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ARTICLE INFO ABSTRACT

Keywords: Terrestrial laser scanning has shown to be a very powerful method for the study and monitoring of caves. The

Karst high density of acquired points allows geostatistical methods to be used in the elaboration of large datasets on

ED"’HP‘;“FE different depositional and erosional morphologies on cave walls, roof and floor. Here we describe a multidis-
G:s;z;“;llo ciplinary morphometric study on cave wall morphologies and sediments in a multi-level gypsum cave system in
Paleohygrologg;, the northern Apennines (Italy) with the objective of finding the direction of water flow that created these pas-

sages over hundred thousand years ago. The analysis of the traditional cave map (in long profile) suggests an
overall, albeit very low, north-west inclination of the cave passages. However, other definitive indicators of flow
direction, such as scallops, are absent which restricts the verification of this interpretation. The laser scanner-
derived 3D point clouds of the cave wall notches of the main level have been analysed using different
methods to verify the paleocurrent direction. However, statistical analyses of the point cloud data have yielded
inconclusive results, even if most flow-related morphologies appear to be gently sloping towards north-west,
where the present main cave entrance is found. Imbrication of fluvial sediments prevalently indicates the
same direction. While no single method provided conclusive results on its own, the collective evidence strongly

suggests an ESE to WNW paleocurrent flow, confirming the ancient resurgence nature of the cave gallery.

1. Introduction

Karst areas are generally characterised by a strong interconnection
between hydrology and geomorphology, with an underground drainage
strongly affected by the surface morphology and vice versa (Ford and
Williams, 2007; De Waele and Gutiérrez, 2022). This is particularly true
for epigenic carbonate karst, in which the dissolving power of the fluids
mainly derives from surface CO,, and meteoric waters enter the soluble
formation from above, dissolving the rocks and creating an aquifer with
a double, or even triple, porosity (White, 2002).

Epigenic gypsum karsts are somewhat different from those devel-
oped in carbonates: evaporites (i.e., gypsum rocks) have very low
porosity (Klimchouk, 1996), they are characterised by more widely
spaced fractures (Pisani et al., 2019), and they dissolve readily in water
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independently of CO,. This produces aquifers with a different behaviour
with respect to carbonate karst (Vigna et al., 2017), and cave systems
with rather similar morphologies, but with some distinctive shapes and
differences (e.g., Urban et al., 2009; Calaforra and Gazquez, 2017). The
faster dissolution of gypsum with respect to carbonates gives epigenic
gypsum caves a unique evolution, which, coupled with the stratigraphic
and structural settings, creates characteristic networks of passages.
Landscape evolution in gypsum areas in temperate climate zones can be
extremely rapid, allowing to infer environmental changes over short
periods of time, such as a few thousand years (Columbu et al., 2017). In
carbonate karst, on the contrary, caves need longer times to form and
adjust to changing base levels, allowing landscape reconstructions only
over longer time scales in the order of 10°-10° years (Rixhon, 2023).
It is worth emphasising that cave evolution in gypsum areas in
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temperate climate is rapid, especially shortly after colder periods, when
rainfall increases and more sediment is moved into the karst due to the
still scarce vegetation cover (Columbu et al., 2015). This sediment
transport increases the (physical) erosional power of the entering wa-
ters, enlarging cave conduits also via mechanical erosion. These periods
of sediment entrainment into the caves also causes increased alluviation
in the conduits and the related antigravitative (upward and sideward)
enlargement of the active passages (Pasini, 2009; Farrant and Smart,
2011). Warmer climate, on the contrary, increases CO, concentrations in
the soils leading to calcite speleothem precipitation in previously carved
gypsum voids (Columbu et al., 2015). Contrarily, caves form more easily
during warmer periods in limestone areas, because of the increased CO,
contents in the soils and higher precipitation, increasing the solubility of
carbonate minerals (Harmand et al., 2017). In rather rapidly uplifting
areas, the interplay between tectonics and changing climate gives rise to
multi-level karst systems, with underground river passages rapidly
adjusting to changes in base-levels, in limestone karst areas (Calvet
et al., 2015), but especially in gypsum caves (Columbu et al., 2015,
2017; Pisani et al., 2019).

Mature underground streams in caves, especially in areas where
recharge is continuous and rather uniform (with poor seasonal contrasts
in hydrological regime), close to their terminal parts (towards the
spring), are often characterised by very low gradients, as low as <0.1 %,
with passage floors very close to the horizontal (Audra and Palmer,
2015). Sometimes outlets can be accessible, allowing speleologists to
enter the resurgences and follow the rivers upstream over variable dis-
tances. Ancient resurgences, no longer active, can be found hanging high
on cliffs or valley slopes, and these dry passages are what is left of the
underground karst network after a base level lowering occurred. These
old outflows and cave levels can host sediments which allow to date the
speleogenetic phases (although sediments and speleothems only give
indications of a minimal age of the conduits they occupy), and the
connected landscape evolution (Haiiselmann et al., 2007; De Waele
et al., 2012).

Recognising the ancient function of a fossil cave passage (spring or
sink) relies on the general altitudinal profile of the cave passage (rising
or descending), the identification of original flow marks on the walls,
floor and ceiling (i.e., scallops), or the sedimentological markers of flow
directions (i.e., direction of the imbrication of fluvial clasts). These flow
direction markers can be missing completely (eroded by later processes
or erased by condensation-corrosion phenomena, e.g. Cailhol et al.
(2019) and Columbu et al. (2021)), or can be hidden from view (covered
with more recent sediments or speleothems). In such cases the general
inclination of the passages can indicate the direction of flow, especially
if they extend over considerable distances. Classical cave survey
methods are typically sufficient to resolve the spring/sink enigma in
most cases.

In this paper we report a case study of a relict gypsum cave passage
opening around 83 m above the regional base level. This passage de-
velops in an eastward direction for over 300 m with dimensions of 0.5-5
m width and 2-15 m height, continuing with a narrow passage <0.5 m
high. Based on cave surveys, its longitudinal profile, which is disturbed
by rockfalls, sediments, and displacements, does not allow to identify its
descending or ascending nature. Besides, scallops are missing (due to the
macrocrystalline nature of the gypsum rock), and clearly imbricated
cave sediments do not give an unequivocal answer regarding the flow
direction. Although in previous studies it has always been considered a
resurgence due to its geological setting (Columbu et al., 2015), some
observations and local measurements carried out by cave explorers rose
the hypothesis of the presence of an opposite gradient, which might have
pointed to the cave as a sink and not a resurgence. In this regard, our
main objective was to explore the potential of terrestrial laser scanner
(TLS) surveys in (1) quantifying, with geostatistical methods, the overall
morphometry of wall notches and antigravitative ceiling channels as
indicators of ancient water flow direction, and (2) overcoming the
limitations associated with conventional topographic cave surveying. In
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this karst area, laser scanning has already allowed to study an archae-
ological cave used for the extraction of “lapis specularis” during roman
age, a sort of gypsum glass (Santagata et al., 2015), the speleogenetic
evolution of a gypsum cave (Ca’ Castellina Cave, De Waele et al., 2018)
and of a roman gypsum quarry in the Monte Mauro area (Fabbri et al.,
2021).

2. Study area
2.1. Gypsum karst of Romagna

Evaporite karst areas in Emilia-Romagna mainly outcrop on the
northern edge of the Apennines (Messinian gypsum) and along the
Upper Secchia Valley (Triassic gypsum). The largest of these areas occur
south of the city of Bologna (the Gessi Bolognesi e Calanchi dell'’Abbadessa
Regional Park), and south-west of the cities of Imola and Faenza, ca. 50
km south-east of Bologna (the Vena del Gesso Romagnola Regional Park).

This region represents the most studied evaporite karst area in the
world and has been the focus of scientific research since the late 16th
century. Thanks to its unique geological and naturalistic features and its
scientific importance it has been declared a UNESCO world heritage site
in 2023 under the name “Evaporitic Karst and Caves of Northern
Apennines” (EKCNA) (https://whc.unesco.org/en/list/1692). EKCNA
has become the only Italian site with a strong karst and speleological
imprint to be included in the UNESCO list, and the first karst site in
evaporites (gypsum) in the world.

The Vena del Gesso Romagnola is an important outcrop of Messinian
gypsum developing for about 25 km along a W/NW-E/SE direction. In
this area there are approximately 300 registered caves, for a total of 48
km of development. This geological formation is made of 16 gypsum
beds separated by clayey interlayers and deposited during the Messinian
salinity crisis (Lugli et al., 2008).

Our study site, the Re Tiberio Cave system, is situated in the central
portion of the Vena del Gesso Romagnola Regional Park, close to the
village of Borgo Rivola. In this area the original sedimentary sequence is
strongly fractured and has undergone stacking as a consequence of
ancient submarine landslides (Roveri et al., 2003), reaching a thickness
up to 350 m and rising high above the local base level, which is repre-
sented by the Senio Stream. The latter cuts the gypsum outcrop
perpendicularly along a N/NE-S/SW direction (Fig. 1).

2.2. The Re Tiberio Cave system

The Re Tiberio Cave system develops within the Monte Tondo area
(Borgo Rivola, province of Ravenna) for over 7 km and can be defined a
multi-level system, organised into 5 main sub-horizontal levels and 7
further potential ones of minor development (Columbu et al., 2015;
Chiarini et al., 2022, 2024) (Fig. 1). This is the best developed epigenic
karst system in the entire area of the Vena del Gesso Romagnola Regional
Park. The main cave level, which opens at 180 m a.s.l., 83 m above the
Senio Stream thalweg, has been equipped for tourist visits in its first 80
m. This initial part of the cave is of archaeological and historical interest
(Sanna et al., 2023) and was scanned with a laser scanner already over
10 years ago (Canevese et al., 2013).

The local geological and geomorphological setting, characterised by
an over 350 m thick evaporite sequence cut by a stream, constitutes an
ideal condition for the preservation of the relationship between cave and
surface landscape evolution. The studies carried out previously, based
on the U/Th dating of calcite speleothems and on the comparison of the
sub-horizontal levels of the caves and the river terraces of the Senio
Stream, have highlighted the close link between the climatic conditions
triggering the valley incision and aggradation in this uplifting area, and
the evolution of the karst system (Columbu et al., 2015). The formation
of karst conduits has been related to late Quaternary climatic oscilla-
tions on a millennial scale, establishing an evolutionary model that ex-
plains the formation of conduits with sub-horizontal development
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Fig. 1. Location of the Re Tiberio and neighbouring caves in the Monte Tondo karst area. Cave maps are shown in red, whereas blue arrows indicate present
underground water flow. Note the cave is cut, in some of its parts, by the Monte Tondo gypsum quarry, in grey. The salmon area indicates the gypsum outcrop.

during periods characterised by a relatively cold climate, while in the
warmer climate phases there is a slowdown of speleogenetic processes
and a widespread growth of carbonate speleothems (Columbu et al.,
2015, 2017). Based on the U/Th dating of speleothems, which give the
minimum age of the cave level in which they formed, and a comparison
with the record of fluvial terraces in the nearby valleys, this multilevel
system formed during the last 300 ka (Chiarini et al., 2024).

All the previous studies have taken for granted that the natural
entrance of the Re Tiberio Cave main gallery functioned as a spring
during its formation. This agrees with the overall low gradient of the
passage, which fits well with a final tract of an active cave branch close
to its outlet. However, no other clear and evident univocal signs of flow
direction, such as scallops or unidirectional imbricated river sediments,
can be used to confirm this interpretation.

3. Methods
3.1. Cave survey and geomorphological observations

Although the focus of this work was to identify the direction of the
stream which formed the main Re Tiberio Cave level, initial observa-
tions were made on the entire karst system to help the understanding of
its evolution. A first step was the analysis of the topographic cave survey
obtained between 1994 and 2003 with traditional techniques using
combined clinometer-compass (Suunto) and 20-m measuring tape. The
main levels of the cave were resurveyed during the past 6 years using the
modern Disto-X laser range finder (Heeb, 2014), adjusting the new

traverse line and thus improving the overall accuracy of the earlier
survey. The cave survey is available online in the regional cadastre of
natural cavities of Emilia-Romagna (https://geo.regione.emilia-romagn
a.it/schede/speleo/index.jsp?id=42100). The cave map was drawn
analogically, then reproduced digitally using the ‘resurvey’ tool of the
cSurvey software (Pisani and Lucci, 2022). The digitalised and geore-
ferenced survey was used to extract the X, Y (coordinates) and Z (alti-
tude) data of the most represented and continuous sub-horizontal
galleries. Five main cave levels (corresponding to those in Columbu
et al., 2015) were extracted. The data have been analysed using Excel
software to calculate an average topographic gradient through the
realisation of diagrams plotting the cumulative linear distance from the
origin of each survey station vs. its altitude. For each cave level we
calculated a linear trendline, where the angular coefficient represents an
approximation of the topographic gradient.

Further analyses were carried out by direct geomorphological ob-
servations in the cave. Notches, flat ceilings, sediments, ceiling pendants
and other relevant geomorphological and depositional elements were
mapped. In this paper, we use the term notch to refer to vadose and
antigravitative wall notches, also known as solution ramps. These
morphologies are sub-horizontal recesses in the cave walls with a gen-
eral slope having the same dip and dip direction of the cave stream that
generated them (De Waele and Gutiérrez, 2022). Considering the limits
of the method, which does not allow for a precise mapping and identi-
fication of very low gradients using analogical instruments in caves,
further investigations were planned to extract detailed morphometric
data. Fluvial deposits were also mapped and, when present, imbrication
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was observed and its direction measured. This allowed to verify the flow
direction of the water that deposited these sediments.

3.2. Laser scan acquisition

Laser scanner acquisition was carried out only in the main Re Tiberio
Cave level using three different laser scanners. The area near the cave
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entrance and the initial tourist section were scanned using a Leica P40
Scan Station (9 scan stations) (Fig. 2A) and a Leica BLK360 laser scanner
(80 scan stations) (Fig. 2B).

Leica P40 ScanStation is a terrestrial laser scanner equipped with an
internal camera able to produce HDR 360° panoramic images used to
colour the point clouds. This instrument can measure at distance of
>250 m in very high resolution (<3 mm at 10 m distance) and short time

Fig. 2. The laser scanners used to map the Re Tiberio Cave: A. The Leica ScanStation P50 in the entrance area (Photo Tommaso Santagata); B. The Leica BLK360,
placed on its tripod over a narrow and deep canyon (Photo Jo De Waele); C. The BLK2GO held in hand during the scanning of a narrow canyon-like passage (Photo

Jorge Sevil-Aguareles).
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(Santagata et al., 2022a). Considering the large size and weight of this
laser scanner (about 20 kg including instrument and tripod) it was not
possible to proceed in the lowest and most tortuous areas of the cave. For
these reasons the BLK360 was used as a support in the most inaccessible
areas whereas the Leica P40 scan station was used to 3D scan the largest
areas.

Unlike most laser scanners, the Leica BLK360 has extremely small
dimensions (height about 26 cm, width 11 cm and weight <1.5 kg) and
is equipped with internal cameras for the acquisition of 360° panoramic
and 180° thermal photographs. This instrument scans up to a distance of
about 60 m in a period of time ranging from 3 to 7 min depending on the
settings of the scanner and the internal cameras, with which it is possible
to create panoramic photographs also in HDR. The possibility of using
this instrument in caves makes data acquisition operations extremely
easier and faster (Santagata et al., 2022b).

The sections of the small tunnels with complicated passages due to
the presence of boulders and reduced widths were scanned using the
BLK2GO hand-held laser scanner (Fig. 2C). Unlike TLS, hand-held
scanners are instruments that allow to provide 3D point clouds of the
environment while walking through it. In small caves, this kind of
technology can be used for the almost total acquisition of the environ-
ment thanks to the possibility of moving much more comfortably and in
extremely faster times, even if the data resolution is much less defined
compared to tripod-based TLS instruments.

Integrated with an Inertial Measurement Unit (IMU) and three
cameras to obtain coloured point clouds, the BLK2GO allows to 3D map
and acquire RGB data information at the same time simply by walking in
the areas to be detected. The GrandSLAM (Simultaneous Localization
And Mapping) technology integrated in the BLK2GO combines LiDAR
SLAM, Visual SLAM and the IMU to achieve the mapping performance
acquiring 420.000 points per second. Through the LIDAR SLAM, the
BLK2GO identifies different surfaces with unique geometry in the LIDAR
data that are used to analyse and calculate its 3D position during its use.
As in all tools that use IMU and SLAM algorithms, the trajectory is
calculated in order to build its surrounding map and localise the in-
strument location on the map at the same time. Moreover, through the
Visual SLAM system, the three panoramic cameras identify similarities

Geomorphology 471 (2025) 109576

between consecutive images (common features) to calculate the move-
ment of the scanner.

Paired with a tablet or a phone and through a dedicated application,
the data acquired can be viewed as a preview of the results in real time.
The BLK2GO application also allows to control the instrument and check
the battery status. Photographs can be geo-tagged during scanning and
later be viewed in the exported point clouds. The BLK2GO data can be
exported in high or low resolution with the advantage of immediately
obtaining a clean point cloud and without the classic sketches that are
usually produced by mobile scanners equipped with SLAM systems.

Four walks of about 6-10 min were necessary to 3D scan the passages
and an overlap area of about 100 m to connect the scans of the BLK2GO
with those realised with TLS. Once acquired, the data obtained by the
BLK2GO were transferred using a wi-fi connection and processed with
Leica Cyclone software, the same used to process the TLS data. As well as
importing data, Cyclone software allowed to align and process the point
clouds obtaining maps and cross-sections or other operations as the
realisation of TIN (Triangulated Irregular Network) meshes and contour
lines. After the processing phases, data were exported in .LAS file format
to be viewed and analysed with other software packages.

3.3. Point cloud analyses

From the point cloud dataset obtained through the laser scanner
survey, a compound 3D model was generated using CloudCompare
(CloudCompare 2.13, 2024) merging the registered point clouds
captured along the scanned passage (Fig. 3A-C). The final 3D model was
subsampled to a spatial resolution of 10 mm to reduce processing time
and was georeferenced using the pre-existent speleological topographic
survey.

Following point cloud registration and georeferencing, the next step
was to manually identify and isolate the existing notches in the cave
walls and ceiling. For the analysis of the notches and the antigravitative
ceiling channels, we divided the 3D point cloud into nine sectors, named
$1.1-3, S2.1-3, S3.1-3, containing segments of the passage of similar
orientation. To facilitate their identification, we applied the Cloud-
Compare ShadeVis and the Eye-Dome Lighting (EDL) tools. The first,

Fig. 3. Example of three different notches identified in the 3D point cloud (in greyscale; A, B, and C), together with their respective analyses using facets (multi-

coloured polygons; D, E, and F) and best-fit planes (green polygons; G, H, and I).
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which is based on the rendering and visualization algorithm developed
by Tarini et al. (2003), calculates the illumination of each point of the
cloud as if the light was coming from a theoretical hemisphere around it.
It generates a shade model that helps visualizing the surface charac-
teristics and details of the point cloud. Additionally, the EDL tool en-
hances the perception of depth and surface features in point clouds
applying non-photorealistic shading techniques (Boucheny and Ribes,
2011).

Considering that the notches in Re Tiberio Cave displayed sub-
horizontal roofs and/or floors, our hypothesis was that the dip direc-
tion of those surfaces would mainly match the slope direction of the
ancient water flow. In order to be able to systematically measure their
spatial attitude in the point cloud we used the CloudCompare qFacets
plugin (Dewez et al., 2016). This tool allows to segment point clouds into
individual planar facets and measure their dip and dip direction
(Fig. 3D-F). Only roof portions of the identified notches were considered
for this analysis, as they displayed a more continuous and less disturbed
profile with respect to the floor portions, often covered with sediments.
The tool has two different algorithms capable of performing the seg-
mentation, namely Kd-Tree and Fast Marching. Both algorithms divide
the point cloud into smaller point groups, compute planar shapes within
these aggregates, and gradually combine them into larger polygons (i.e.,
facets) based on a pre-selected fitting threshold. The main difference
between these methods is that Kd-Tree conducts recursive subdivisions,
which generates facets with different sizes, whereas Fast Marching takes
a systematic approach and creates facets with similar sizes. Overall, Kd-
Tree algorithm provided better results for the studied sectors of the cave.
For consistency and reproducibility, we used the same Kd-tree cells
fusion and facets frame parameters for all the notches: (1) maximum
angle between neighbour polygons of 5°, (2) maximum distance be-
tween the merged polygons of 0.1 m, (3) 0.2 m as distance criterion
(Max. Distance @99), (4) at least 10 points per facet, and (5) a maximum
allowed facet contour of 0.2 m.

Additionally, we measured the dip and dip direction of the theoret-
ical best-fit planes adjusted to the points of maximum curvature located
at the inner end of each notch, i.e., the vertices of the pseudo-parabolic
cross-sections of the notches (Fig. 3G-I). We generated these best-fit
planes applying the ‘trace tool’ of the CloudCompare qCompass plugin
(Thiele et al., 2017), which allows the semi-automatic digitalization of a
trace following a least-cost path between sets of points manually
selected in a point cloud, then computing a best-fit plane for the trace.
Among other options, the least-cost path algorithm can be based on the
mean curvature of the tracing area which allows to digitize ridges and
valleys and, in this case, the innermost section of the notches. We could
only apply this procedure to 63 % of the identified notches due to the
relatively frequent lack of points in their deepest sections as a conse-
quence of shadow areas associated with the restricted positioning of the
TLS during the cave survey.

We exported the obtained spatial information into tables containing
information on their relative (i.e., cave sector) and absolute (i.e., x-y-z
coordinates) location, dip, and dip-direction. A geostatistical analysis
was conducted with the DAISY3 software to calculate the mean attitude
of the facets and the best-fit planes (Salvini et al., 1999; Salvini, 2004).
This analysis was restricted to dip values smaller than 10° to target only
the sub-horizontal surfaces potentially related to the ancient cave stream
that carved the notches.

For each notch, we ran a polymodal statistical analyses (Gaussian fit)
to extract the main systems of facets, calculating their dip and dip di-
rection attributes. The results were plotted as lower-hemisphere ste-
reograms. Then, we merged the main systems for each sector and
extracted a mean attitude using the ‘mean attitude’ tool of DAISY3
software.

The mean attitude analyses have been performed using the same
procedure for the dataset of the best-fit planes of each notch, grouped
according to the cave sector they belong to. Sector S 1.3, given the
scarcity of data, gave no results since best-fit planes could not be
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calculated. Sector S 3.3, on the other hand, shows only few best-fit
planes (n = 2) without the possibility to run a mean attitude analysis
with statistical significance.

Finally, we assessed the slope direction of the different clusters of
notches identified in the 3D point cloud. Throughout the simultaneous
evolution (downcutting) of the Senio valley and the Re Tiberio Cave
system, notches belonging to the same generation would have been
formed at altitudes similar to each other and different from those of
other generations. Their overall slope is an indicator of the direction of
the ancient water flow that formed them. We applied the automatic
DBSCAN clustering algorithm (Ester et al., 1996) to group and define the
different generations of notches along the cave based on the mean
altitude of both their facets and best-fit planes. Contrary to other widely
used clustering methods, DBSCAN can be applied without providing the
number of clusters in advance. We considered a maximum vertical
grouping distance of 0.4 m between all the facets, 0.15 m between the
facets of the cluster number 4 which displayed a higher density of
notches, and 0.8 m between best-fit planes. We calculated these dis-
tances with their respective elevation-based nearest neighbour graphs.
Subsequently, we plotted the mean altitude of the notches against their
horizontal distance to the outermost one, located at the entrance of the
cave, and fitted a linear model for each cluster to use their best-fit lines
to graphically solve the overall slope direction between notches
belonging to the same DBSCAN cluster.

4. Results
4.1. Traditional cave survey

The five main sub-horizontal galleries identified in the topographic
survey of the cave were analysed to calculate their average gradient
(Fig. 4). All the analysed cave levels, which are formed by galleries with
morphologies suggesting a flowing-water origin, are continuous and the
most preserved in the entire cave system.

All these levels show an average gradient towards north-west, cor-
responding to the direction where the main cave entrance is found, with
values ranging from 0.5 % to 6 % (Fig. 5). The lowest gradient (0.5 %) is
observed in the main level, which is almost completely sub-horizontal.
The tourist level, located few metres below the main one, shows a
similar value (0.8 %). Both these levels, with calculated average gradi-
ents <1 %, cannot be used to infer any direction of the former flowing
waters without a high level of uncertainty. The upper level, located
around 225 m a.s.l., is slightly sloping towards W-NW with an average
gradient of 3 %. Finally, the two lowest sub-horizontal galleries, one
carved by the current active stream, are sloping towards W-NW with
average gradients of 3 % and 6 %, respectively.

4.2. Geomorphological and sedimentological observations

As many gypsum caves in the area, the sub-horizontal passages are
characterised by the presence of layered fluvial sediments, often with
fining upward sequences distinctive of turbulent flow conditions of the
underground river. These sediments, where they are still well preserved,
fill horizontal recesses in the gypsum walls (notches) (Fig. 6A-E).
Generally, each notch is filled by several fining upward sequences, each
characterised from bottom to top by pebbles (up to 1 dm in diameter),
coarse to fine sands, and finally silts-clays. In some of the sequences, but
not always, the clays are topped by an up to 5 cm thick calcite flowstone
layer.

Notches are generally freed of their sedimentary fills, showing their
characteristic concave cross-section (Fig. 6B). Their depth spans from a
couple of centimetres up to 1 m, topped by a close-to-horizontal roof
(the planar facets in the laser scan data elaboration), and bounded
downwards by a slightly sloping (10-30°) lower floor (Fig. 6C). In the
main gallery (historical part), the highest passages have up to five
generations of notches, topped by a close-to-horizontal wavy gypsum
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Fig. 6. Cave morphologies and sediments: A. Portion deep in Re Tiberio Cave,
main level, with the smooth wavy roof, several notches and ledges, some of
which filled with upward fining sequences (Photo Piero Gualandi); B. The
historical branch in Re Tiberio, with notches and ledges well visible (Photo
Piero Lucci); C. Schematic representation of the cave passage with notches and
ledges and indication of other geomorphological and sedimentological features,
in which the facets and best-fit planes used on the laser scan point clouds are
shown; D. Picture of a upward-fining sedimentary sequence in the middle level
of Re Tiberio Cave (just below the historical level), in which imbrication is
clearly visible (finger points towards the cave entrance) (Photo Piero Gualandi);
E. A mobile scanning session (BLK360 in hand of person in the centre of the
photo) in a fracture-guided narrow passage with several notches (Photo Jorge
Sevil-Aguareles).

roof. Here, secondary gypsum crystals are seen only in the lower parts of
the passages, and especially on parts sticking out of the walls (e.g.,
ledges), whereas the upper parts and roof are smoothed.

Notches are separated from the under- or above lying notch by a
ledge with sharp features (originally with angles of 20-30°, formed
between the flat roof of the underlying notch and the sloping floor of the
upper one). In a longitudinal profile notches appear to be almost hori-
zontal but looking closely at the most continuous and long ones, they are
slightly and variably inclined, being characterised by a wavy profile.
This is especially visible in the ledges (which are more subject to later
corrosion and erosion, and deposition of secondary gypsum crystals),
but also following the imaginary line that connects the deepest recesses
of the notches (the best-fit planes in the elaboration of the laser scan
data).

Fluvial deposits, where preserved, especially in their pebbly
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portions, show imbrication. These indicators of flow show, for 90 % of
the observations, a flow direction towards the present entrance of the
cave (Fig. 6D).

4.3. Laser scan data

The combined use of three different laser scanners allowed for the
reconstruction of a 3D model of the main gallery of Re Tiberio Cave even
in its narrower and more complex portions (Fig. 7).

As a first step, the cave wall notches were extracted manually and
using the ShadeVis and EDL tools in CloudCompare we were able to
identify 84 notches within the walls of the studied passages of the cave.
They are located at different elevations along the cave and displayed
decametric to metric length and metric to decimetric width and depth.
These have been statistically analysed as described in the methods sec-
tion and a total 22,895 facets and 53 best-fit planes were measured in
the 84 identified notches. Geostatistical analyses were performed to
identify the facet's mean attitude and best fit planes of the cave wall
notches in each of the 9 sectors in which the cave was subdivided
(Fig. 8).

The mean attitude for each cave sector resulting from the polymodal
geostatistical analysis of the facets and notches' best-fit planes would be
consistent for the determination of the direction of the ancient water
flow that generated them in each cave sector. It is important to note that
not all the sectors of the point cloud provided data: (1) We identified 4
notches in sector 1.3 but only 12 facets displayed dip values lower than
10° and, taking into account that the minimum number of facets iden-
tified per sector was 164, we considered that those of sector 1.3 would
not provide statistically significant data. (2) Additionally, the sinuosity
and narrowness of sector 1.3 and the resulting restrictions on the posi-
tioning of the TLS caused the point cloud to exhibit numerous shadow
zones which prevented us from calculating any best-fit plane of the
notches. (3) This same problem restricted the analysis of the best-fit
planes in sector 3.3, where we only managed to digitize the maximum
curvature trace of two out of six notches identified there.

Fig. 8A displays the mean attitude of the sub-horizontal facets
modelled in the notches within each sector of the 3D point cloud. Dips
and dip directions range from 0.9° to 3.6° and from 27° to 319°,
respectively. Based on the modelled sub-horizontal facets and taking
into account the orientation of the cave sectors, the mean attitude of the
notches of 5 out of 8 statistically significant sectors (63 %: S1.1, S1.2,
$2.1, S3.1, and S3.3) display dip directions towards the current entrance
of the cave.

On the other hand, Fig. 8B shows the mean attitude of the best-fit
planes modelled across the maximum curvature section of the notches'
profile. In this case, the mean dip direction of the best-fit planes did not
provide conclusive results. The mean notches' best-fit planes of sector
1.2 are directed towards the entrance, whereas those of sector 2.3
pointed in the other direction (into the mountain). Additionally, the
mean notches' best-fit planes of all the other statistically significant
sectors displayed dip directions perpendicular or oblique to the overall
orientation of the cave passage (i.e. nor directing towards the entrance
nor inside the mountain).

The spatial analysis of the slope direction between notches belonging
to the same DBSCAN cluster based on the mean altitude of sub-
horizontal facets revealed that 5 out of 7 clusters (71 %) display a
slope direction towards the current entrance of the cave (Fig. 9A). We
increased the resolution of the clustering analysis for cluster 4 because of
the high density of notches between 189 and 193 m a.s.l., an elevation
range consistent with that of the most developed sectors of the gallery
scanned in the Re Tiberio Cave (main level) (Fig. 2). Fig. 9B shows the
result of this higher-resolution analysis where 4 out of 6 clusters (66 %)
exhibit slope directions towards the entrance of the cave.

On the contrary, this same analysis but based on the altitude of the
best-fit planes yielded less consistent data, with the 6 identified clusters
displaying an equal distribution of outward and inward slope directions
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Fig. 7. Compound 3D point cloud of the scanned passage of the Re Tiberio Cave resulted from the TLS survey: (A) isometric, (B) profile, and (C) plan views. Note the
existence of scattered points on some of the edges of the model, which are related to the existence of shadow zones caused by the positioning restrictions of the

scanner along the cave.
(Fig. 9C).
5. Discussion

By combining fixed and mobile laser scanners we were able to
compare these technologies in a complex cave environment. The reso-
lution of the obtained data is different between the two technologies (the
fixed TLS data are much more defined) but combining both (fixed and
mobile) it is possible to get high quality surveys (floor plans, long pro-
files and cross-sections) of all (narrow and large) passages of the cave.

From a practical point of view, both fixed and mobile TLS in-
struments need lights to obtain coloured data of the cave environment,

but a dedicated set up of spotlights is necessary for fixed TLS, while
lighting directed the area where the mobile instrument is used is suffi-
cient in the case of the BLK360 (when it is handheld) and the BLK2GO.
As described in the previous paragraph, the two technologies (fixed and
mobile) are certainly different and have limits due to their shapes and
sizes. Fixed TLS can guarantee to obtain data in large and high areas
(having a long range), but their use can be limited by the morphologies
(and size) of the cave passages. On the other hand, mobile (hand-held)
scanners can also be used in small and narrow environments, but their
range is limited to a few tens of metres. This means that in very large
cave environments the use of these mobile TLSs must be carefully
evaluated.
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Fig. 8. Results of the geostatistical analysis of the mean dip and dip direction of (A) the sub-horizontal (< 10°) facets (in blue) and (B) the best-fit planes (in red) of
the notches modelled in the different sectors of the scanned gallery of the Re Tiberio Cave. Stereograms of (A) show the main systems of facets identified by pol-

ymodal Gaussian-fit analysis with dashed lines.

Regarding the potential of TLS for conducting detailed cave
morphometric analyses, the overall quality and completeness of the 3D
point cloud is a major limiting factor capable of constraining any further
analysis. The main difference between the point clouds obtained by
means of these two types of scanners is that surfaces of the fixed TLS
display less noise. Therefore, despite the advantages of mobile laser
scanners such as the used Leica BLK 360 and BLK2GO, both allowing to
capture data on the go even along narrow and sinuous galleries, the
resulting less-precise 3D point clouds (e.g., Del Duca and Machado,
2023) may have negatively affected the planar facets modelled by the
qFacets plugin (Dewez et al., 2016) for segmenting the point cloud. This
is an important factor to consider when designing new TLS scanning
campaigns. Additionally, the incompleteness of the point cloud did limit
our results. The narrowness and sinuosity of most of the scanned gal-
leries of the Re Tiberio Cave system, together with the size and the
associated positioning restrictions of the Leica ScanStation P50 TLS,
resulted in the presence of shadow zones in the deepest sectors of the
notches recorded in the point cloud. These empty areas affected the
digitalisation of the maximum curvature traces along the innermost
section of the notches and, consequently, we were not able to calculate
the best-fit planes of 37 % of the notches. A more thorough scanning
process (with handheld scanners) could reduce shadow problems in
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some areas, but it would also increase the time required for data
acquisition and lead to greater data redundancy. Nevertheless, most
probably certain areas in the cave would still pose challenges for rela-
tively large scanners due to positioning, distance-to-surface, and line-of-
sight constraints, which are common problems encountered in the
scanning of caves by means of laser scanners (e.g., Gallay et al., 2015;
Fabbri et al., 2017; Pfeiffer et al., 2023).

Despite these restrictions, the general results from the study of the
notches of the Re Tiberio Cave support its sloping towards the actual
entrance, and thus its ancient function as a spring. The geostatistical
analyses of the mean attitude of the modelled planar facets revealed that
the mean dip direction of 63 % of the notches point towards the present
entrance. In addition, the DBSCAN clustering of the facets showed that,
with the exception of cluster n. 6, the best-fit lines for each cluster also
slope towards the current cave entrance. However, not all the applied
methods provided equally robust data. The mean attitude and clustering
slope of the modelled best-fit planes did not provide conclusive data. As
described above, they display mean dip directions both pointing
downstream and upstream and, in some cases, even obliquely to their
respective sectors. Overall, the qFacets analysis provided more abundant
and consistent data than the method based on the best-fit planes of the
notches. We attribute this to two main factors: (1) the quality and
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determine the general of the

DBSCAN clusters.

slope direction between the notches

completeness of the point cloud have less influence on the calculation of
planar facets compared to the best-fit planes, where insufficient data,
namely shadow zones, may result in the best-fit plane trace not passing
the area of highest curvature, not being representative of the entire
notch, or not being computed at all. (2) The data processing methods
themselves, as the qFacets plugin is automatic and the best-fit plane
tracing, although semi-automatically assisted, still requires the manual
selection of waypoints and thus allows for human biases. Furthermore,
additional errors may arise from the data acquisition and registrations of
the 3D point cloud, such as small deviations related to TLS levelling
inside the cave or those associated with laser-surface geometric inter-
action and surface humidity properties (e.g., Giordan et al., 2021;
Muralikrishnan, 2021), the modelling of facets and best-fit planes, and
even the erosion or condensation-corrosion phenomena during late
speleogenetic stages (e.g., Columbu et al., 2021). These disturbances
may alter the modelled surfaces of the notches in some sectors of the
cave and result in small changes in the dip and dip direction of the
modelled surfaces, which can have significant consequences on the
conclusions derived from the analyses of such sub-horizontal data.

The analysis of the average gradient using the original cave survey
appears to confirm the overall results of the laser scan data. The five
main levels are all inclined towards the entrance of the cave, with values
ranging from 0.5 to 6 %. It must be taken into account that the tradi-
tional cave survey data uses the available and explorable space inside
the cave, and the original shape of the passages is disturbed by sediment
fills, rockfalls, and spaces too narrow to cross. However, the consistency
of the survey data, all indicating an albeit very low inclination towards
the entrance, gives us confidence in concluding that the cave passages
indeed slope towards the Senio River valley. This fact is further
strengthened by the observations on imbrication of the still present
sedimentary fills, 9 out of 10 indicate a flow direction towards the
entrance. The few exceptions, where imbrication indicates a flow into
the mountain, can often be explained by reworking of older sediments in
areas where two superimposed levels are connected with shafts.

6. Conclusions

Laser scan surveys in caves, and the elaboration of point clouds, are
increasingly used in resolving speleogenetic and morphogenetic prob-
lems, where traditional mapping methods often fall short. Laser scan
data have much higher resolution than traditional cave surveys,
although complete coverage of all recesses on cave walls and roofs re-
mains challenging due to both physical and technical constraints. The
combined use of fixed and mobile laser scanners, with different sizes,
resolutions, and manageability, allows to expand the coverage, and scan
also narrow and tortuous passages. Laser scanning is also often less time-
consuming than traditional cave mapping, and the higher accuracy and
resolution are great advantages, especially in geomorphological studies.

The combination of statistical data, based on the detailed elaboration
of the point cloud, especially notch roofs (facets) and the best-fit planes
connecting the notches' deepest recesses, the simple analysis of the
traditional cave map (profile), and geomorphological-sedimentological
observations (i.e. imbrication of sediments) has allowed to infer the
general inclination of the cave passages, all inclined towards the present
entrance (and the Senio River valley). The Re Tiberio Cave system was
thus a resurgence, with a recharge area located East, and a general flow
direction from ESE to WNW.
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