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Abstract:

Keywords:

As karst systems are natural windows to the underground, speleology, combined with geological surveys, can be
useful tools for helping understand the geological evolution of karst areas.

In order to enhance the reconstruction of the structural setting in a gypsum karst area (Vena del Gesso, Romagna
Apennines), a detailed analysis has been carried out on hypogeal data. Structural features (faults, fractures, tec-
tonic foliations, bedding) have been mapped in the "Grotta del Re Tiberio” cave, in the nearby gypsum quarry
tunnels and open pit benches. Five fracture systems and six fault systems have been identified. The fault sys-
tems have been further analyzed through stereographic projections and geometric-kinematic evaluations in order
to reconstruct the relative chronology of these structures. This analysis led to the detection of two deformation
phases.

The results permitted linking of the hypogeal data with the surface data both at a local and regional scale. At the
local scale, fracture data collected in the underground have been compared with previous authors’ surface data
coming from the quarry area. The two data sets show a very good correspondence, as every underground frac-
ture system matches with one of the surface fracture system. Moreover, in the cave, a larger number of fractures
belonging to each system could be mapped. At the regional scale, the two deformation phases detected can
be integrated in the structural setting of the study area, thereby enhancing the tectonic interpretation of the area
(e.g., structures belonging to a new deformation phase, not reported before, have been identified underground).
The structural detailed hypogeal survey has, thus, provided very useful data, both by integrating the existing
information and revealing new data not detected at the surface. In particular, some small structures (e.g., dis-
placement markers and short fractures) are better preserved in the hypogeal environment than on the surface
where the outcropping gypsum is more exposed to dissolution and recrystallization.

The hypogeal geological survey, therefore, can be considered a powerful tool for integrating the surface and log
data in order to enhance the reconstruction of the deformational history and to get a three-dimensional model of
the bedrock in karst areas.
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1. Introduction

Karst systems are natural windows to the underground;
therefore, speleology, combined with geological surveys,
can be useful tools for helping understand the geologi-
cal evolution of karst areas. In this paper, the results of
mesoscale structural analysis of hypogeal data are shown.

The study area is the Re Tiberio karst system and the old
exploited tunnels of the nearby gypsum quarry, located in
the “Vena del Gesso” (Romagna Apennines, Italy). The
“Vena del Gesso” is a spectacular gypsum ridge, up to
30 km long, standing out on the smooth landscape of the
Western-Romagna foothills [1]. The wide gypsum outcrop
provides a unique view to the primary evaporites related
to the Messinian Salinity Crisis of the Mediterranean [2].
The gypsum surface exposure to dissolution and recrys-
tallization, though, sometimes prevents the detection of
mesoscale, both primary and secondary features. There-
fore the presence of natural caves and quarry tunnels can
provide an important contribution to the interpretation of
the geological evolution of the area.

Moreover, the evaporitic rocks within sedimentary se-
quences play an important role in localizing deformation,
especially in thrust tectonics, implying that their strength
is generally lower than that of other rock [3]. Therefore,
as gypsum can register deformation features that other
rocks do not show, its study can provide further informa-
tion with respect to the contiguous rocks. Gypsum, in fact,
accommodates strain by brittle and plastic deformation
mechanisms, developing Riedel-like faults with plastic fo-
liations and crystallographic preferred orientation as the
other rocks [4], but at lower temperatures and strain rates.

2. Structural setting

The study area is part of the “Vena del Gesso”, a shal-
low water evaporitic succession belonging to the Romagna
Apennines, a section of the Northern Apennines bounded
from the Sillaro valley to the northwest and the Marecchia
valley to the southeast (Fig. 1).

2.1. The Romagna Apennines

The Romagna Apennines are part of the northeast-verging
Northern Apennine, a fold-and-thrust belt developed since
the Late Cretaceous, as a result of convergence between
the European plate and the Adria microplate [5—7]. Dur-
ing its eastward migration, the Apennines thrust front in-
corporated progressively younger siliciclastic deposits [8]
leading to the development of “piggy-back” and thrust-top
basins above the moving thrust sheets (e.g. [1, 6, 9]).

The Romagna Apennines represent the lowest structural
unit of the Apennine orogenic wedge [9]. This tectonic unit
mainly is constituted by the Marnoso-Arenacea forma-
tion turbiditic complex (Langhian to Tortonian) [10]. The
Marnoso Arenacea is detached at the level of the Lower
Miocene sediments from its Early Tertiary and Meso-
zoic carbonate succession along a flat basal thrust and
is deformed by fault-propagation folds, sometimes form-
ing imbricate structures [11-13], resulting in a regional
northeast-verging duplex [1] with NW-SE trending thrusts.
To the west of the Sillaro valley, the Romagna Apennine
structural unit is covered by the Ligurian nappe (Fig. 2), a
mélange formed during the Late Cretaceous Alpine com-
pressional phases and subsequently (during the Apennine
orogeny, in post-Oligocene times) thrust over the Adria
plate [14, 15]. To the northeast the Marnoso Arenacea
grades to Messinian to Pleistocene deposits assembled
in a monocline dipping NNE [9] (Figs 1, 2).

In the central part, the Romagna Apennines are split into
two sectors by the Forli line, a deformational zone char-
acterized by reverse NNW-SSE trending faults [9]. This
tectonic feature played a primary role in the geologic evo-
lution of the area, at least since the late Tortonian [8]
(Fig. 2).

The sedimentation of the Romagna fore-deep succession
was strongly influenced by syn-sedimentary activity of
thrust sheets and by the pre-sedimentary basin morphol-
ogy (e.g. [1, 9, 10, 16)). In-sequence and out-of-sequence
activation of these syn-tectonic thrusts led to the devel-
opment of thrust-top basins among which the Vena del
Gesso basin is one of the most representative [1].

2.2. The “Vena del Gesso” basin

The Vena del Gesso is a shallow water evaporitic suc-
cession deposited in a small thrust-top basin developed
starting from Late Tortonian-Early Messinian during the
thrust front propagation of the Apennine orogenic wedge
towards the foreland [8]. To the north and to the east
the northwest-southeast trending Vena del Gesso basin is
bounded by the Riolo Anticline, a buried anticline plung-
ing westward below the Ligurian nappe along the Sillaro
valley [9] (Fig. 2).

The gypsum succession is completely detached at its
base and is characterized by a southwestern sense of
shear (backwards with respect to the Apennine fore-
land vergence) [1] and a NNE general dip. Moreover,
reverse faults, both transverse and sub-parallel to the
northwest-southeast trending Vena del Gesso ridge, re-
peatedly doubled the evaporites [17]. The Colombacci
Formation, whose base has been dated at 5.50+4/-0.2 Ma
(Late Messinian) [18], sealed the backthrusts, thus con-
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Figure 1. Geological setting of the Northern Apennines. The Romagna Apennines and the study area location are indicated (modified after [1]).

straining their timing of activity.

Afterwards, the Vena del Gesso area was dissected by
near vertical, northeast-southwest trending faults, accom-
modating the last stages of deformation [17].

2.3. The study area

The study area is located near Borgo Rivola village in
the central part of the Vena del Gesso and belongs to the
southern and western slopes of Monte Tondo (Fig. 3). The
main structure outcropping in the area is the Scarabelli
Fault, a near vertical, WNW-ESE trending fault [19]. The
geometry and kinematics of this fault are not clear as it
is represented by an intensely fractured wide zone, rather
than by a deformation band with exposed fault planes.
This fault is interpreted by Forti et al. [19] as a NNE dip-
ping, listric, SSW verging intra-messinian backthrust, in
accordance with the Montanari et al. [1] model, accounting
for a southwest vergence of the Vena del Gesso thrusting.
Roveri et al. [9] interpret it as a deformational feature
mainly related to gravity processes associated with the
presence of a Tortonian, SW-dipping paleo-surface that

triggered large-scale slope instability phenomena, thus
promoting the collapse and accumulation of huge gypsum
slabs, which was then tilted by the Pliocene to Holocene
deformation phase (Fig. 16 in [9]).

Another fault in the study area is reported by Forti et
al. [19] called “Sassoletroso Nord” (SLN in Fig. 3), a di-
rect, SSW-dipping, low angle fault associated with the
“Sassoletroso Sud” (SLS in Fig. 3), a reverse S-dipping
fault with a higher angle. Both faults, visible in the open
pit quarry fences, are referred to as an extensive post-
lower Pliocene deformation phase [19].

3. Stratigraphical setting

The Romagna Apennines middle-Miocene to Pliocene
sedimentary succession is divided into four formations [20]:

1. The Marnoso-Arenacea Formation (Langhian-
Messinian) is constituted by deep-water siliciclas-
tic turbidites mainly derived from alpine sources [9].
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Figure 2. Geological setting of the Romagna Apennines. The Vena del Gesso (VDG) basin location and the main structural features are indicated

(modified after [9]).

The upper part of the Marnoso-Arenacea formation
is covered by a thin layer characterized by cycli-
cally interbedded organic-rich laminites and mud-
stones, informally referred to as “euxinic shales”
(Late Tortonian—Early Messinian) [9]. The “euxinic
shales” record the paleoceanographic changes fore-
running the Messinian salinity crisis [9].

2. The Gessoso-Solfifera Formation (Messinian) is
represented by both primary and clastic resedi-
mented evaporites with interbedded organic-rich
shales, deposited during the evaporitic and post-
evaporitic stages of the Messinian salinity crisis [9].
The complete succession is divided into 15-16 ma-
jor beds, each representing one evaporitic cycle,
mainly constituted by macro-crystalline gypsum,
from a few to 30 meters thick, with a thickness trend
reducing from the base to the top [17]. The complete
evaporitic cycle is constituted by six facies [21]
starting with euxinic mudstones, overlapped by a
layer of stromatolitic and clastic carbonates and
gypsum, passing to layers of autochthonous selen-
ite and, towards the top, to clastic and reworked
selenite [17].

3. The Colombacci Formation (Late Messinian), con-

stituted by siliciclastic sediments, are derived from
Apenninic sources, and deposited in brackish or
freshwater basins during the last phases of the
Messinian salinity crisis [9].

4. The Argille Azzurre Formation (Early Pliocene),
made up of mudstones, was deposited in a deep
marine enviroment, locally including conglomerates
and sandstones bodies and small, isolated carbon-
ate platforms [9].

In the study area only the Gessoso-Solfifera Formation
crops out. The Marnoso Arenacea formation outcrops to
the south, while the Colombacci Formation to the north-
east. The sedimentary succession general dip direction is
NNE, the dipping varies from 23° to 55° [19].

4. Karst system geomorphology

In the Monte Tondo area two karst systems with a total
extension of about 10 km are present [22]. The “Grotta
del Re Tiberio” cave is the drainage gallery of the system
constituted by the “Abisso Cinquanta”, “Abisso Mezzano”,
“Tre Anelll”, “Inghiottitojo del Re Tiberio” caves (system
A in Fig. 4). To the other karst system belong the “Buca
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Figure 3. Geological map of the Monte Tondo area; the red traces indicate the A system, the Sassoletroso Nord (SLN) and Sassoletroso Sud

(SLS) faults detected underground (modified after [19]).

Romagna”, “Grotta grande dei Crivellari’, “Grotta Enrica”,
“Grotta uno di ca’ Boschetti”, “Grotta due di ca’ Boschetti”
and “Risorgente a nord-ovest di ca’ Boschetti” caves (sys-
tem B in Fig. 4).

The total extension of the Re Tiberio system caves, not all
physically connected to each other, is about 6300 m with
a difference in height of 223 m [23]. The system’s general
orientation is NW-SE, even if there are many labyrinth-
like strokes and some galleries with a SW-NE trend [23].
The “Grotta del Re Tiberio” cave develops mostly horizon-
tally, with four overlapping levels of galleries connected
by short vertical pits (Fig. 5). Galleries are numerous,
mostly horizontal, seldom inclined, with different mor-
phologies: gorge-like galleries, flat vault galleries, and
square-shaped galleries. Pits show different morpholo-
gies as well: stepped pits, bell-shaped pits, and square-
shaped pits. Chambers are rare and generally show mor-
phologies due to collapses; their width and length are
greater than their height; metric clast deposits are abun-
dant on the floor. Some small chambers formed at a junc-
tion of passages, while others are constituted by the en-
larged base of joined pits.

5. Methodology

5.1. Structural survey

Faults and bedding data have been collected in the
"Grotta del Re Tiberio” cave, in the nearby gypsum quarry
tunnels and benches (Fig. 6). Fractures data have been
collected in the "Grotta del Re Tiberio” cave only. In the
galleries and on the benches, in fact, the quarry work-
ings have generated a large number of artificial fractures
deleting or deflecting the natural ones. Moreover, a good
fracture data set collection on the quarry fences, through
a terrestrial 3d laser scanner method and traditional sur-
vey, had been recently carried out by Blois and Berry [24],
for stability conditions analysis.

Faults and their kinematics have been recognized by
stratigraphic and structural criteria. If the fault cuts a
stratigraphic surface visible both in the footwall and in the
hanging wall, its displacement has been inferred from the
new geometric relationships (stratigraphic criteria). In all
other cases the fault movement has been inferred from dis-
placement markers: calcite fibres, gypsum fibres or striae

1859




Hypogeal geological survey in the "Grotta del Re Tiberio” natural cave (Apennines, ltaly): a valid tool for reconstructing the structural setting

Karst system A i("- Karst system A
’ drainage &, natural caves

~ W Risorgente a nord-Gvest di ca’ Boschetti |

Plan ol 100m a5, arels

Plan of “Grona el
Tibera®

| Karst system B ~ | Karst system B ) .
drainage natural caves Grotta uno di ca’ Boschetti

P e

A

" Grotta due i ca’ Boschetti |

S __ Grotla del Re Tiberio. - - Grotta é’faﬂde,fvdl S 7
Rt i ; (g .c!eycrwel\ar\( Grotta Enrica

: Inghiottitojo del RN

Re Tiberio
7
= b : 3 i W \ - =
. Abissp Cinquanta- - - s N o RoTouno | [ — ] !J_'_’-CI g L Wi, w3
2 - . o ) b o e e Lot —t—
i _malte— . e
< R EE AL x - ¢
Buca F{um.agna ke 7(4.-‘7 i cae
F G | Re T 5‘/ ; i -
A Fbeso Mezza.f‘.u — ._25'0"_‘ : i ;“"/ﬁga_m 7 - — E?ﬁ}ﬁdﬁx
5"“ ot ot e oo '— ;::::iw:
B 2 S B
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. (structural criteria). Moreover, the presence of variously

thick cataclastic deformation bands, sometimes associated
with tectonic foliations, permitted the more important and
continuous faults to be identified.

For each fault, fault plane dip direction and dip, displace-
ment marker dip direction and dip, pitch, fault length, fault
gap, filling material (as cataclasites or mineralizations)
have been collected.

P g B "7 For each fracture, fracture plane dip direction and dip,
A s0m Tk ;o e . alps .
N S S opening, trace length, filling material, and trend have been

collected. The data of fractures shorter than 20 cm have
not been collected.

LONGITUDINAL SECTION

5.2. Structural data analysis

After separating faults and fractures data, underground
and surface data have been analyzed together.

In order to reconstruct the deformation history of the study

TRANSVERSE SECTIONS
T area, at first, faults have been grouped on the basis of
a5 9 [

[ )
1%

their dipping and kinematic in six fault systems (Fig. 10).

Afterwards, the paleostress field orientation has been cal-
culated for each fault system [27] (Fig. 11). Systems with
similar paleostress orientation have been then assigned

Figure 5. Topographic map and section of the "Grotta del Re Tiberio” . R
cave (modified after [22]). to the same deformation phase. Moreover, the geometric-

kinematic relationships between the fault systems belong-
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ing to the same deformation phase have been verified
using the Riedel model [25-28] (Fig. 7). Unfortunately,
few intersection relationships between faults could be ob-
served. Although the underground environment offers a
great 3d point of view, the narrow cavities do not permit
following of the outcropping structures for all their exten-
sion. Therefore the intersection relationships could not be
used for reconstructing the relative chronology of the ob-
served structures. The relative chronology of the detected
deformation phases could be inferred, though, thanks to
the presence of overlapping displacement markers on the
same fault planes.

This chronological information has been integrated with
the existing structural data, permitting the insertion in
the regional tectonic setting.

~. MAIN SHEAR PLANE

~N—

RIEDEL SYSTEM

Figure 7. Riedel shear zone geometry.

Fractures data have been analyzed to evaluate their dis-
tribution, their compatibility with the fault systems, as
well as their relationships with the quarry activity. Frac-
tures due to quarry workings have been separated from the
natural ones thanks to their recent aspect, the absence of
filling, and their irregular trend. In order to minimize the
effects of the quarry workings on the structural setting in-
terpretation of the study area, only the natural fractures
have been analyzed. Moreover, as the fractures data set
is rather scattered, detecting the fractures dip systems
needed further analysis. Using the trace length as the
discriminant parameter, its values have been plotted on
a cumulative frequency curve (Fig. 8). The two inflexion
points of the curve (corresponding to X values 0,3 and
1 of Fig. 8) represent the limits of three length classes
(classes 2, 3 and 4). In addition, another length class
(class 1, Fig. 8) has been created in order to compare our
data with the Blois and Berry [24] dataset. In fact as Blois
and Berry [24] analyzed fractures longer than 1 m only,
all the fractures shorter than 1 m have been grouped in
the first class. Moreover, the central length class (class 3),
highlighted by the cumulative frequency curve, represents
most of the fractures, thus grouping fractures with very

scattered dip values. Therefore, for helping the detec-
tion of dip systems, the fractures length values have been
plotted on a frequency histogram too, that highlighted a
log-normal distribution (Fig. 9). The relative frequency
maximum at the X value 0.7, followed by a clear frequency
drop (Fig. 9), helped with the detection of two subclasses
(subclasses 3a and 3b).

This analysis permitted five fracture systems to be de-
tected. These results have been then compared with previ-
ous authors’ surface data coming from the quarry area [24].

Class 1 Class 2 Class 3 Class 4
I T T suscilassan | suscLass e | 1

Cumulative frequency
=

038

0.6

04

02

L]

- 05 0 0.5 1 15
Log (fracture length)

Figure 8. Trace length cumulative frequency curve. On the X axis
the Logo of the length values, on the Y axis the cumulative
frequency (values are normalized).

6. Meso-structural data and analysis

6.1. Faults

The 139 faults detected have been grouped into six fault
systems: two present in the natural cave only, three
present in the quarry tunnels and on the benches, and one
present both in the cave and in the quarry. Faults with
unknown kinematics have been assigned to each system
on the basis of their geometric compatibility and/or con-
tiguity with other known faults. Seven faults could not be
assigned to any of the fault systems identified.

A system (in the cave only): left-lateral faults with dip
direction SW and dip 82°-90° (Fig. 10a);

B system (in the cave only): right-lateral faults with dip
direction SSW and dip 85°-88° (Fig. 10b);

C system (both in the cave and in the quarry): direct fault
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Figure 9. Trace length frequency histogram. On the X axis the Log1o
of the length values, on the Y axis the numbers of values.
Note the Log-normal distribution with the maximum value
around 2,5 m. The arrow indicates the relative frequency
maximum at the X value 0.7, followed by a clear frequency
drop, helping with the detection of the subclasses 3a and
3b.

with dip direction SSW and dip 70°-78° (Fig. 10c);

D system (in the quarry only): right-lateral faults with
dip direction W and dip 50°-90° (Fig. 10d);

E system (in the quarry only): left-lateral faults with dip
direction W and dip 70°-85° (Fig. 10e);

F system (in the quarry only): left-lateral faults with dip
direction SE and dip 50°-90° (Fig. 10f).

The fault systems’ kinematic compatibility has been eval-
uated first by calculating the paleostress orientation for
each fault system. Paleostress dihedra, which show the
compressional and extensional fields, have been plotted
(Fig. 11). Considering the extension of the two fields,
the fault systems have been grouped into two paleostress
groups: the A, C, D, F systems in one group and the B, E
systems in another. This grouping then has been verified
using the Riedel model, detecting two deformation phases:
deformation phase 1 (named “d1 phase”) and deformation
phase 2 (named “d2 phase”).

d1 phase (Figs 12a, 13a, 14b)

The A and D system faults are the most common in the

Figure 10. Equal area Schmidt projection, lower hemisphere, of
fault planes (arrows indicate the sense of movement on
fault planes). a) A system faults, b) B system faults, c)
C system faults, d) D system faults, e) E system faults,
f) F system faults.

Figure 11. Equal area Schmidt projection, lower hemisphere, of
the paleostress compressional and extensional fields of
each fault system. a) A system paleostress, b) B sys-
tem paleostress, c) C system paleostress, d) D system
paleostress, e) E system paleostress, f) F system pale-
ostress.

cave and in the quarry tunnels respectively. They be-
long to the same deformation phase (d1 phase), as their
paleostress orientations are similar (cfr. Fig. 11a and
Fig. 11d). Moreover, considering the A system as the
main shear plane and the D system as the X fault sys-
tem of the Riedel model, their kinematic compatibility is
verified (Fig. 14a). The C system belongs to the same de-
formation phase (cfr. Fig. 11c and Figs 11a,d) and can be
interpreted as the R fault system according to the Riedel
model (Fig. 14a). Though the F system paleostress ori-
entation is similar to the D system one, its geometry and
kinematics are not compatible with the Riedel-like model
of the d1 phase. Therefore the F system has not been
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assigned to the d1 phase.

d2 phase (Figs. 12b, 13b, 14b)

The B system paleostress orientation is not compatible
with the d1 phase faults (cfr. Fig. 11b and Fig. 11a).
Moreover, some B system structures are represented by
the same fault planes of the A system, with another series
of displacement markers overlapped to the A system ones.
Therefore the B system does not belong to the same de-
formation phase of the A system and has been assigned
to another deformation phase called the d2 phase.

The E system paleostress orientation is similar to the B
system. According to the Riedel model, it represents the
R’ fault system of the d2 phase, while the E system is the
main shear plane (Fig. 14b).

The F system is not compatible with any of the two phases;
therefore, it belongs to another, not identified, deformation

phase.
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Figure 12. Equal area Schmidt projection, lower hemisphere, of the
paleostress compressional and extensional fields of the
two deformation phases. a) d1 phase paleostress, b) d2
phase paleostress.

Figure 13. Equal area Schmidt projection, lower hemisphere, of
fault planes (arrows indicates the sense of movement
on faults planes). a) d1 phase fault planes, b) d2 phase
fault planes.

The compressional-extensional field dihedra (Figs 12a,b)
of two deformation phases show the different orientations
of the two phases’ paleostress.
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Nord Fault, SLS= Sassoletroso Sud Fault; faults and
fractures data on the surface from [19]. a) d1 phase
Riedel-like model, b) d2 phase Riedel-like model.

The stereographic projections of the faults belonging to
the two phases (Figs 13a,b) highlight the abundance of
the d1 phase structures with respect to the d2 phases.

The two phases’ relative chronology has been recon-
structed on the basis of the geometric relationships
between structures belonging to different deformation
phases. Both in the cave and in the quarry tunnels, it
was possible to observe the relationships between the two
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deformation phases directly. Some examples of overlap-
ping displacement markers, in fact, have been detected.
In particular in the "Grotta del Re Tiberio” cave, two se-
ries of overlapping displacement markers testify two dif-
ferent movements along the same SW-dipping fault plane
(Fig. 15): the displacement markers “a” indicate a left-
lateral movement and belong to the A system, while the
displacement markers “b” indicate a right-lateral move-
ment and belong to the B system. As the “b" markers
are placed upon the “a” markers, the B system faults have
been interpreted as following the A system ones.

Another clear and significant example has been observed
in the tunnels, where two other series of overlapping dis-
placement markers testify two different movements along
the same W-dipping fault plane: the displacement mark-
ers “d” indicate a right-lateral movement and belong to
the D system, while the displacement markers “e” indi-
cate a left-lateral movement and belong to the E system.
As the “e” markers are placed upon the “d” markers, the
E system faults have been interpreted as following the D

system ones.

Figure 15. B system displacement markers overlapping the A sys-
tem ones on the same SW-dipping fault plane in the
"Grotta del Re Tiberio” cave; “a” indicates the A system
left-lateral movement, “b” indicates the B system right-
lateral movement.

6.2. Fractures

Natural fractures data have been grouped into five trace
length classes chosen on the basis of their trace length
distribution highlighted by the cumulative frequency curve
(Fig. 8) and the frequency histogram (Fig. 9).

1) class 1 — length 0.20 m to 1 m (Fig. 16a, maximum value
around 249°/59°);

2) class 2 — length 1 m to 2 m (Fig. 16b, maximum value

around 16°/54°);

3) class 3 — length 2 m to 5 m (Fig. 16¢, maximum value
around 111°/59°);

4) class 4 - length 5 m to 10 m (Fig. 16d, maximum value
around 232°/69°);

5) class 5 — length greater than 10 m (Fig. 16e, maximum
value around 227°/84°).

The stereographic projections show the fracture systems
present in each length class and the values around which
most of the fractures concentrate. The length classes
grouping helps in detecting the following fracture systems.
G system: dip direction SW, dip 50° to 90°, fractures
prevailing in the classes 1, 4 and 5;

H system: dip direction ESE, dip around 69°, fractures
prevailing in the class 3;

| system: dip direction NNE, dip around 54°, fractures
prevailing in the class 2.

The stereographic projection of all the natural fractures
shows the maximum concentration of fractures around the
value 45°/16° (Fig. 16g). This datum shows a good cor-
respondence with the bedding dipping (Fig. 16f), as most
of the fractures overlap with the bedding. It is possible,
therefore, to detect another fracture system: the L system.
L system: dip direction NE, dip around 16°. This system
is present in each length class and in the fractures due
to quarry workings as well (Fig. 16h). This distribution
shows the influence of bedding on fracture development.
The stereographic projection of all the natural fractures
(Fig. 16g) highlights another iso-density cloud of the poles
that can be observed in the class length projections. This
datum permits detection of another fracture system: the
M system.

M system: dip direction NNW, dip around 70°.

This fracture analysis led to the identification of five main
systems (Fig. 16g, Tab. 1); some of them could be associ-
ated with the stratigraphic or structural features detected
in the area. In particular:

e the G system fractures are parallel to the faults
belonging to the A, B or C systems, and therefore
could be associated with any of the three systems;

e the L system fractures are parallel to the gyp-
sum bedding, therefore their development has likely
been controlled by the bedding orientation.

7. Discussion

7.1. Deformation chronology

The mesostructural analysis permitted the detection of two
deformation phases: the d1 phase, including A, C and D
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Figure 16. Equal area Schmidt projection, lower hemisphere, of poles of fracture planes and bedding; iso-density lines are shown; iso-density
contours (in percentage) are indicated in the lower-left corner. a) class 1 fractures poles, b) class 2 fractures poles, c) subclass 3a
fractures poles, d) subclass 3b fractures poles, e) class 4 fracture poles, f) "Grotta del Re Tiberio” cave bedding values poles, g) all
natural fractures poles (the fracture systems are indicated), h) fractures due to quarry workings poles, i) quarry tunnels bedding poles.

Table 1. Summary table of the faults and fractures data. System name, medium dip direction, medium dip angle, outcrop enviroment and notes
are indicated.

phase | system | dip direction|dip angle |localization kinematic
di A SwW 82°-90° |cave only left-lateral faults
C SSw 70°-78° | cave and quarry |direct faults
:: D w 50°-90°  |quarry only right-lateral faults
& |42 B SSw 85°-88° | cave only right-lateral faults
E w 70°-85°  |quarry only left-lateral faults
F SE 50°-90°  |quarry only left-lateral faults
system dip direction|dip angle |localization notes
G Sw 50°-90° |cave compatible with the A, B or C sys-
tems
w |H ESE (% cave
Sl NNE 54° cave
E L NE 16° cave parallel to bedding
M NNW 70° cave
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systems, and the d2 phase, including B and E systems
(Tab. 1).

The Sassoletroso Nord fault reported by Forti et al. [19]
belongs to the C system. In fact, it has been detected
both in the quarry tunnels and on the benches (the Sas-
soletroso faults traces are indicated in Fig. 3: the grey
lines represent the fault traces on the surface, from Forti
et al.[19], the red lines represent the fault traces, detected
in the quarry tunnels). The C system faults, therefore, can
be referred to as the same post-lower Pliocene deforma-
tion phase of the Sassoletroso Nord and Sassoletroso Sud
faults (Fig. 3).

The A system faults have the same trend of the Scara-
belli fault (Fig. 3), even if their kinematic is different:
though the Scarabelli Fault kinematic and orientation are
not clear (see the structural setting-study area paragraph)
it can be interpreted as a reverse fault, while the A sys-
tem faults are left-lateral faults. As no direct data on
the Scarabelli Fault kinematic exist, it is not possible to
find a clear relationship between the Scarabelli Fault and
the A system fault. However, a hypothesis can be for-
mulated: the A system faults could have developed as
reverse faults, together with the Scarabelli Fault, during
the intra-messinian deformation phase [19] and then could
have been later reactivated as left-lateral faults. Anyhow,
as the A system faults belong to the same deformation
phase of the C system faults they can be dated back to the
post-lower Pliocene deformation phase of Forti et al. [19].
Therefore the d1 phase can be dated back to a period
post-lower Pliocene.

The structural analysis permitted reconstruction of the rel-
ative chronology of the d1 and d2 phases through the
overlapping of displacement markers belonging to the two
phases. As the E system faults have been interpreted as
following the D system ones, the d2 phase is more re-
cent than the d1 phase. Therefore the d2 phase can be
dated back to a period following the post-lower Pliocene.
This phase can be related to the lower-middle Pliocene-
Quaternary phase described by Marabini and Vai [17], as
the authors mention the development of lateral faults with
geometry similar to that of the E-system faults. They do
not specify if these faults are left or right lateral, though,
therefore it is not possible to certainly date back the d2
phase to the lower-middle Pliocene-Quaternary. Further
studies would permit to clarification of the age of the d2
phase.

7.2. Integration of existing surface data

Faults: As discussed in the previous paragraphs, the
structural data collection and the following analysis per-
mitted six fault systems to be grouped into two defor-

mation phases to be identified. In the study area, all
the d2 phase, and some of the d1 phase, structures were
not reported by previous authors. In particular, the A
and B system faults have been interpreted as reacti-
vated intra-messinian apenninic faults, with a strike-slip
kinematic. Previous authors [17, 19] mentioned the reac-
tivation during the post-lower Pliocene phase of intra-
messinian structures, but only for anti-apenninic faults
(i. e. faults that transverse to the apenninic thrusts’ main
direction). Moreover, in the whole area, a large number of
faults were not reported before on the surface and could
be mapped in the underground.

Fractures: Fractures data of the "Grotta del Re Tiberio”
cave have been compared with surface data of Blois and
Berry [24], coming from the quarry area. The two data
sets show a very good correspondence: the G system cor-
responds to the group 1 (average dip 225°/78°) of Blois
and Berry [24], the H system to the group 2 (average
dip 128°/69°), the | system to the group 5 (average dip
38°/62°), the L system to the group 4 (average dip 35°/36°)
even if the dip angle is lower in the cave than on the
surface, and the M system to the group 3 (average dip
315°/76°). Therefore, all the fracture groups detected on
the surface in the quarry have been identified in the cave
as well. Moreover, in the cave a larger number of fractures
have been mapped thanks to the better outcropping condi-
tion. The hypogeal data set, though, shows a greater dis-
persion with respect to the surface data set (cfr. Fig. 169
with Fig. 8 in [24]).

The differences between the two data sets can be inter-
preted as follows. Regarding the greater data dispersion
in the cave, the Blois and Berry [24] data set is less scat-
tered both because of their choice of collecting data for
fractures more than one meter long only, and because of
the better outcropping condition in the cave which permit-
ted us to identify a larger number of fractures. Even if the
Blois and Berry [24] data set does not include fractures
shorter than one meter, the two data sets are still compa-
rable. In fact, when removing the fractures belonging to
the class 1 (from 0.20 m to 1 m long), the analysis results
do not change as the shorter fractures do not highlight
a particular fracture system not shown by other fracture
classes.

Regarding the fracture dip variation between the L system
and the group 4 of Blois and Berry [24], the L system is
directly controlled by rock bedding, which could be due
to a regional variation of the strata geometry. In fact, the
dip of gypsum bedding in the tunnels is higher than in the
"Grotta del Re Tiberio” cave (cfr. Fig. 16f and Fig. 16i) .
The two data sets show an increase of the bedding medium
dip angle from 16° in the cave (to the NW) to 36° in the
quarry tunnels (to the SE) (Fig. 3). As the tunnels are
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closer to the quarry “amphitheatre”, sometimes even un-
derneath, the steeper bedding could have controlled the
dip of the group 4 fractures of Blois and Berry [24] on the
benches. This variation should explain the difference be-
tween the medium dip angle of L system and the group 4.

8. Conclusions

The structural data collection in the "Grotta del Re
Tiberio” cave, in the tunnels and on the benches of the
quarry nearby, together with the following analysis, per-
mitted six fault systems, grouped into two deformation
phases and five fracture systems to be identified (Tab. 1).
The interpretation of the results permitted a link wth the
hypogeal data, with the surface data both at a local and
a regional scale.

At the local scale, fractures data collected in the under-
ground have been related to the surface data collected in
the quarry area by Blois and Berry [24]. The two data
sets show a very good correspondence, as every under-
ground fracture system matches with one of the surface
fracture system. Differences in the two data sets are due
to the variation of strata dip that controls the development
of one of the fracture systems. The greater dispersion of
the fracture data in the cave, with respect to the surface, is
due both to the underground collection of small fractures
and to the better outcropping condition in the cave, per-
mitting identification of a larger number of fractures. In
fact, small structures, as fractures, are better preserved in
the hypogeal environment than on the surface, where the
outcropping gypsum is more exposed to dissolution and
recrystallization that can delete some features.

At the regional scale, the two deformation phases de-
tected can be integrated in the structural setting of the
study area. The d1 phase corresponds to the post-lower
Pliocene phase of Forti et al. [19]. Besides the dip-slip
faulting pointed out by previous authors, the presence in
the study area of lateral faults, kinematically compatible
with the dip-slip faults, permitted the detection of strike-
slip faulting active during the post-lower Pliocene phase.
The d2 phase, not reported by previous authors in the
study area, could be related to the lower-middle Pliocene-
Quaternary phase described by Marabini and Vai [17] in
the surrounding area.

Therefore, the hypogeal geological survey in the study
area permitted many new faults and one new deformation
phase to be identified in the study area. In particular,
strike-slip faulting, which probably reactivated some in-
tramessinian faults, has been detected and related to the
post-lower Pliocene phase. Moreover, a new deforma-
tion phase (the d2 phase) has been identified in the study

area and probably related to the lower-middle Pliocene-
Quaternary phase of the regional setting.

The hypogeal geological survey can be, therefore, con-
sidered a powerful tool for integrating the surface and
log data. In fact, the underground data provide contin-
uous information about the geometry of geological bod-
ies under the topographic surface. Thus, the hypogeal
geological survey can be used for enhancing the recon-
struction of the deformational history and for getting at
a three-dimensional model of the bedrock in karst areas.
In addition, hypogeal survey can be considered as an al-
ternative direct method of underground investigation for
mining engineering matters.
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