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Abstract: Sedimentary systems developed in small (<1 km?) mountain lacustrine basins represent
high-resolution geological archives, able to record subtle climatic and tectonic signatures over histori-
cal times. The studied example from the Mt. Ragola ophiolitic massif in the Northern Apennines
(Italy) allowed us to better understand the role of the different (neo)tectonic and climatic events on
the development and distribution of large landslides and lakes/peat bogs during the last 10 kyrs.
Implementing a multidisciplinary approach that includes detailed acquisition of bedrock, geomor-
phological, topographic, and geophysical data, we detected and mapped ridge splitting, trenches,
closed depressions, double ridges, and counterscarps. These morphostructures are interpreted as
relevant factors influencing the distribution of sediments in historical times by shifting the position of
the local equilibrium point (i.e., erosion vs. deposition) and have been correlated to a combination of
climatic (i.e., increased flood events) and tectonic (i.e., spatial-temporal clustering of seismic shocks)
forcing, starting from the demise of the Little Ice Age in the mid-19th century to the present-day
situation. This approach allowed us to better describe the current changes in the hydrologic cycle,
reaching beyond the limits of historical instrumental data. Furthermore, allowing the recognition
and dating of recent tectonic vs. gravitational deformations, it also constitutes an integrative method
for assessing the local geological hazard.

Keywords: Northern Apennines; historical archives; geological events; high-resolution mapping;
topographic lineament

1. Introduction

The reconstruction of the recent stratigraphic, tectonic, and morphological evolution
and the characterization of the geological hazard are fundamental for safe and sustainable
land management, especially in tectonically active zones. However, in many geological
contexts, the traces of recent evolution are not always evident. This is the case of the
Emilian Apennines, where the main geological units are made up of highly tectonized,
easily erodible clayey complexes.

In this framework, small-scale (<1 km?), lacustrine systems developed in relatively
young and tectonically active mountain belts record important information on high-
frequency geological processes, despite their transient nature and poor preservation poten-
tial over geological times. Such basins indeed provide the unique opportunity to reconstruct
the complex interplay between sedimentary and tectonic processes during the Holocene.
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This is because the small intramontane lacustrine systems developed in tectonically ac-
tive mountain belts record important information on high-frequency geological processes.
The substrate on which these sedimentary systems develop is usually highly heteroge-
neous, consisting of low-grade metamorphic rocks represented by deformed, allochthonous
accretionary complex lithologies. In particular, obducted ophiolites exhumed in many
Alpine-Himalayan-type orogenic chains usually occur as lithoid blocks of various dimen-
sions contained within argillaceous mélange-type units due to subduction dynamics and
mountain building processes [1-4]. Notably, this multiscale block-in-matrix arrangement
strongly impacts the internal and external structural-stratigraphic architecture influenc-
ing slope stability, geological hazard, and surficial and groundwater flow [5-7]. In this
framework, mountain lakes associated with small-scale catchment areas developed atop
such ophiolite bodies with a clear structural control, given their close association with
topographic lineaments [1,8,9].

This work investigates the upper Nure Valley, in the Emilia Apennines, dominated
by the Mt. Ragola ophiolitic massif and strongly deformed clayey complexes belonging to
External Ligurides Auctt. (Figure 1). In particular, coupled sedimentologic—paleoclimatic
studies and small-scale basin analyses have been carried out in the Lake Moo deposits,
implementing shallow coring and high-resolution radiocarbon dating [10], integrated with
newly acquired geophysical profiling. These observations have been upscaled from the
local to the regional scale and vice versa in order to achieve the most robust geological
contextualization possible.
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Figure 1. Tectonic sketch map and geological cross-section of the Northern Apennines (modified
from [2]) with location of the study area (red box).
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2. General Setting

The lithological background of the study area mainly consists of extensively deformed
serpentinites in kilometer-sized masses that represent the accreted fragments of the Liguro-
Piemontese oceanic basin separating the European and Adria plates during the Middle—
Upper Jurassic [2-4].

In particular, Mt. Ragola (Lat. 44°38'30”N, Long. 10°5'E, 1712 m a.s.l.) consists
of serpentinized mantle tectonites [1] and appears as an orographic culmination of the
External Ligurian units of the Northern Apennines (Figure 1). It is located about 45 km
south of the town of Piacenza (Emilia-Romagna, Italy), in the Nure valley.

The ultramafic massif of Mt. Ragola (Figure 2) is extensively fractured, covers an area
of about 24.2 km?, is about 300 m thick, and is bordered by low-permeability deposits
that are predominantly characterized by polygenic breccias (Mt. Ragola Complex, Late
Santonian Early Campanian [1]), made of heterometric blocks of limestones or marly
limestones embedded in a fine-grained matrix (Figure 3). The base of the Mt. Ragola
ophiolitic unit dips gently N-NE with a steepness of about 5% [1,11].

The geomorphology of the study area is highly heterogeneous, with scarps, ridges,
gullies, and boulders emerging by selective erosion [1,12,13]. In particular, according to [13],
the modern ophiolitic plate of Mt. Monte Ragola coincides with an original (paleo)structural
low (graben) exhumed by unroofing and the differential erosion of the surrounding topo-
graphic highs made up by weaker argillaceous rocks, generating a geomorphic “inversion
of relief”.

Erosional processes due to running water are widespread, with rills and gullies being
the most common landforms in the ophiolitic rock mass due to surface water erosion.

They appear as systematic sets of linear features, usually eroded into the regolith
covering the rock and into the bedrock. Generally, they give rise to networks of parallel,
metric to decametric channels/trenches with limited hierarchy and are usually NW-SE
and NE-SW oriented. Erosive scarps corresponding to the margins of weathering deposits
appear heavily reshaped by running water and, to a lesser extent, by eluvial and colluvial
deposits. The vast majority of these morphostructures and geomorphic features have been
generally interpreted as the product of glacial action [1,12,13].

The geomorphological landscape also includes flat areas and steep slopes located
at different altitudes. On the former, marshy environments commonly occur, recording
the last filling phases of small lacustrine basins, some of which still exist at Lake Moo
(Figure 4) and Lake Bino. The origin of these lakes is still a matter of debate as some authors
have suggested a glacial origin [1,12,13], while others have interpreted the basin as the
expression of Holocene deep-seated gravitational slope deformations (DSGSDs; [10,14])
mainly controlled by changes in the incision rates of the Nure stream and lateral valley
unloading [1]. The complexity of past and present morphological processes is likely
enhanced by the superposition of lithological units with strong mechanical contrast, such
as ophiolites and the surrounding, predominantly clayey units [1].

Figure 2. Panoramic view of Mt. Ragola massif (1712 m a.s.l.) from the west side.
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Figure 3. Map and geological cross-section of the Mt. Ragola ophiolitic massif with location of the
study area. Modified from [11].

Figure 4. Panoramic view of the Lake Moo basin from the south.

Finally, it is worth mentioning that the area is included in the Natura 2000 network,
code 1T4020008—ZSC—Monte Ragola, Lago Moo, Lago Bino [15], and has been classified
as a geological site of regional importance [16].

3. Materials and Methods

This work has been carried out integrating multiscale, geological and geomorphologi-
cal data, both in time and space. This cross-disciplinary approach to the study of the Lake
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Moo basin and surrounding area is described in the following paragraphs, from the small
to the large scale.
At the local (basin) scale, we implemented:

(@) Review of the following historical archives acquired by the Geological, Seismic, and Soil
Service, reprocessed in GIS environment (georeferenced to the UTM system RER-ED50):

Color orthophotographs taken on 2006, [17];

Color orthophotographs taken on 2000, [17];

Black and white orthophotographs taken between the years 1994 to 1998, [17];

Black and white orthophotographs taken between the years 1988 to 1989, [17];

http:/ /www.pcn.minambiente.it/viewer/ (accessed on 27 June 2022)

Color aerial photographs at scale 1:13,000 taken between 1976 and 1978;

Black and white aerial photographs at scale 1:14,000 taken between 1969 and 1973;

Grayscale aerial photographs IGMI-GALI at scale 1:33,000, with 50 cm average

pixel size, and pictures taken on July 1954 [18]; https:/ /servizimoka.regione.

emilia-romagna.it/mokaApp/apps/VIGMIGAI1954_H5/index.html (accessed
on 27 June 2022) https://servizimoka.regione.emilia-romagna.it/mokaApp/
apps/VIGMIGAI1954_H5/index.html

e  Historical aerial photographs acquired by Royal Air Force in Emilia-Romagna
(1943-1944) [19];

e  Historical topographic maps (1860) of the Kingdom of Italy, called “I.G.M. primo
impianto” and “I.G.M. secondo impianto” [18]; https://servizimoka.regione.
emilia-romagna.it/mokaApp/apps/CST2H5/index.html (accessed on 27 June
2022) https:/ /servizimoka.regione.emilia-romagna.it/mokaApp/apps/CST2H5
/index.html

e  Map published by the Military Geographical Institute (I.G.M.) in the 1930s of the

last century;

Historical topographic map of 1853 at scale 1:50,000 [18];

Historical topographic map of the Duchy of Parma of Piacenza of 1828 at scale

1:28,800 [18]; https:/ /servizimoka.regione.emilia-romagna.it/mokaApp/apps/

CST1H5/index.html (accessed on 27 June 2022)

(b) A new UAV-based photogrammetric acquisition of the entire extension of the Lake
Moo basin was performed in Summer 2021 with a 20 MP commercial-grade drone to
obtain a 3D model tied to GIS-calibrated ground control points. From this 3D model,
we extracted a high-resolution (ca. 1 cm) orthophotograph and DEM used as baseline
for detailed mapping of scarps, vegetational /structural and spring alignments, and
other geomorphic elements, which were subsequently carefully verified in the field.

(c) A geoelectrical survey was carried out in Autumn 2021 to mainly determine the following:

Depth and geometry of the ophiolite bedrock;
Location of faults interacting with the bedrock and possibly with the sedimentary
cover succession of the lake basin;

e  Subsurface depositional trends of sedimentary bodies.

The geophysical profiles follows a NE-SW direction and orthogonally intersects al-
luvial fan deposits and NW-SE structural lineaments identified through remote sensing
observations. This survey was performed by making numerous apparent resistivity mea-
surements employing quadripoles arranged along the selected profiles (2D) using 48
channel Electric Tomography, in conformity with the Wenner-Schlumberger electrode
configuration method (after MH Loke—1997/2001), with a step of 5 m for a total length of
235 m. All the electrodes were georeferenced during the field survey. The obtained set of
apparent resistivity values (pseudosections) were converted into actual ones by implement-
ing the RES2DINV (version 3.5 4) of the Geotomo Software SDN BHD (Penang, Malaysia),
allowing the construction of a two-dimensional resistivity model. A PASI Srl “POLARES
2.0” was used to carry out all resistivity measurements in the study area. The full database
of the geoelectric survey and the technical specifications of the instrumentis are available
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in Chapter 1 in Supplementary Materials. Previously published high-resolution reflection
seismic data [20] were also used to backup and complement this dataset.

(d) Toinvestigate the sedimentary succession, two undisturbed sediment cores (T1 and T2)
were acquired in summer 2019 in the Lake Moo plain using a Belarus peat corer [21]
for a total of 7.5 m (T1, 3 m and T2, 4.5 m) and the lithofacies description is available
in Chapter 2 in Supplementary Materials. Complementary data, obtained using a
continuous drilling system described in [10] were also used. These data allow us
to calibrate the geoelectric measurement data, establishing the resistivity range of
various lithological units.

(e) The chronostratigraphic framework was partly based on radiocarbon data from core
51 [10] integrated by two newly acquired radiocarbon ages obtained at the CEDAD
Laboratory of the University of Salento (Italy). Original data are available in Chapter
3 in Supplementary Materials.

At the larger, regional scale we made use of the following:

(a) Orthophotographs and DEM acquired by the Geological, Seismic, and Soil Service,
analyzed in GIS environment (georeferenced to the UTM system RER-ED50), in
particular, colored orthophotographs A.G.E.A., with a 30-50 cm average pixel size
and pictures taken between May and June 2011, and June and August 2008, backed
up by high-resolution colored UAV orthophotographs, specifically collected in June
2021. The workflow on DEM involved the outlining of topographic lineations using 4
illumination directions (0-90-180-270), sun position at 45°, and regular time intervals
analysis, subsequently backed up by recognition of the same structures on aerial/ UAV
orthophotographs and directly on site. Saddles, scarps, crests, closed depressions,
trenches, terraces, counter slope surfaces, hillbridges, vegetational alignments, and
other elements were identified and mapped. The DEM used had a resolution of
5m x 5 m cells.

(b) Background geological data at the 1:10,000 scale, derived from the Emilia-Romagna
Region database [22]. This database was integrated with an original geomorphological
survey backed up by photointerpretation, and the results were carefully verified on
site. The following complementary datasets and related interpretations from [23] were
also used as baseline:

e The morphometry of the hydrographic network, which evidenced a segmen-
tation of the tributaries of the Nure river, interpreted as driven by mechanical
discontinuities of the bedrock substrate;

e The meso-tructural analysis on brittle structures (e.g., faults, fractures) in the dif-
ferent lithological units, which highlighted the occurrence of tectonic lineaments
and structural trends, interpreted as active also during the Holocene.

(c) Finally, we reviewed the national earthquake catalog [24] to qualitatively identify
possible relationships between epicentral clustering trends and structural patterns.

All territorial data are available in vector digital format, organized and managed in a
database with two types of software: (1) ESRI 2018 AcrGIS 10.6.1 Redlands, CA Environ-
mental Systems Research Institute. All this information is georeferenced in World Geodetic
System 1984 (W.G.S. 84 datum). (2) A free and open-source geographic information system:
QGIS 3.18 Ziirich.

4. Data Analysis
4.1. Surface Data
The analysis of historical cartographic archives (Figure 5) allowed us to highlight the
following main points:
(a) In 1828 (Figure 5a), the main stream feeding Lake Moo was not following the current

trend. On the contrary, it appeared to flow on the eastern side of the depression along
a NE-SW direction.
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(b) In 1853 (Figure 5b), the stream was located in an intermediate position, flowing
roughly in the middle of the depression. In 1860 (Figure 5c), the stream had already
reached the current configuration in the western part of the basin, along a NW-SE
direction that abruptly bent toward the East (with an angle of ca. 90°) before entering
into the lake.

(a) 9°3210"E

Historical topographic map of the
Duchy of Parma and Piacenza of 1828
in scale 1:28.800

44°37'30"N , 44°37'30"N
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track but a SW-NE direction to the lake entrance.

44°37°20"N 44°37'20"N

0 0125 025 0.5
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follows a W-E direction until the entrance of the lake.
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This route is preserved until today. Currently the
stream has cut a depth of 85cm.

0 01 02 04
e KM

Figure 5. Historical cartography available for the study area. The blue line shows the different tracks
of the main stream under study. (a) Historical topographic map of the Duchy of Parma and Piacenza
of 1828 in scale 1:28,000; (b) Emilia-Romagna Region historical map of 1853; (c) IGM Historical map
of 1860.

Analysis of the subsequent high-resolution datasets (aerial and satellite orthophotos,
DEMs, topographic maps) acquired until the present day reveals that, after 1860, the stream
maintained its current conformation. In particular, since then, there were no major changes
in the general morphology of the entire Lake Moo basin. Currently, the stream riverbed
shows a ca. 50 cm incision (Figure 6).

The identified inactive alluvial fan appears confined in the southern sector of the
basin, being bounded to the north by a series of topographic lineaments directed NW-SE
as illustrated in Figure 7. Such lineaments, expressed by cm- to dm-sized scarps, are clearly
able to impact on the hydrographic network influencing the patterns of superficial rilling.
In particular, groundwater spilling points within the Lake Moo basin follow these structural



Geosciences 2022, 12,272

8of 17

trends as well. Notably, the coarse-grained lobe deposited during one of the most powerful
and recent flood events (13-14 September 2015) appears to be confined to the southern part
of the basin [10].

Figure 6. Representative photograph of the entrenched right side of the mainstream showing the
uppermost 50-cm-thick sedimentary succession. Graded pebble—sand couplets are interpreted as a
sheet-flood lobe deposit. Location in Figure 7.
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Figure 7. The main structural landforms and topographic lineament recognized in the lake Moo plain
extracted from (A) high-resolution orthophotograph and (B) DEM, respectively.

4.2. Subsurface Data

In order to validate and complement surface data, dedicated EM data was comple-
mented and backed up by a reinterpretation of seismic tomography data acquired by
previous campaigns [10]. The coverage of the geoelectric survey is shown in Figure 8.
These profiles were specifically designed to cross the main morphostructures in N-S and
E-W directions.

This allowed the identification of the possible contact between sediments and the
bedrock at maximum and minimum depths of about 25 and 5 m, respectively, with a
complex physiographic profile characterized by morphological highs and lows, roughly
defining asymmetric depocenters, with shorter and steeper southern flanks compared to
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the northern ones (Figure 8). The location and depth in meters from ground level of these
structural highs and lows of the ophiolite substrate recognized through geoelectrical and
seismic data are shown in Figure 8.
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Figure 8. (A) Location of the geophysical profiles shown in (B,C) with labeling of the correlated
structural highs and lows of the ophiolitic substrate. (B) Geoelectrical resistivity tomography and
interpretation. The depth of the unconformity is in accordance with the spill point altitude of Lake
Moo (1114 m a.s.l.). (C) Vp seismic tomography profiles (modified from [10], © Author(s) 2020,
Creative Commons Attribution 4.0 License; https://cp.copernicus.org/articles /16 /1547 /2020/cp-16
-1547-2020-supplement.pdf, accessed on 11 April 2022), and interpretation. Question marks outline
areas with ambiguous and/or unclear results.

The base of the sedimentary sequence recognized in the geoelectrical profile was facil-
itated by information derived from the S1 core, where it is located at 12.5 m depth below
ground level [10] and coincides with resistivity values ranging from 30 to 50 (2 x m. Three
principal lithologic subdivisions are recognized in the geoelectrical profile (see Chapter 1 in
Supplementary Materials), and these subdivisions are in accordance with what was observed
in core S1 [10]. In addition to the contact between the sedimentary sequence and ophiolitic
breccias, through a sharp and erosive contact at a depth of 4.5 m, a transition occurs from
shallow lacustrine clayey deposits with resistivity values below 25 (2 x m, to a marginal
lacustrine environment subject to flood deposits and subaerial very coarse sediments with
resistivity values ranging between 25 and 40 () x m. This limit corresponds to an important
unconformity [10].

The calibration of the geophysical profiles is completed with two undisturbed sediment
cores (T1 and T2, their location is shown in Figure 8 and see Chapter 3 in Supplementary
Materials) taken in the northern sector of the lacustrine plain, where the most recent filling
of the basin occurred. In this area, based on radiocarbon data, at a depth of 2.40 m, it
was possible to recognize the unconformity surface that coincides with the erosive base
of a 60-cm-thick graded layer (see Chapter 2 in Supplementary Materials) consisting
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of coarse sandstone with very fine granules that transitions upward to siltstone with
abundant remains of plant fragments. This coarse cluster was interpreted as the deposit
from fluvial floods.

The tectonic discontinuities defining the structure of the subsurface framework are
correlated in plan view with the NW-SE and NE-SW topographic alignments described
above and are identified as aligned normal fault branches characterized by a local cumu-
lative displacement of up to a few meters and a lateral extension of up to hundreds of
meters. Such faults are arranged in arrays mainly N- and S-dipping, and W- and E-dipping,
respectively, roughly defining an asymmetric horst-and-graben-type morphology in both
directions. Several faults characterized by a surface expression (e.g., scarps up to ca. 30 cm
high, vegetation and groundwater seepage alignment, stream diversions) have been corre-
lated with the subsurface (see Figure 8). In particular, the NW-SE set appears to share the
most evident topographic expression, also coinciding with the front of the alluvial fan. Two
sets of low-angle mechanical discontinuities can be identified in the seismic tomographies,
arranged as almost conjugate sets in the W-E profile (see Figure 8C).

4.3. Large-Scale Surface Data

In plan view, the area surrounding the Lake Moo basin is characterized by a complex
network of geomorphological features and drainage patterns (Figure 9). Closed and
elongated depressions characterized by minor lakes, peat bogs, and humid areas such as
the one hosting Lake Moo, are observed to align together with stream pathways, and other
topographic lineaments, roughly defining a V-shaped, structurally controlled hydrographic
network with the apex pointing toward SSW, where the local watershed is located, and
draining toward the NNE, into the Nure valley. This structural framework is due to the
development of a deep-seated gravity deformation of the slope [10,14], whose lateral
margins/boundaries provide preferential pathways for two minor hydrographic basins
comprising the Moo and Bino lacustrine basins (see Figure 9).
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Such basins appear elongated, together with other landforms (e.g., topographic de-
pressions) and topographic alignments, in a NNE-SSW direction, following one of the main
structural directions identified in the area. The other principal structural direction identi-
fied by different sets of the same morphostructures was WNW-ESE. These two structural
populations show mutual crosscutting and abutting relationships.

5. Discussion

Combining surface and subsurface information allowed the identification of the subtle
structural and stratigraphic relationships occurring in the Lake Moo basin and in the sur-
rounding area. In particular, the coarse-grained coalescent lobes forming the alluvial fan
that are structurally confined in the southern sector of the basin, lie upon an unconformity
surface with a base dated 4094-3861 B.P. at 4.5 m depth (unconformity 1 in S1, Figure 8).
As described above, such unconformity marks the abrupt upward transition between un-
derlying lacustrine sediments to coarse-grained fluvial deposits [10] and appears shallower
toward the north, being found at about 2 m depth in the footwall of fault A. To the northern
part of the profile, unconformity 1 appears to get relatively deeper, again at 2-3 m depth
in the hanging wall of fault A. This testifies to a stepped, asymmetric half-graben-type
physiography, with compartmentalization of the original lake to the south and to the north
of the main tectonic lineament discussed above, which appears to have played the role of a
structural divisor/threshold (see Figures 7 and 8). As a whole, the stratigraphic depth of
unconformity 1 coincides with the elevation of the spill point of Lake Moo, at 1114 m a.s.1.
The same scenario appears in the E-W direction, with a deeper depocenter toward the west
and a progressively shallower ophiolitic substrate toward the east, at least in the southern
sector of the basin (i.e., to the south of the main NW-SE lineament; fault A in Figure 8B).

Based on these observations, the possible evolution of the Lake Moo basin can be
subdivided into two main phases, defined by (1) a pre-unconformity succession, with
the lacustrine basin subdivided into southern and northern depocenters, and (2) a post-
unconformity phase, characterized by an abandonment of the southern part and shifting
toward the north of the lacustrine basin depocenter to its current position. We interpret
this shifting as related to the activity of an array of mainly high-angled, oblique normal
faults with local transtensive (and sometimes transpressive or inverted) movements dip-
ping mostly toward the north (see Figures 7 and 8), which can be followed outside the
investigated area, showing a strong correspondence with the local to regional structural
grain (Figure 9), as also documented in the literature [13,23].

Notably, as illustrated in Figure 10, the 1860 time interval coincides with the last peak
of the Little Ice Age [25]. Accordingly, the observed changes in the riverbed trends and
overall drainage system of the Lake Moo basin could be interpreted as consequences of
a series of floods that occurred between 1828 and 1860, characterized by cold and humid
climatic conditions [26]. This reconstruction on the basis of cartographic documentation
of a period of regularly intense precipitation coinciding with the last peak of the Little Ice
Age is in accordance with what is also documented in other historical sources, where it
is recorded, for example, that at least three intense precipitation events with disastrous
flooding occurred between late September and October 1868 in the Alpine sector [27]
and in the Northern Apennines [28]. In particular, the flood of 23rd September 1868 had
such an impact on the city of Parma that the “Stuard Gallery” exhibits a painting with
the disastrous effects on the city caused by the waters of the Parma stream [29]. The
coarse-grained sedimentary lobes deposited by such floods are localized at the slope break,
where the stream enters the lake basin. These deposits form an alluvial fan characterized
by a steepness of about 4.4% and 2.6° of inclination. According to the above framework,
we suggest that along with the W-E asymmetry of the basin, the resultant topographic
expression of this fan might have been able to modify the stream path, steering it toward
the west (see Figure 5).

These alluvial fan deposits identified are limited to the southern sector of the Lake Moo
plain, being bounded to the north by a series of topographic lineaments directed NW-SE as
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illustrated in Figure 7. These lineaments, identified in the field as vegetational alignments,
scarps with decimetric-sized relief, and by rectangular drainage patterns, intersect a large-
scale deep-seated gravity movement guided by a set of other lineaments oriented NE-SW
(see Figure 9). In the apical sector, both the Moo and Bino lakes appear located on both
sides of the gravity movement (Figure 11). Their position along the lateral, NE-SW-
oriented ramps of the DSGSD, along with their symmetric rhomboidal-shaped appearance
(suggesting opposite shear sense as expected at the side of the gravity movement), testify
to a common transtensional (i.e., pull-apart type) origin for both lacustrine basins (see
Figure 11).
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Figure 10. The black line shows the reconstructed temperature, while the gray lines are the sample-
specific estimated standard error associated with the temperature reconstruction based on chironomid
assemblages from [24]. The dark red line represents the July mean temperature (1971-2018) retrieved
for the Verdarolo meteorological station of ARPAe-SIMC network Emilia-Romagna Region (11-year
running average). The light red lines are standard deviation error.

This possible gravitational origin of the two lakes is in agreement with what was
observed in the S1 borehole extracted at the Lake Moo plain in July 2017 [10], where at
a depth between 12.25 and 11.30 m, a 95-cm-thick unit composed of two main horizons
indicative of a mature paleosol occurred. The lowermost horizon, located between 12.25
and 11.60 m, corresponds to weathered deposits overlain by a 30-cm-thick horizon. This
unit is interpreted as a residual pedogenized colluvium marking the base of a structural
depression produced by gravitational block sliding [10]. At the top of the paleosol, at a
depth of 10.44 m, a level of organic matter was dated 9672-9501 B.P., which could represent
the initiation phase of the gravitational destabilization that subsequently continued during
the Holocene Climatic Optimum.

This initial phase of the Mt. Ragola landslide destabilization is in accordance with
what is described in the Northern Apennines by [30] and by [31] in the Alps system as a
consequence of evolution of the geological slope system to reactions of climate changes
that occurred during the transition between the late Boreal and early Holocene Climatic
Optimum periods. In the study area, this slope evolution is favored by the superposition of
intensely fractured lithological units with strong mechanical contrast, such as ophiolites,
and the underlying a predominantly clayey unit, mainly controlled by changes in the
incision rates of the Nure stream and the tectonic uplift of the Apennine chain during the
Holocene [1,13,23]. Moreover, the intrinsic foliation systems of the serpentinites seem to
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provide favorably oriented weak surfaces for the development of the basal detachment of
the DSGSD (see Figure 11). According to this framework, the transpressive reactivation
shown by some faults can be related to local inversions that occurred during the stepwise
evolution of the DSGSD.
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side of Mt. Ragola with foliation parallel to slope.

North | |(B) Initiation phase of the DSGSD destabilization, (C) Recent control phase
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Figure 11. Synthetic conceptual model showing the origin and subsequent evolution of the Moo and
Bino lakes. (A) Pre-failure stage: Serpentinized peridotites side of Mt. Ragola with foliation parallel
to slope; (B) Initiation phase of the DSGSD destabilization, starting in 9.600 B.P. and continuing
through the Holocene Climatic Optimum; (C) Recent structural control phase characterized by
an abandonment of the southern part and shifting toward the N of the lake Moo lacustrine basin
depocenter to its current position.

As depicted in Figure 9, the surface of the deep-seated gravity movement complex
and its structures are crosscut by geomorphologic elements such as aligned trenches,
saddles, scarps, vegetational lineaments, and interruptions of elongated structural highs
and lows, characterized by lateral continuity outside the lacustrine basin. Based on the
coherent geometric relationships of such elements with the regional topographic lineaments
identified within (see Figure 7) and around the Lake Moo basin (see Figure 9), we suggest
their tectonic origin. In this framework, these geomorphological elements appear related to
the recent activity of this fault array, which post-dates the gravity movement. Importantly,
this fault system seems to be related to the recent reactivation of older tectonic structures,
with the same geometric attitude, interpreted as responsible for the development and
lateral compartmentalization of the deep-seated gravity movement (see Figure 11) and,
more generally, of the structural architecture of the Mt. Ragola massif.

This scenario is supported by the literature, as studies carried out in the late 1980s
documented several faults in the area sharing a recent activity [13,23,32]. In particular, struc-
tural investigations suggested the occurrence of three deformational phases, two of which
were characterized by the transcurrent regime trending NE-SW and NNW-SSE, respec-
tively, and a third, younger distensive one. The latter developed two normal fault systems,
trending NE-SW (monodirectional extension) and NW-SE (pluridirectional extension),
with local transtensive movements [23].

Finally, it is worth noting that a good match exists between these structural features,
the trend of the potentially active faults previously mapped in the area, and the alignment
and cluster trends of the epicenters of historical earthquakes (Figure 12). Overlying this
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integrated information on the overall regional seismotectonic setting in fact allows correla-
tion of the identified morphostructures and recently active tectonic lineaments, trending
NW-SE, NE-SW, and NNE-SSW and mainly characterized by normal oblique slip and
strike-slip movements. Notably normal and dextral strike slip focal mechanisms were
extrapolated for clusters of seismic events (from 2 < M < 4.4) aligned along a NW-SE lin-
eament that intersects the Lake Moo basin [23]. This structure is interpreted as responsible
for the linear topographic features and, in synergy with the climatic scenario described
above, for the segmentation of the lacustrine basin. It is worth noting that the period of
increased flood activity recorded between 1820 and 1870 coincides with a temporal cluster
of M > 3 seismic events, characterized by at least two M > 5.5 major ones that occurred
within a radius of 50 km of the study area (see chronological earthquake distribution in
Figure 12).
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Figure 12. Heatmap overlay of earthquake epicenters, color coded by depth (time interval
1541-2021; [24]), on Google Earth satellite imagery of the area surrounding the Lake Moo basin,
with rose diagrams summarizing the main structural orientations. Generic fault and potentially
active fault data from [1] and [23], respectively. In the bottom diagram, chronological distribution of
historical M > 3 seismic events occurred in an area of 50 km radius around Lake Moo. Data from [24].
The main M > 4 earthquakes with available reconstructed focal mechanisms are labeled.
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6. Conclusions

The multidisciplinary approach implemented in this work allowed a detailed char-
acterization of the Lake Moo basin, its evolution through geological to historical times,
and the reconstruction of a possible chronology of the geomorphological development of
the study area within the Northern Apennines framework. Analysis of historical archives,
geophysical surveys, geognostic probing, radiocarbon dating, and geological and geomor-
phological mapping allowed the reconstruction of the tectonic—climatic evolution of this
sector of the Northern Apennines during the Holocene.

In particular, this study allowed us to disregard the glacial origin classically proposed
for this lacustrine basin, instead revealing that a combination of relatively recent sedimen-
tary, gravitational, and (neo)tectonic processes played a major role in the morphological
reshaping of the study area. In the last 10 Kyrs, the overall depositional setting appears
structurally controlled, characterized by shifts of the equilibrium point (i.e., balance be-
tween erosion and deposition). Three main processes linked by a synergic loop were
responsible for the morphological reshaping of the area:

(1) Enhanced efficiency of regular fluvial discharge in humid and cold climatic conditions
at the demise of the Little Ice Age;

(2) Deep-seated slope gravity deformation due to tectonic uplift, unroofing, and lateral
valley unloading;

(38) Temporal-spatial clustering of seismic events along specific directions parallel to the
local to regional structural grain.

The resultant physiographic scenario, which is preconditioned by the subsurface
geological architecture, is mainly driven by lithological /mechanical contrast and rework-
ing/reactivation of inherited structures.

In this framework, the (geo)diversity of the high Northern Apennines landscape can
provide the constraints for a detailed assessment of the present and future geomorphic
hazards for the local communities, as well as potential guidelines for the local governance
of land management, planning, and safety. The proposed multidisciplinary analytical
workflow highlights the importance of minor mountain lake environments and peat bogs
as high-resolution geological archives. Such an approach might be implemented in other
similar settings, characterized by limited outcrop conditions due to active tectonics, complex
argillaceous lithologies, and /or unfavorable vegetation cover.
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