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Abstract: The investigation of deformations in Quaternary deposits holds primary importance in
understanding recent geological history and natural hazards in highly populated areas, such as
the Po Plain. While civil excavations and trenches possess the potential to be pivotal in identifying
and characterizing these deformations, they often remain underused due to the stringent regulation
framework and timetables governing civil construction works. In this study, we demonstrate how
digital photogrammetry and digital outcrop modelling (DOM) are useful techniques for obtaining
a permanent digital representation of a trench situated in Castelletto Ticino (Po Plain–Southern
Alps transition). This trench exhibits Holocene deformational structures: (i) an overall tilting of
sedimentary deposits towards the SW; (ii) folds with a NE–SW trend; (iii) slumping and other
soft-sediment deformations structures; and (iv) reverse faults with NE–SW and NW–SE directions.
Using radiocarbon and archeological dating, we are able to confidently constrain the age of these
deformations to between 8760 and 400 years BC, suggesting recent tectonic activity related to buried
thrust faults.

Keywords: neotectonics; faults; soft sediment deformation structures (SSDS); radiocarbon; glaciation

1. Introduction

Quaternary deposits, predominantly represented by unconsolidated terrigenous sedi-
ments, commonly experience different kinds of deformations driven by a variety of pro-
cesses. These deformations primarily manifest as soft sediment deformation structures
(SSDSs), encompassing load casts, slumps, flame structures, pseudonodules, chaotic strata,
sand intrusions, and diapir-like injection structures [1–4]. SSDSs usually form in water-
saturated cohesionless sediments as a consequence of liquefaction, fluidization, reverse
density gradation, slumping, slope failure, and shear stress (e.g., [3,5]). These mechanisms
of deformation can be triggered by several and multiple agents including earthquakes,
depositional overloading, gravity-induced sediment failure, storms, or flood events in
fluvial, lacustrine, or marine settings or salt tectonics (e.g., [1–3,6–14]). Even glacial and
periglacial processes lead to the formation of SSDSs similar to those attributed to earth-
quakes and, more generally, neotectonic activity (e.g., [2,11,15–17]). Commonly, a robust
indicator of neotectonics activity is the near-surface deformation brittle deformations that
can be divided into two main classes, namely, deformation bands and the more classic
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fractures and slip surfaces (i.e., fractures and faults). Deformation bands are millimeter- to
centimeter-thick tabular zones of deformation developed within porous unconsolidated
sediments, whereas low-porous sediments tend to form fractures and faults [18,19]. These
brittle deformations result mainly from tectonic activity above the tip line of large buried
faults, associated with either high-velocity seismic strain rates or slow creep [20–23]. How-
ever, deformation bands and faults might also result from extension and contraction of
the sediments related to the freezing and thawing processes during cryoturbation [24].
Additionally, the propagation of ice sheets may produce glaciotectonic structures such as
folds, faults, and deformation bands, often posing challenges in distinguishing them from
tectonic structures (e.g., [25–31]). Overall, determining the triggering process responsible
for the formation of near-surface SSDSs and deformation bands remains a major challenge.

In this study, we aim to identify and characterize near-surface deformations in Qua-
ternary deposits in one of the most intensively industrialized, cultivated, and populated
areas in Europe, the Po Plain (Northern Italy). The Po Plain has undergone a geological
evolution encompassing nearly all the potential settings and factors responsible for defor-
mations within unconsolidated sediments. It consists of a sedimentary basin, ~42,000 km2

in area, which serves as the foreland basin system of the Northern Apennines to the south
and the retroforeland of the Alps to the north [32,33]. The Pleistocene–Holocene archi-
tecture of the Po Basin has been shaped by the interplay of various factors, including
tectonic processes, rates and volumes of sedimentation, sea-level fluctuations, and glacia-
tions [34–40]. Tectonic activity is linked to the buried thrust fronts of both the Alps and
Apennines [41], recording both historical and instrumental seismicity. Up to ~8 km-thick
sediments accumulated as deep marine deposits in the Pliocene to Early Pleistocene before
the onset of fluvial sediments derived from the neighboring mountain chains in the Late
Pleistocene–Holocene [38,42]. Sedimentation rates accelerated with the onset of major
Late Pleistocene–Holocene glaciations [43]. Notably, the Po Plain facing the Alpine chain
was widely shaped by the Last Glacial Maximum (LGM) fluvioglacial deposits that have
been eroded and terraced by post-glacial rivers [44–48]. In these Holocene deposits, signs
of near-surface deformation, such as faults, folds, and fluid escape structures, have been
identified via subsurface and seismic profiles, remote sensing, drilling [49,50], seismic
activity [51], and GPS and InSAR data [52,53]. However, little field evidence of deformation
has been reported so far in the entire Po Plain [49,54–58]. This is probably due to the
unconsolidated/cohesionless nature of Quaternary deposits resulting in poor and limited
outcropping sections. Furthermore, linking the deformation with its triggering processes
remains a formidable challenge.

Here, we present an analysis of a pattern of deformation structures, encompassing
slumps, load casts, folds, and faults, which have affected the unconsolidated Holocene
deposits within the Lake Maggiore area (Po Plain–Southern Alps transition). In the study
area, the relatively shallow marine to continental Quaternary deposits of the Po Plain
overlay the tectonic units of the Southern Alps, piled through buried thrusts [42,59–63].
Notably, thick ice sheets covered this area during the LGM pulses, ca. 25–19.7 ka [64].

The study outcrop consists of a trench 14 × 10 × 3 m (length, width, and depth) in
size, excavated during construction work. Given the transient nature of the trench and
the access restrictions, we performed the survey via digital photogrammetry and a digital
outcrop model (DOM) that allowed us to accurately analyze the deformation features
even after the completion of construction. The structural pattern is discussed in terms of
the potential processes (tectonic vs. glaciotectonic) that caused such deformations. The
age of the investigated deformations has been constrained from 8760 BC to 600–400 BC
(VI–V centuries BC), based on the radiocarbon-derived age of the deformed sediments
(lower age limit) and the stratigraphic relationship with the archaeologically derived age
of the overlying sediments (upper age limit). With a temporal gap of about 10,000 years
separating the deformations from the last glaciation experienced in the studied area, we
propose that the observed features predominantly reflect the activity of the buried alpine
thrust faults.
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2. Geological Setting
2.1. Geomorphology

The study area is located in the northern margin of the Po Plain, at the boundary with
the basement rocks of the Southern Alps. The investigated outcrop rests on the western
side of the Ticino River, immediately southeast of Lake Maggiore, in close proximity to
Castelletto Ticino (NO).

The area is characterized by the presence of Lake Maggiore, approximately 210 km2 in
area, with a width of a few kilometers and a length of more than 60 km. The maximum
depth of the lake reaches around 370 m, and its floor extends to a depth of 179 m below
sea level.

Similar to other subalpine lakes, the genesis of Lake Maggiore can be attributed to the
significant drop in sea level during the Messinian Salinity Crisis [65–67], which resulted in
substantial fluvial incision and the creation of deep canyons along the southern margin of
the South Alpine belt. These canyons were progressively infilled by Messinian, Pliocene,
Pleistocene, and Holocene deposits. A recent study [68] showed that in the central sector
of the Maggiore Lake, the pre-Messinian bedrock has a maximum depth of more than
800 m below sea level, while towards the south, the depth of the canyon tends to become
shallower with an average depth of 500 m below sea level. The counter-slope of the Ticino
paleo-valley can be explained by the different post-Messinian tectonic uplifts that affected
the region and that have been evaluated in hundreds of meters [69].

To the south of Lake Maggiore, Pleistocene glacial deposits crop out and terminate
in deposits with a wide lobe, referred to as the Verbano lobe, on the Po Plain. This
lobe is characterized by a moraine amphitheater that is bordered by outwash plains and
formed from different ridges due to multiple glaciations [70–72]. Holocene sediments
and/or bedrock crop out only along the deeply incised valley system to the south and
north, respectively.

Along the Ticino River, south of Lake Maggiore, three principal frontal moraines have
been recently identified [64]. Each of these moraines is composed of multiple ridges and
has been dated to the LGM phase (Figure 1).

This large moraine amphitheater exhibits varying degrees of preservation. Typically,
in the western sector, the terminal moraine ridges are clearly visible over several kilometers.
In contrast, within the eastern sector (situated east of the Ticino River), these ridges are
notably eroded, strongly fragmented, and anthropized, resulting in discontinuous ridges.

Within the study area, particularly in the vicinity of Castelletto Ticino, at least three dis-
tinct terrace levels have been identified. These levels can be tentatively associated with the
three sets of frontal moraines. Additionally, the lower terrace level appears to be linked to
a Holocene post-glacial phase (Figure 2).

Different reconstructions have been proposed regarding the LGM evolution of the
Verbano lobe of the Ticino–Toce paleoglacier (e.g., [64,73,74]). The LGM maximum advance
of the glacier can be dated to 25.0 ± 0.9 ka [64]. Minor glacier readvances identified in the
area, based on sedimentological evidences of deposits located inside the LGM maximum
moraines, occurred around 19.7 ± 1.1 ka [64]. According to the data available for the other
morainic amphitheaters at the border of the southern Alps, these last glacial pulsations
ended after this period when the complete deglaciation of the area began.
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Figure 1. Map showing the distribution of pre-LGM and LGM glaciofluvial and glacial sediments
where the moraine ridges mapped by Kamleitner et al. [64] are marked with red lines (modified
from Kamleitner et al. [64]). The LGM ice margins proposed by Castiglioni et al. [73], Bini et al. [74],
and Kamleitner et al. [64] are marked with the yellow dashed, yellow continuous, and green lines,
respectively. The late LGM ice readvance limits proposed by Kamleitner et al. [64] are marked with
the purple dashed line.



Geosciences 2023, 13, 286 5 of 24

Figure 2. Hillshading of the study area derived using the TINITALY digital elevation model [75]
where the principal morainic ridges are identified.

2.2. Tectonic Setting

Between the Eocene and Upper Miocene, the South Alpine chain developed as a
south-verging retro-wedge of the Alpine chain [76,77]. During this period, it was affected
by crustal flexuring and south-verging thrusting, which subsequently led to the deposition
of molasse deposits in the adjacent Po Plain [78–82]. Consequently, the northern sector of
the Po Basin represents the retrowedge foreland basin of the Alpine orogeny. In contrast,
the southern sector represents the foreland basin of the Northern Apennines.

The south-verging tectonic structures of the South Alpine typically do not cut the top
of the Messinian sediments, while the north-verging thrusts of the Apennine front intersect
the Pliocene and even the Pleistocene levels. This indicates a more recent compressional
activity in the Apenninic belt and different structural styles of the chains with prevailing
blind thrusts in the Alpine front [42,50,61–63].

However, indications of active uplift and deformations have been uncovered within
the Piedmont and Lombardy regions of the Po Plain [49,51,54,56,82]. The active tectonic
uplift of the plain NW of Milan was also confirmed by topographic leveling surveys, with
significant rates of 1.5 mm yr−1 near the Lake Maggiore region [83].

In the study area, the main tectonic structures are represented by a northwest verging
backthrust, the Gonfolite backthrust, and related splays [50,59,60,84]. This structure remains
buried under the Plio-Pleistocene deposits of the Po Plain related to the Miocene tectonic
events that led to the emplacement of the outermost South Alpine forethrusts [48,50,85]. In
correspondence to the southern termination of Lake Maggiore (Figure 1), a set of minor
thrusts and backthrusts has been identified by Fantoni and Bello [86]. These faults are
rooted in the Mesozoic carbonates and displace up to the top of the Mesozoic Carbonates.
Then, these faults were covered by the Oligo-Miocene clastic wedge of the Gonfolite
Formation (Figure 3a,b).
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Figure 3. (a) Structural map of northern Lombardy Po Plain boundary of the Southern Alps (modified
from [87]). (b) Simplified geological section showing the main structures of the Po Plain subsurface.

In the study area, there are no seismogenic faults reported in the Database of Individual
Seismogenic Sources (DISS) (Figure 4 [88]). Furthermore, the Parametric Catalogue of Italian
Earthquakes (CPTI [89]) does not contain any historical earthquake records coinciding
with or in close proximity to the study area. The nearest reported earthquake event
(13 December 1918, Pianura Lombarda, Mw = 4.62; see also Table 1) is represented by
a report with I = 3 in Varano Borghi village, located a few kilometers NE of the study
outcrop. Additionally, the ITHACA database of capable faults [90] does not show capable
faults in the study area. The nearest one, the Monte Campo dei Fiori–Varese fault, has its
westernmost lateral tip approximately 8 km far from the studied outcrop (Figure 3) and it is
classified as “Composite Seismogenic Source not connected”, i.e., not related to a potential
seismogenic fault.
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Figure 4. Hillshade of the TINITALY digital elevation model [75] showing composite seismogenic
sources, capable faults (CSS connected and not) and historical earthquakes reported by the Database
of Individual Seismogenic Sources (DISS [88]), Italy Hazard from Capable faults (ITHACA [90]), and
Parametric Catalogue of Italian Earthquakes (CPTI [89]). The historical earthquakes are numbered
according their occurrence, coherently with the numbers reported in Table 1.

Table 1. Historical earthquakes reported in the Parametric Catalogue of Italian Earthquakes
(CPTI [89]) in the area shown in Figures 1 and 2. The numbers correspond to the historical earthquakes
marked in Figure 2.

# Year Month Day Epicentral Area MwDef Maximum
Intensity

1 1304 12 18 Lombardy plain 4.4 5–6
2 1396 11 26 Monza 5.33 7–8
3 1473 5 7 Milanese 3.7 5
4 1606 8 22 Bergamo 4.86 6–7
5 1642 6 13 Lombardy plain 4.92 6–7
6 1771 8 15 Lombardy plain 4.16 5
7 1781 9 10 Lombardy plain 4.93 6–7
8 1786 4 7 Lombardy plain 5.22 7–8
9 1887 5 20 Lecchese 3.97 5

10 1918 1 13 Lombardy plain 4.62 4–5
11 1918 4 24 Lecchese 4.95 6

12 1961 11 23 Bergamasc
Pre-Alps 4.86 6

13 1979 2 9 Bergamasco 4.78 6

The DISS and CPTI databases clearly shows that there is no evidence of tectonic
activity in recent years.
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3. Methodology
3.1. Digital Outcrop Model Development

The photogrammetric survey was undertaken by Pandora Archeologa s.r.l. (Veruno,
NO, Italy) using a dataset of 1456 photographs captured with an Olympus OM-D E-M10
Mark III 16 Megapixel camera. Due to the constrained space within the trench, a wide-angle
lens with a focal length ranging from 17 mm to 28 mm was employed. The mean distance
between the camera and trench walls was about 2.6 m, leading to a mean photograph
resolution of 0.5 mm/pixel. To establish the orientation and scale the DOM, 44 ground
control points (GCPs) were strategically positioned and fixed to the trench walls and then
measured by a total station in a local coordinated reference system. The GCPs consisted of
white rectangular targets measuring 3 cm in length.

The DOM development was performed using a commercial structure from motion
and multi-view stereo-based software called Metashape v.2.0 (Agisoft LCC, St. Petersburg,
Russia). The model was developed by aligning the photographs with their full resolution
and georeferencing them with the measured GCPs. A total of 28 GCPs were used as control
points (constraints for the model georeferencing) and 16 as check points. The resulting
mean error from the aligning procedure was 8.9 mm for the control points and 11.1 mm for
the check points.

While the alignment process employed the full image resolution (0.5 mm), the de-
velopment of the dense point cloud employed half resolution (1 mm). This choice was
influenced by the very flat geometry of the trench walls, which makes the development of
a point cloud with a high point density unnecessary for an accurate representation of the
trench wall geometry. This allowed us to obtain a less dense point cloud that can be more
easily managed and analyzed. Following dense point cloud development, the point cloud
was processed to create a 3D mesh using the high face count setting. This process allowed
us to obtain a mesh of about 4 million triangular faces that were textured with the original
full-resolution photographs.

3.2. Digital Outcrop Model Mapping

The DOM was studied using CloudCompare v.2.10 software, an open-source software
program that allows users to visualize and analyze 3D point clouds and meshes. In partic-
ular, the DOM was inspected via Pluraview3D stereoscopic hardware in order to define
the geometry of the geological structures (conformable or unconformable stratigraphic
surfaces, folds, fractures, and faults) [91–95]. After that, bedding and fault planes, together
with bed thickness and stratigraphic offset, were measured using the “Trace a Polyline by
point picking” tool and the Compass plugin [96].

The “Trace Polyline” tool allows users to select several points related to a geological
trace and/or surface, both on the point cloud and on the mesh, and measure the best fitting
3D plane that represents the geological structure.

We also used two tools from the Compass plugin, the “Trace tool” and “Measure
one-point thickness”. The first allows users to semiautomatically map geological traces
onto the point cloud, while the second allows users to calculate the real thickness of a
geological unit by measuring the distance between the selected 3D plane and a picked
point along the normal vector of the plane. The “Measure one-point thickness” tool was
used to calculate the stratigraphic separation of the faults.

4. Results

The study outcrop is located along the eastern bank of the Ticino River, in the
city of Castelletto Sopra Ticino (Novara province, Italy, GMS coordinates 45◦43′7.34′′ N,
8◦38′45.38′′ E), about 4 km ESE from the SE border of Lake Maggiore (Figure 2).

It consists of a trench with approximate dimensions of 14 m in length, 10 m in width,
and 3 m in depth; it was excavated in June 2022 during the construction of a swimming
pool (Figure 5).
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Figure 5. (a) Northeast–oblique, (b) top, and (c) southwest–oblique views of the photogrammetric
digital outcrop model representing the studied trench in June 2022. Since the terrain outside the
trench was not surveyed, the oblique views show a box-like representation of the trench.

As already described, due to the transient nature of the excavation and the fact that
access to it was restricted and limited to a very short time, we decided to apply digital
photogrammetry to develop a permanent DOM.

In the next sections, the stratigraphy and the deformation structures cropping out at
the study site and detected via DOM will be described.
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4.1. Stratigraphy

The stratigraphic succession exposed in the trench consists (from bottom to top) of
an 80–100 cm layer (vertical thickness) of fine sediments overlaid by a 130–170 cm layer
(vertical thickness) of coarser sediment, through an angular unconformity (Figure 6a).

Figure 6. (a) Frontal and orthographic view of the east wall of the trench, where load cast structures
are visible. Details of (b) pendulous and (c) simple load casts structures (sensu [5]). Yellow arrows
indicate a horizon particularly rich in archeological remnants (ceramics and pottery).

The layers of fine sediments consist of a rhythmic alternation of well-stratified dark
and organic-rich, brownish to yellowish and light whitish sandy silt and clay silt layers
with a thickness of millimeters to centimeters, dipping toward the S and WSW. These
sediments can be described as a lacustrine horizon and are affected by several SSDSs, which
disappear in the above horizon of coarse sediments. Considering the general attitude of
the lacustrine horizon and using the Compass plugin in CloudCompare, we calculated a
minimum real thickness of approximately 9 m.

The overlying level of coarser sediment can be described as an anthropized alluvial
horizon with a vertical thickness of 130–170 cm. This horizon is composed of sand, rounded
gravel, and pebbles with intercalations of clay layers, rich in archeological remnants,
which are ascribed to the Golasecca II and III civilization (VI–V century BC) [97–99]. The
chronological indicators consist of fragments of ribbed lip cup (first half of VI century BC),
carinated beakers, fragments of red painted ribbed vases (second half of VI century BC),



Geosciences 2023, 13, 286 11 of 24

coarse ware made on a potter’s wheel, fragments of red cups which imitate the Po Valley
Etruscan types (beginning of V century BC), and small pieces of glazed pottery (V century
BC) [100,101]. This alluvial horizon is overlaid by a 30 cm-thick layer (vertical thickness) of
agricultural soil.

4.2. Deformation Structures

The lacustrine/fluvioglacial succession is affected by many different deformative
events preceding the unconformity marked by the overlying Golasecca II and III horizon.
The most evident deformation is the general tilting of the bedding that dips with an angle
between 31◦ and 57◦ in the S to WSW direction (Figure 7).

Figure 7. Aerial orthographic views of the trench plunging (a) NE and (b) SW. The main bedding
surfaces and faults are marked with the green and red lines, respectively, and their orientations are
shown in the stereoplots. The pink dashed lines mark the unconformity surface, and the black dotted
lines mark the wall section limits.
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Due to the flatness of the trench walls, the bedding orientation was measured only
at the trench corners, where the bedding planes could be correctly derived from the
intersection of the orthogonal sections. Moving from the southeast to the southwest
corners, it is possible to detect a gradual variation in the bedding orientation:

• At the eastern corners (section limit B), the bedding has a mean orientation of
255◦ N/46◦ (dip direction/dip);

• At the corners in the middle of the north wall (section limits B′ and B′′), the bedding
shows a mean orientation of 216◦ N/32◦;

• At the corner between the north and west walls (section limit B′′′), the bedding shows
a mean orientation of 194◦ N/44◦.

This spatial variation in the bedding orientation is likely attributable to the presence
of a syncline. This syncline is characterized by an axis dipping about 40◦ towards 210◦ N.
The relatively high inclination of this axis could be ascribed to a general tilting towards the
SSW that the sedimentary succession has undergone and that also caused the slumping
visible in the SW corner of the outcrop. The tilting is hypothetically due to a larger scale
folding and, in particular, to the periclinal closure of a growing fold that was later cut
by thrusting (breakthrough fault propagation fold). Moving to the southwestern corner
(section limits A′′), the bedding becomes less defined and irregular, showing fragmented
folds and pieces of irregular layers with strong variations in thickness typical of slumping
structures (Figure 8).

Figure 8. Orthographic and frontal view of the west wall of the trench (section A′ ′-B′ ′ ′) where
the red and green lines and the pink dashed line represent the faults, bedding, and unconformity,
respectively. This section shows that, as we move toward the SW corner of the trench (section limit
A′′), the bedding becomes less defined and irregular, showing some slumping structures. Moreover,
it is possible to see that, in the northern part of the section, the morphology of the unconformity
surface is influenced by the presence of two faults (that are cut by the unconformity). See Figure 5a
for the section position.

On the south wall (section A-A′′), several unorganized and asymmetrical folds are
visible, and moving towards the southwestern part of the trench, they show an increasing
complexity (Figure 9).
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Figure 9. Orthographic and frontal views of the south wall; the red and green lines and the pink
dashed lines represent the faults, bedding, and unconformity, respectively. (a) The section A-A′

shows that the fault cuts and displaces the slumping structures with apparent inverse offset beds.
(b) The section A′-A′′ shows that, as you move toward the SW corner of the trench, the slumping
structures become more complex. In both sections, the horizon above the unconformity was removed
for a better representation. See Figures 5b and 7b for the section positions. (c) Details of faults cutting
the slumping structures and location of the sample dated via 14C radiocarbon.

Given their characteristics, these folds can likely be attributed to slumping structures.
Unfortunately, due to the flatness of the trench wall, it was not possible to measure the
orientation of the fold axes and limbs, which inhibits an accurate understanding of the
slumping kinematics. The slumping structures are cut and offset by discrete surfaces of
faults, displaying reverse offsets (Figure 9).
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While 35 fault traces that cut the lacustrine/fluvioglacial succession were identi-
fied, only the orientations of 12 fault planes were measured from the trench corners. All
the recognized shear surfaces have no appreciable width, and therefore, we can assume
that they can be lower than or equal to the mapping resolution, circa 1.5 mm (around
three times the nominal DOM resolution [102]). The identified faults show an apparent in-
verse displacement—from a few mm to ~10 cm (Figure 10)—and are sealed by the erosional
unconformity (Figure 7).

Figure 10. Details of some of the faults outcropping at the (a) east and (b,c) north walls of the trench.

The fault traces are usually regular and straight and, in some cases, accompanied
by small-scale drag folds that indicate an inverse displacement (Figure 10). These faults
cross-cut all the other structures (i.e., folds and slumped/deformed strata) and are more
likely the latest deformations that affected the area before the erosion that created the
unconformity at the base of the Golasecca alluvial deposits (VI–V century BC).

The mapped faults could be classified as three sets (Table 2): the two main sets F1 and
F2 have a NE–SW direction and dip about 30◦ toward 346◦ N and 129◦ N, respectively, and
the third set F3 (represented by only two faults) dips about 33◦ toward 238◦ N.
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Table 2. Fault set statistics.

Set Name Fault Number

Mean
Orientation

(Dip Direction
and Dip)

K-Fisher
Coefficient

Apparent
Offset

F1 6 346◦ N/36◦ 34.8 Inverse
F2 4 129◦ N/28 35.9 Inverse
F3 2 238◦ N/33◦ 15.6 Inverse

Using the “Measure on-point thickness” tool for the Compass plugin of CloudCom-
pare [96], the stratigraphic separation of the F1 and F2 faults was estimated: the mean
value was 4.2 cm (32 measurements with a standard deviation of 1.4 cm) and the min-
imum and maximum values were 1.7 cm and 8.1 cm, respectively. The total apparent
offset, accumulated by the different fault strands visible in the outcrop, was evaluated as
80–100 cm.

4.3. Radiocarbon Dating

The 14C radiocarbon dating of the organic-rich sediments, which have been affected
by SSDSs and faulting, was performed at the laboratory of the Archaeology Department
of CIRAM SAS (Martillac, France). The procedure adhered to the ASTM D6866-22 stan-
dards/guidelines, employing the element analysis–isotope ration mass spectroscopy (EA-
IRMS) and accelerator mass spectrometry (AMS) techniques.

To calculate the calendar age, the calibration protocols OxCal v4.4 [103–106] and IntCal
20 [107], Northern Hemisphere Calibration ([103,104,106]), were employed. The location of
the dated sample is indicated in Figure 9c.

The results of the 14C analysis date to the Mesolithic period and indicate, with 95.4%
confidence, a well-defined chronological interval that covers a period between 8760 and
8550 BC (Figure 11). In addition, if the dated sample is near a slumping structure, this age
must be considered the maximum/oldest age of the lower fluvial–lacustrine horizon of
the outcrop.

Figure 11. Conventional and calibrated 14C dating results of the organic-rich sediments, collected
25 June 2022. Data converted with OxCal v 4.4.4 (software available at https://c14.arch.ox.ac.uk/
oxcalhelp/readme.html#local, accessed on 1 December 2022; atmospheric data from [106]).

https://c14.arch.ox.ac.uk/oxcalhelp/readme.html#local
https://c14.arch.ox.ac.uk/oxcalhelp/readme.html#local
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5. Interpretation and Discussion

In the study trench, the detected deformation structures can be categorized into
two groups: (i) SSDSs, primarily represented by disharmonic folds with sharp changes in
thickness and a weak continuity of the layers; and (ii) brittle deformations, characterized
by low-angle reverse faults. These faults clearly cut the SSDSs, indicating their later
chronological occurrence. Furthermore, the sedimentary succession within the trench is
strongly inclined towards S–WSW, exhibiting dip angles ranging from 31◦ to 57◦ on average.

The SSDSs are evident in the upper portion of the lower lacustrine sedimentary succes-
sion (3–5 m), which crops out for a total thickness of about 9 m, with features ascribable to
slumping structures of water-saturated sediments. They likely derive from the movement
of still-unconsolidated sediments along a relatively steep slope, possibly associated with
the local tilting towards S–WSW. These gravity-driven deformations affecting the upper
laminated lake sediments consist of disharmonic and chaotic folds with no discernable
vergence. In certain areas, the layer continuity is completely disrupted, and the sediments
are amalgamated.

Conversely, brittle deformations affect the whole lacustrine/fluvioglacial sedimentary
succession. The main reverse faults are characterized by dips of approximately 30◦ and
reverse stratigraphic displacement ranging from 2 to 10 cm. Ten faults have a NE–SW
direction and show an apparent Andersonian geometry typical of conjugate reverse faults,
possibly tilted 30◦–40◦ towards WSW. While the true slip of these reverse faults could
not be determined, their geometry suggests a NW–SE trending horizontal maximum
compressional axis as the responsible of this compressional tectonics.

Overall, the structural pattern indicates that the fluvial–lacustrine sequence experi-
enced tilting, resulting in gravity-driven instabilities such as slumping and other SSDSs
(Figures 6, 8 and 9). These SSDSs were in part accompanied and then truncated by the
development of reverse faulting affecting the entire sequence. Such deformations occurred
between the age of the deposition of the lacustrine sediments, i.e., 8760–8550 BC, and the
Golasecca deposition, i.e., 400 BC.

Despite the small size of the studied trench, it has provided compelling evidence of
SSDSs and fault patterns, which pose significant questions on their origin in relation to
the geological evolution of the area. In order to shed light on the trigger mechanism of the
deformation structures analyzed, it is necessary integrate knowledge from the regional
tectonic, paleogeographic, and paleoclimatic settings. In the following, three trigger agents
are discussed as potentially responsible for the development of these deformation structures:
glaciotectonic, gravity-induced, or tectonic (seismic or slow creep) processes.

5.1. Glaciotectonic Deformation Structures

Glaciotectonically induced deformation structures encompass thrust faults and folds
that are often indistinguishable from tectonic structures (e.g., [25–31]).

During the Pleistocene glaciations, large glaciotectonic complexes formed across the
Alpine and peri-Alpine area as a consequence of repeated advances and retreats of ice
sheets. The multiphase evolution and multiple glaciations that affected the Ticino Valley
are evidenced by the presence of multi-ridged morainic amphitheaters [64].

Glaciotectonic deformation is generally controlled by the thermo-mechanical prop-
erties of both ice and the underlying substrate. For example, factors such as permeability,
porosity, the presence of water, and the mechanical features of the bedrock play a pivotal
role (e.g., [108–119]). The geometry of glaciotectonic structures often resembles that of
tectonic structures observed in thin-skinned fold-and-thrust belts [26,120–123]. Generally,
glacial pushing, also referred to as bulldozing, is considered the major process in glacio-
tectonic complex formation [124]. In fact, the presence of interstitial ice, which increases
the cohesion and shear strength of the frozen sediments, favors the transmission of the
stress across significant distances, thereby facilitating the formation of large and broad
glaciotectonic complexes (e.g., [107,112–114,117,125]).
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In the study area, the principal reverse fault system has a NE–SW direction with
an Andersonian geometry that suggests a NW–SW trending horizontal maximum com-
pression. This trend aligns with the hypothetical direction of an ice-sheet advance. In
addition, the observed load cast in the deformed strata are frequently linked to an ice
rafting transport process. These structures typically arise from reverse density/porosity
contrasts between adjacent layers, prompting the downwards penetration of masses of
sand into an underlying mudstone bed. Ice-wedge casts form during a process of thermal
contraction accompanied by seasonal melting and freezing in permafrost environments,
although the exact mechanisms are not yet fully understood (e.g., [126]). The presence of
chaotic strata and slumping also aligns with glacier-related dynamics. Even the presence of
a gentle syncline with an axis that dips towards 210◦ N associated with slumping structures
could be caused by the ice advancing.

However, the Holocene age of the deformed sediments (dated between 8760 and
8550 years BC), postdating the last glacial event in southern Lake Maggiore [64,127], seems
to strongly preclude ice sheets as direct contributors to the observed deformations.

5.2. Gravity-Driven Deformation

SSDSs often originate from gravitational instability processes [3,5,128,129]. The la-
custrine setting of the studied outcrop opens the possibility of high-flow discharge as a
potential mechanism for overloading (e.g., [3,130,131]). Within a lacustrine environment,
mass movements, including mass sliding and liquefaction, can arise not only from shaking
seismic events, but also due to strong wave actions, large lake level variations, or overload
of sediments along steep slopes near the shore or along the margins of tectonically uplifted
zones. The rapid sediment deposition over water-saturated sands stands as an efficient
mechanism that fosters a reverse density gradient and liquefaction within the underlying
sandy layer [3]. The slope generated by open folds underlying the slumped strata might
have acted as the trigger for the sliding.

However, the reverse faults do not appear to stem from gravity-driven instabilities.
This is because the fault planes are well organized and cross-cut the slumping structures
(Figure 9).

5.3. Tectonic Structures

A third and more plausible interpretation of the observed structures is connected to
their possible tectonic origin, potentially in conjunction with gravity-driven processes.

The funnel-shaped structures consisting of downwarped and disrupted strata could
likely be interpreted as thixotropic structures, triggered by the shaking of water-saturated
sediments, most likely due to an earthquake. Thixotropy refers to the property of materials
that exhibit a stable form at rest but become fluid, liquefied, and capable of flowing when
agitated, shaken, or stressed. Such structures, including various types of seismites, can
develop when water-saturated sediments with inherent thixotropic properties are shaken
during an earthquake of sufficient magnitude. The fluidification and the lateral and
upward mobilization of sediments can lead to the plastic deformation and collapse of other
sediments into fissures, resulting in the formation of complex, downwarped structures that
can be attributed to a thixotropic wedge.

However, despite thixotropic structures possibly suggesting a seismically induced
deformation process, the lack of typical fluid-escape structures, such as flames and diapirs,
does not reinforce this hypothesis. Most probably, like other SSDSs visible along the
outcrop walls (e.g., slumps), these structures could be related to gravity-driven deformation
processes. Specifically, SSDSs can be caused by the thrust-related uplift and the consequent
tilting (about 30◦–50◦ toward the SW) of the entire sediments’ succession.

As mentioned earlier, these deformations are cut by systematic sets of faults, suggest-
ing that the faulting postdates them. The younger origin of these faults is indicated by the
fact that they seem to represent structures resulting from an oriented stress applied to the
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succession. In fact, the detected reverse faults are conjugate, displaying a planar geometry,
a common inclination of 30◦, and a regular reverse faulting.

Taking these factors into account, it can be inferred that these faults are the most
recent deformations observed in the outcrop, given that they cut across all the other
structures and appear to be associated with a NW–SE trending horizontal maximum
compressional axis. This direction is consistent with the recent stress field acting in the
region (e.g., [132–134]). Additionally, the buried thrusts reported in the nearby areas
(Figure 3) have a direction similar to those of the studied reverse faults (Figure 5). The
absence of unambiguous markers of earthquake-induced deformations leaves open the
question if these structures originated from seismic or aseismic activity. The authors
of [23] demonstrated how deformation bands in porous unconsolidated sediments and slip
surfaces in low-porosity sediments can be associated with the slow creep tectonic activity
above the tip line of large buried faults. Despite the lack of recent earthquakes or active
regional tectonic structures reported in the area, the presence of these structures suggests
that compressive tectonics were active in recent times in regions of the Po Plain [49,54,58].

A conceptual scheme of the timing of the tectonic-related deformations is shown in
Figure 12.

Figure 12. Conceptual sketch of the timing of the (b,c) tectonic-related deformative events, from
(a) the lacustrine sediments deposition (8760–8550 BC) to (d) their erosion and the deposition of the
alluvial Golasecca II and III anthropized horizon (VI–V century BC).
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6. Conclusions

The analysis conducted using digital photogrammetry and a DOM has revealed
and quantified a series of different kind of deformations affecting organic-rich lacustrine
deposits including:

• A general tilting of about of 30–60◦ towards S to WSW;
• A series of SSDSs, such as slumping and funnel-shaped structures;
• Three sets of faults (the two most frequent dip about 30◦ toward 346◦ N and 129◦ N)

that cross-cut the previous deformation structures.

Via 14C radiocarbon dating, the age of these deposits has been estimated to be
8760–8550 BC with a confidence level of 95.4%. The possible glaciotectonic origin of the
deformations has been ruled out, as the deposits clearly postdate the last peak of glacial
advances in the study area by approximately 10 ka. Consequently, the most probable nature
of these deformations is related to tectonics, which could have cause at first a series of
gravity-driven deformations (e.g., slumps) and then the development of shear surfaces.
While the gravity-driven deformations could be due to a tectonic uplift of the northern sec-
tor, which is clearly registered by the tilting of the deposits, the development of the reverse
faults that cut across the slumping structures can be caused by the upwards propagation of
a buried thrust fault. Further seismic investigations would be necessary to determine if
there is an active fault in the subsurface probably connected to the Gonfolite backthrust
and characterized by a long-term coseismic cycle.

We cannot discriminate between a seismic vs. aseismic origin of such deformations:
while thixotropic structures may have been triggered by earthquakes, the absence of typical
fluid-escape structure weakens this hypothesis.

In conclusion, it is evident that the study area likely underwent tectonic deformations
spanning a chronological interval between approximately 9000 BC (the age of the deformed
sediments) and 400 BC (the age of the alluvial deposits overlying the erosional surface that
cross-cut all the observed deformations).

Moreover, this study clearly shows the advantages of employing digital photogramme-
try and DOMs, which effectively overcome the limitations of the traditional measurements,
such as scarce representability of orientation measures and inaccessibility to some portion
of the outcrop. This is particularly relevant for outcrops with a transitory nature, such
as trenches.
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