compactional load is constant, and
decreases along the slope towards the basin where the compaction load decreases.
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Fig. 27. Results of the second stage of compaction after the growth of a new
part of the carbonate platform. (a)(b)(c) depict the compacted models with
Progradation to Aggradation (PA) ratios equal to 0, 1 and 10, respectively. All
models show after the compaction a concave-up shape of the slope. The models
referring to the PA ratios equal to 1 and 10 show a tilting of the platform margin
toward the basin.

traditional field survey, such as the impossibility to reach the inacces-
sible portion of the outcrop and the interpretation biases related to the
non-optimal point of view.

The study allowed to define quantitatively the geometrical features
of the Cassian carbonate platform and, in particular, of its platform-
slope-basin transitional zone. Locally, after the restoration of the plat-
form at its original attitude (realized by bringing the inner platform
bedding back to the horizontal), the platform break and the downslope
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planes show an angle of about 36° and 15°, respectively, dipping toward
SW, while the dip of the different generations of clinoforms have an
angle encompassed between 5° (near the toe of the slope) and 35° (at the
upper slope) and indicate a direction of progradation towards NE.

The study of this area highlighted also the presence of early de-
formations affecting the platform margin. In particular, a progressive
increase of the thickness and dip of the inner platform bedding can be
observed towards the margin and some early normal listric faults dip-
ping with a high angle towards the inner platform with a trend
orthogonal to the direction of progradation have been detected. In
particular, one of these structures is associated with a roll-over anticline
affecting the hanging wall clinoforms that also show a thickening to-
wards the fault. These deformations have been interpreted as due to the
differential compaction of the San Cassiano basinal Formation under the
load of the platform margin that may have induced a greater lowering of
the sectors towards the internal platform (the normal faults generally
dip towards the inner platform). This detected early extensional fault
suggests a possible early genesis of some other faults and fractures that
belongs to the same K1 set that developed nearly parallel to the platform
margin. Based on their morphological expression and their orientation, a
correlation of these early faults and joints with the differential subsi-
dence suffered by the buildup is strongly probable (see Inama et al.,
2020).

The existence of gravitational-driven early deformations linked to
differential compaction seems also confirmed by the folds affecting the
basinal strata of the San Cassiano Formation that have been detected at
the base of the platform. They have a sub-horizontal axis whose trend is
orthogonal to the direction of progradation and have been observed
under the irregular steps that characterize the lower boundary of the
platform.

The outcomes numerical modeling of the differential compaction
process are in good agreement with the DOM-based observations, and,
allow to confirm the presence of early-deformation structures driven by
gravitational processes.

However, the impossibility of an analysis of the microfacies due to
the strong and pervasive dolomitization affecting the carbonate plat-
form, does not allow to exclude that the geometries identified as effects
of differential compaction process may be due to a possible microbial
nature of the carbonate platform itself (see e.g. Cassian platform of
Sella), which may have been partially modified by syndepositional and
more recent faults and fractures.
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