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ABSTRACT

Motivated by the paucity of studies on fracture networks in thermally metamorphosed rocks, in this paper we
present and analyse the fracture pattern within the Campiglia Marittima Marble. It is a thermo-metamorphic rock
formed during the Neogene emplacement of a granitic pluton in western Tuscany (Italy), in the inner portion of
the Northern Apennines thrust belt, affected by post-orogenic back-arc extension. To obtain data from inac-
cessible outcrops, increase the number of measurements, and capture fracture characteristics at multiple scales,
we integrated fracture digitization on 3D Virtual Outcrop Models with the traditional field mapping. Our results
show that the fractures on the cap rock around the top of the pluton are clustered into radial and concentric
patterns. Furthermore, in the whole metamorphic aureole, fractures cut metamorphic features, such as folds or
schistosity, confirming that brittle deformation postdates the metamorphic event. Away from the pluton emer-
gence, the orientation of fractures aligns with regional-scale extensional trends. Therefore, we interpret the
fracture distribution as due to the pluton rise, which acted as a “localised” stress source during its ascent,
deforming the already cooled marble under brittle conditions.

1. Introduction

The study of fracture attributes (i.e., length, orientation, clustering,
and connectivity) within rock masses is a central topic in structural
geology, and has attracted extensive research over the last decades.
Fractures are a key feature for interpreting stress evolution in geological
processes (Hancock, 1985; Pollard and Aydin, 1988; Hancock and
Engelder, 1989; Cosgrove and Hudson, 2016), and for understanding
changes in rock mass rheology (Byerlee, 1978; Mancktelow, 2009; Yue
et al., 2024). Moreover, fracture networks are fundamental to a wide
range of geological processes and industrial applications, including fluid
circulation, mineralization, geothermal systems, hydrocarbon produc-
tion, and energy storage (e.g., Aguilera, 1998; Berkowitz, 2002; Bratton
et al., 2006; Spence et al., 2014; Brogi et al., 2016; Cosgrove and
Hudson, 2016; Lavenu and Lamarche, 2018; Té6th et al., 2022). Their
characterisation is also critical in extractive sectors such as quarrying
(Cosgrove and Hudson, 2016).

The development of fracture networks has been extensively studied

(Hancock, 1985; Peacock et al., 2018), both across various geological
(Segall and Pollard, 1983; Hancock and Engelder, 1989; Lavenu et al.,
2013; Tavani et al.,, 2015) and mechanical contexts (Segall, 1984;
Narr and Suppe, 1991; Bai and Pollard, 2000; Lamarche et al., 2012).

In particular, the characterisation of fracture networks is central for
high-enthalpy geothermal systems forming in magma-rich rifted mar-
gins. In these environments, fracture networks above rising plutons re-
cord the interplay of two distinct processes: (i) a regional extension, with
a far-field stress remaining relatively constant (despite local rotations
and heterogeneities related to fault propagation and linkage), and (ii) a
“localised” nearly-vertical push induced by the intruding plutonic body
(0dé, 1957; Koide and Bhattacharji, 1975; Muller and Pollard, 1977;
Chadwick Jr and Dieterich, 1995; Vigneresse et al., 1999; Walter et al.,
2013; Acocella, 2021, and references therein).

However, the intrusion not only progressively modifies the net stress
field, but also alters the rheology of the system, triggering thermo-
mechanical modifications of the host rock (Morgan, 1998). This process
can eventually lead to the annealing and obliteration of pre-existing
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fracture networks (Passchier and Trouw, 2005; Gratier and Gueydan,
2007). Consequently, the study of fracture networks within thermome-
tamorphic rocks becomes particularly valuable, as they primarily record
the final stages of pluton emplacement. This effectively eliminates the
complexity of decoupling pluton-induced fractures from pre-existing
structural inheritance, a common issue when the host rock lacks a
complete thermo-metamorphic reset.

Here we report on the fracture pattern affecting the thermo-
metamorphic Campiglia Marittima Marble, located in western Tuscany
(Italy). The Campiglia Marittima Marble formed during Messinian
emplacement of a granitic pluton at a shallow crustal level (3-4 km
depth); following the main orogenic event responsible for the formation
of the Northern Apennine fold-and-thrust belt (Giannini, 1955).

The Campiglia Marittima Marble thus provides a useful analogue for
studying pluton-related geothermal reservoirs, such as those present in
Tuscany (Cataldi et al., 1978; Brogi et al., 2016; Peccerillo, 2017; Liotta
et al., 2021). Furthermore, evaluating the Campiglia Marittima Marble
rock mass can be useful for quarrying purposes (Bandini and Berry,
2013; Risaliti et al., 2026).

A detailed characterisation of the fracture patterns within the Cam-
piglia Marittima Marble constrains the geological processes governing
brittle deformation in thermally metamorphosed marbles and has direct
implications for practical applications, such as identifying primary fluid
pathways and defining rock mass parameters for marble exploitation.
This case study is particularly advantageous compared to other exam-
ples in the Northern Apennines, due to the extensive exposure of the
outcropping host rock around the intrusive igneous body. Furthermore,
the presence of a competent host rock such as marble simplifies the
analysis of brittle deformation, whereas in softer lithologies it would be
more challenging.

We integrated traditional field surveys with digital analysis on 3D
Virtual Outcrop Models (VOMs). As a result, we establish a clear picture
of fracture evolution near the pluton and use them as a stress field in-
dicator, providing both information about the geological processes that
affected the area and data that can be used for practical applications.

2. Geology of Campiglia Marittima mountains

The studied area is located in central-western Tuscany, within the
inner sector of the Northern Apennine fold-and-thrust belt (Boccaletti
et al., 1980; Molli, 2008; Conti et al., 2020, Fig. 1a). The Apennines,
together with the Tyrrhenian Sea, form a coupled thrust-belt back-arc
basin, developed due to the eastward retreat of the subduction zone
along which the Alpine Tethys and the Adria passive margin have been
subducted underneath Europe (Malinverno and Ryan, 1986; Jolivet
et al., 1999). In detail, central-western Tuscany has been affected by
nappe stacking during the Cenozoic until active compression migrated
to the frontal (NE) part of the belt and back-arc extension overprinted
compressional structures. Extensional tectonics affected western Tus-
cany since the middle/late Miocene, leading to the disarticulation of the
thrust pile and the development of horst and graben structures bounded
by NW-SE to N-S striking extensional faults (Carmignani et al., 1994;
Brogi and Liotta, 2008; Barchi, 2010). Slightly post-dating the onset of
extensional tectonics, partial crustal melting and associated pluton
emplacement and volcanism occurred during back-arc rifting in western
Tuscany. The Mt. Capanne and Gavorrano plutons, dated at 7.0-7.3 Ma
(Barboni et al., 2015) and 4.4 Ma (Serri et al., 2001), respectively, are
examples of this. This interpretation of western Tuscany as a classical
magma-rich rift setting has been challenged by some authors, who
inferred a pulse of late Miocene contraction during back-arc opening (e.
g., Bonini et al., 2014).

The Campiglia Marittima mountains are part of this volcano-tectonic
framework. They consist of a ~10 km long, ~4 km wide horst delimited
by a N-S to NNE-SSW trending normal fault on its western side, and by a
set of NNW-SSE to NW-SE trending normal faults on its eastern side. The
structure terminates to the south with a set of transverse NE-SW trending
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faults (Giannini, 1955; Costantini et al., 1993; Acocella et al., 2000,
Fig. 1b and c). The horst is cored by the late Miocene Botro ai Marmi
granitic pluton, surrounded by an aureole of thermo-metamorphism
affecting Triassic and Early Jurassic shallow-water carbonates.

The area around Campiglia Marittima Mts. exposes the following
tectonic stack, from bottom ro top.

- Tuscan Units: Triassic to Early Jurassic shallow-water carbonates,
Jurassic to Oligocene basinal limestones, marls, shales, and Oligo-
cene to early Miocene sandstones;

- Subligurian Units: middle Eocene to early Miocene deep-water
shales, marls, and limestones (middle Eocene — early Miocene);

- Ligurian Units: Late Cretaceous to middle Eocene deep-water shales,
marls, marly limestones, and limestones;

These units were stacked during the Late Cretaceous — Early Miocene
Alpine-Apennine orogeny (Costantini et al., 1993; Cerrina Feroni et al.,
2007a, 2007b; Molli, 2008; Conti et al., 2020). Afterwards, the following
units were deposited/emplaced.

- Neogene Autochthonous Units: post-orogenic Pleistocene sand and
silt;

- Magmatic Complex Units: Botro ai Marmi Granite Fm., Porphyry
Dikes Fm., and San Vincenzo Rhyolite Fm. (late Miocene — early
Pliocene; Fig. 1b and c; Giannini, 1955; Barberi et al., 1967;
Costantini et al., 1993; Peccerillo, 2017; Di Vincenzo et al., 2022).

The horst of Campiglia Marittima is mainly composed of the lower-
most formations of the Tuscan Units, predominantly the Rhaetavicula
Contorta Limestone Fm. (Late Triassic) and the Calcare Massiccio Fm.
(Early Jurassic; Fig. 1b and c).

Relevant to this study, at the end of the Messinian, the emplacement
of the Botro ai Marmi granitic pluton at a shallow crustal level (3—4 km
depth, 1-1.5 Kbar pressure; Leoni and Tamponi, 1991) caused the
metamorphism of the Triassic Rhaetavicula Contorta Limestone and the
early Jurassic Calcare Massiccio formations. Hereafter, the marble
derived from the Calcare Massiccio Fm. protolith is referred to as the
“White Marble” and the marble from the Rhaetavicula Contorta Lime-
stone Fm. protolith as “Grey Marble”.

Pluton emplacement induced a schistosity within the meta-
morphosed units, which is often visible at the outcrop scale and is
subparallel to the original bedding (Acocella et al., 2000; Vezzoni et al.,
2018; Papeschi et al., 2025). As a syn-pluton emplacement deformation
feature, in this work, the orientation of the schistosity is treated as a
reference for the fracture network, i.e., as an equivalent of the bedding
in fractured carbonates. At the macroscopic scale, both the metamorphic
and non-metamorphic limestone are folded into a N-S oriented antiform
(Fig. 1b and c). The N-S elongated shape of the metamorphic aureole
reflects the underlying N-S elongated shape of the granite (Acquater,
1994; Vezzoni et al., 2018; Papeschi et al., 2025). The metamorphic
aureole boundary is truncated on the west by the main N-S trending fault
that defines the horst, while it decreases gradually on the remaining
sides (Fig. 1b and c). The thickness of the metamorphic aureole ranges
from 400 to 500 m (Papeschi et al., 2025). The top of the pluton, which
is also the only exposed portion of the Botro ai Marmi granite, is situated
in the central-southern sector of the aureole (Fig. 1b).

Lithologically, the Campiglia Marittima Marble is a nearly pure
marble, with the White type being particularly pure. It is primarily
composed of calcite crystals (95% to 99%), with dolomite occasionally
present in the Grey Marble (rarely up to 7-10%). Accessory primary
minerals randomly distributed within the marble (we are not consid-
ering mineralogy of localized skarn deposits or igneous rocks) include
phlogopite, tremolite, diopside, and K-feldspar (Leoni and Tamponi,
1991; Franzini et al., 2010; Papeschi et al., 2025). The Campiglia Mar-
ittima Marble is characterized by a strong to weak schistosity and a
predominantly heteroblastic fabric, with homeoblastic marble
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developing occasionally. The schistosity is defined by a shape-preferred
orientation (Passchier and Trouw, 2005) of calcite crystals (Cavari et al.,
2012; Bandini and Berry, 2013; Papeschi et al., 2025).

Marble grain size decreases with distance from the pluton contact,
ranging from a few millimetres within the inner part of the aureole (tens
of meters from the contact) to approximately 20-50 pm in the external
parts (400-500 m; Franzini et al., 2010; Cavari et al., 2012; Lezzerini
et al., 2021; Papeschi et al., 2025).

3. Methods

We collected fracture data at 44 structural stations across the
metamorphic area exposing the marble. At each station, we recorded
fracture attributes, including orientation (dip direction and dip), cross-
cutting relationships, and spacing of the main sets. Because of limita-
tions due to outcrop conditions, we decided to measure fracture prop-
erties directly on the outcrop, without using scanlines or scanwindows.
To supplement field data collection as well as to reach inaccessible
outcrops, an Unmanned Aerial Vehicle (UAV) was used to acquire
outcrop photos for the reconstruction of 3D VOMs via photogrammetry.
We employed a DJI Mini 3 Pro, capturing 9 MP, approximately 4 Mb size
photos. We acquired a total of 515 images. Images were processed using
the PIX4Dmapper software (Pix4D, 2025) via the standard Structure
from Motion - Multiview Stereo workflow (photo alignment — tie points
— point cloud - mesh — texture; further details are provided in the
Supplementary Material, Table A). We registered the models via direct
georeferencing, using Global Navigation Satellite System/Inertial Mea-
surement Unit positional data embedded into image metadata. While
relative accuracy of VOM orientation and scaling using UAV coordinates
is usually reliable for structural analysis purposes, the absolute accuracy
of VOM positioning can sometimes lead to offset errors (Menegoni et al.,
2019). However, we checked the VOM positioning manually. B Frac-
tures on VOMs were manually digitised using the OpenPlot software
(Tavani et al., 2011). The geometric orientation uncertainty propagated
into the analysis is estimated to be consistent with compass measure-
ment errors (ca. 3°; Menegoni et al., 2019). A minor truncation bias
exists for fractures smaller than the model's pixel resolution (on average
less than 3 cm). However, fractures extracted from VOMs were used only
to provide orientation data. Further details on VOM properties and
photos are provided in the Supplementary Material (Table B).

We grouped the data into sets based on consistency of clustering,
field evidence, and cross-cutting relationships. We compared fracture
orientations with the attitude of the main schistosity (where visible). We
plotted fracture orientations using Stereonetll (Cardozo and
Allmendinger, 2013). Details about stereographic projections and con-
touring are reported in the figure captions.

We used the FracPaQ2D MATLAB™ Toolbox (Healy et al., 2017) to
analyse 2D orthophotos extracted from selected VOMs. Orthophotos
ranged from 8 m to 20 m per side; fracture traces were manually digi-
tised in Adobe Illustrator (2023) (Adobe Inc.), at a consistent zoom level
for each orthophoto, and then imported into FracPaQ2D. The number of
segments used for each fracture trace depends on trace length and
straightness; on average, we used between 1 and 10 segments per trace.
We applied Maximum Likelihood Estimators (MLE) to fracture length
data extracted from the whole orthophotos to identify the best-fitting
fracture length distribution (Rizzo et al., 2017), and used smaller
representative squares to estimate fracture density (P20) and intensity
(P21) (Dershowitz and Einstein, 1988; Dershowitz and Herda, 1992,
Figs. 6 and 9).

4. Results
4.1. Survey of the area and fracture detection

We collected a total of 864 fracture measurements within the
metamorphic aureole, employing a hybrid method that combined field
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mapping (29 sites, 509 data) with digital mapping using VOMs via
photogrammetry (14 sites, 355 data; Fig. 2). Data were primarily
collected from the White Marble (39 sites), with a smaller subset in the
Grey Marble (5 sites). Observed discontinuities are mainly open frac-
tures. Rare veins, filled with red clay or, near igneous outcrops, quartz,
calcite, or skarn, were also observed. Critically, we identified no sig-
nificant faults (i.e., displacement >5 m) within the metamorphic aureole
and excluded them from this study. The structural station locations and
fracture distribution are detailed in Fig. 2. The highest data density was
achieved in the Mount Rombolo area (between the Manienti and Botro
ai Marmi valleys; Fig. 1b and 2).

At the outcrop scale, the fracture network is systematically charac-
terised by the occurrence of two sets oriented at high angles to each
other, which include steeply dipping fractures (typically >70°, with
occasional dips of 60°) (Fig. 2). The frequent cross-cutting relationships
between the two sets suggest they are largely coeval.

Throughout the entire metamorphic aureole, fractures constantly cut
the main marble schistosity. However, occasionally, slightly inclined
and open fractures have preferentially exploited the schistosity planes,
suggesting the schistosity acts as a mechanically weak layer. In these
cases, other fracture sets are observed to either cut or terminate against
these schistosity-parallel discontinuities (Fig. 2).

4.1.1. Fracture orientation with respect to the pluton top

Observed fracture sets apparently do not show a clear and unam-
biguous relationship with a regional trend or with the major structures
affecting the Campiglia horst (Fig. 2). Nevertheless, the presence of two,
almost vertical and orthogonal sets, which always predate other sets (if
present), has been observed throughout the entire metamorphic aureole
(Figs. 2 and 6).

We grouped data in two different areas, based on distance from the
Botro ai Marmi Pluton top and the orientation of the main fracture sets:a
first area defined by a buffer of ~1 km from the pluton contact, between
the Manienti Valley (North) and Santa Caterina Valley (South), and a
second area comprising the rest of the metamorphic aureole (Fig. 1b and
3).

In the external domain, near the western boundary of the meta-
morphic aureole (which is delimited by a W-dipping normal fault), the
dominant sets trend NO°-N40° and N70°-N135°, both steeply inclined
(Fig. 3a). These sets occur along the entire western side of the aureole,
even considering the stations within this area individually (Figs. 2 and
3a). Moving toward the eastern side of the metamorphic aureole, frac-
ture orientations become more distributed, mainly striking around N5°,
N45°, N100° and N150° (Fig. 3a).

In the internal domain, fractures do not show geometrical linking
with the faults bordering the horst, or the main antiform characterising
the metamorphic aureole (Fig. 2). Instead, if we consider the structural
stations’ position (hence, data position) with respect to the exposed
pluton top, the two main orthogonal fracture sets align along a radial
and a concentric strike, centered on the pluton top itself (Fig. 3b). The
presence of a concentric component perturbing the metamorphic
aureole is suggested also by the trend of the innermost Porphyry Dike,
known as the “Coquand” dike (Fig. 1b and 3b). This dike is almost
vertical (Vezzoni et al., 2016, 2018), and describes the top-right side of a
slightly prolate ellipsoid centered on the Botro ai Marmi pluton top, with
a major axis trending around N23° (Fig. 1b and 3b).

The presence of a radial and concentric fracture pattern is distin-
guishable (and comparable) from a regional one by plotting on a Car-
tesian system the fracture strike (Y axis) against its geographic angular
position (X axis) with respect to an established center (in our case, the
pluton top), which must also be the center of the radial and concentric
pattern too (Quinta et al., 2012, Fig. 3c). In a regional fracture pattern,
fracture strike is approximately constant and does not vary with posi-
tion; in a fully radial and concentric pattern, fracture strike follows lines
with 45° angular coefficient, separated by 90° of angular position
(Fig. 3c). Mixed patterns are also possible, plotting along intermediate
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and curvilinear distributions (Quinta et al., 2012).

We plotted fracture strike from the area around the Botro ai Marmi
pluton top against the angular position relative to the pluton top
(Fig. 3c), and calculated the expected distribution of hypothetical radial
and concentric fracture orientations within an ellipsoid matching that
described by the Coquand Dike; these are shown alongside fracture data
contours (Fig. 3c). The fracture data align with the ellipsoidal dike
distribution (Fig. 3c).

4.1.2. Spacing analysis
Spacing data were collected perpendicular to the fracture sets;

therefore, we did not apply any correction to avoid sampling orientation
bias (Terzaghi, 1965). We estimated a mean spacing value for all cu-
mulative fracture sets of 0.22 m within White Marble and 0.33 m within
Grey Marble respectively (Fig. 4). However, these values show a high
standard deviation across all measurements, which is greater for the
Grey Marble (Fig. 4).

We further divided spacing values within the pluton top area of in-
fluence. We calculated a mean spacing value for the radial and
concentric sets of 0.20 m and 0.23 m within White Marble (Fig. 4),
respectively. These values are notably higher within Grey Marble, at
0.33 m and 0.36 m, respectively (Fig. 4). Again, the derived values show
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concentric (bottom) fracture patterns. Radial and concentric sets data are referred to the pluton top-fracture related area.

a high standard deviation across all measurements, although consis-
tently greater for the Grey Marble (Fig. 4). Furthermore, spacing values
for both sets exhibit a general trend with distance from the pluton: a
decrease within the first 700-1000 m is followed by a slight increase
after ~1.5 km (Fig. 5). This trend is consistent for both radial and
concentric fracture sets, though the radial set shows greater local vari-

ability (Fig. 5).

4.2. Analysis with FracPaQ2D

We used FracPaQ to analyse the fracture lineaments extracted from
orthophotos (as vertical sections) in three specific sites: no. 17 (“Cala-
sorbi Quarry”), no. 20 (“Broccatello Quarry”), and no. 27 (“Pari
Quarry™), (Fig. 6). We selected these sites for two reasons: first, they are
the only locations where it is possible to access reasonably large, planar
exposures suitable for mapping fracture traces; second, they are located
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Fig. 5. Spacing values of radial (left) and concentric (right) fracture patterns against with distance from Botro ai Marmi pluton top. Single dots are referred to as the
mean value per each site, where their colour is referred to the lithology (cyan for white marble and violet for grey marble). Black vertical lines represent standard
deviation, and blue dashed lines are trend lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

both within the pluton-top-related area (Site no. 27) and the external
part (Sites nos. 17 and 20). Specifically, Calasorbi quarry and Pari
quarry trend NNE-SSW and face WNW, while Broccatello quarry trends
W-E and faces south (Fig. 6). Map dimensions are approximately
12.5 x 10.0 m for Broccatello quarry, 14.0 x 12.0 m for Calasorbi quarry
and 18.0 x 17.0 m for Pari quarry. The square maps we used for density
and intensity calculations measure approximately 7.0-8.0 m per side for
all sites (Figs. 6 and 9). Fig. 6 (middle column) shows a brief summary of
traces and segments length, and the number of nodes obtained from line-
drawings used as input for FracPaQ2D.

4.2.1. Fracture traces analysis

Vertical to steeply inclined fractures constitute the most abundant
features detected at all sites; these are followed by less inclined (35° to
65°), oblique fractures and slightly inclined, in places nearly horizontal
discontinuities opened exploiting the main schistosity planes (Fig. 6).
The schistosity-parallel discontinuities are more abundant at the Cala-
sorbi quarry compared to the other sites (Fig. 6). Trace lengths at all sites
show an inverse order: the discontinuities opened along the main
schistosity are the longest structures, followed by oblique fractures and
nearly vertical ones (Fig. 7). The first two sets, in places, reach several
metres in length (around 4.0-4.5 m in Broccatello quarry and Pari
quarry, and almost 6.0 m in Calasorbi quarry); however, the majority of
detected fractures have lengths ranging between 0.5 and 1.5 m (Figs. 7
and 8).

We performed a fracture trace length analysis, including all sites, to
determine their underlying statistical distribution. For this analysis we
used Maximum Likelihood Estimators (Rizzo et al., 2017, Fig. 8) to es-
timate the best-fitting statistical distribution among power-law,
log-normal and exponential functions; for power-law Maximum Likeli-
hood Estimators, we considered a lower and upper cut-off of 5%. Results
show that the best-fitting distribution for fracture lengths is a lognormal
distribution (P = 91.52%) (Fig. 8), while power-law and exponential
show a worse fit. For density (P20) and intensity (P21) analyses, Frac-
PaQ divides maps into equal-radius scan circles. We instructed the
software to use 12 circles per side within each site's square map, which
resulted in circle diameters of approximately 0.6 m for all sites (Fig. 9).
Scan circles maps, together with results obtained from each circle, are
shown in Fig. 9, whereas values obtained for the whole maps are re-
ported in Table 1.

Density and intensity values at the Calasorbi quarry are higher than
those at Broccatello quarry, and at Pari quarry are higher than those at
Calasorbi quarry. Map results show that at Pari quarry both density and
intensity are more uniformly distributed compared to the other two sites
(Fig. 9). Broccatello quarry and Calasorbi quarry show localized in-
creases in fracture abundance, particularly evident in density maps (up
to 50 m~2 within the Calasorbi quarry, left side, and 35 m~2 within the
Broccatello quarry, central-left portion; Fig. 9).

5. Discussion
5.1. Structural summary

By subdividing the fracture data into internal and external domains
relative to the pluton contact (Fig. 3), two distinct fracture patterns can
be identified. The internal domain is located in the central part of the
metamorphic aureole, around the Botro ai Marmi pluton top, whereas
the external domain comprises the rest of the metamorphic aureole.

In the external domain, fracture orientation is coherent with that of
the main faults delimiting the horst (Fig. 3a). Hence, fractures and major
faults can be considered as associated with the same stress field
(Hancock, 1985; Rawnsley et al., 1992; Cosgrove and Hudson, 2016).

In contrast, in the internal domain, fractures define two main sets,
which are radial and concentric with respect to the Botro ai Marmi
pluton top and the Coquand Porphyry Dike (Fig. 3b).

This model suggests that the Botro ai Marmi pluton emplacement
may have played a key role in fracturing. Specifically, according to the
difference between the internal and external domains, we define an area
of influence, where the emplacement of the pluton top perturbed the
regional stress field, controlling fracture orientation within a radius of
approximately 2 km (Fig. 3a and b).

The observed fractures cut the schistosity throughout the entire
metamorphic aureole, or they abut it in a few places where it still con-
stitutes a physical discontinuity (Figs. 2 and 6). Thus, the fractures post-
date the schistosity. Moreover, fracture dip within the pluton-related
area shows no relationship with the marble schistosity attitude, and
radial and concentric sets remain subvertical while increasing their
distance from the Botro ai Marmi pluton top (Figs. 2 and 3b). Therefore,
within the pluton-related area, fracture attitudes show generally no
rotations, confirming that the timing of fracturing can be constrained to
after schistosity formation. Fractures formed shortly after the main
ductile deformation event caused by pluton emplacement, while the
metamorphosed host rocks were already cooling (i.e. after the ductile-
brittle transition). These geometrical relationships are further demon-
strated by drawing radial and concentric cross-sections with respect to
the pluton top, and projecting fracture dip and schistosity dip on them.
For each cross-section, we applied a statistical analysis based on Pear-
son's correlation coefficient to demonstrate that no relationship exists
between the variation of fracture dip and schistosity orientation
(Pearson, 1895; Akoglu, 2018) The cross-sections, together with the
details and results of the statistical analysis, are reported in the Sup-
plementary Material.

5.1.1. FracPaQ analysis

FracPaQ analysis corroborates the differences in fracture nucleation
inside and outside the pluton's influence zone, showing a slight increase
in both density and intensity toward the pluton top (Table 1; Figs. 6 and
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9). This suggests that under the pluton top's influence, a higher degree of
brittle deformation was caused, resulting in more intense fracturing
compared to that produced in the rest of the metamorphic aureole.
Results obtained with Maximum Likelihood Estimators analysis on
fracture traces (Fig. 8) show that a log-normal distribution is the best fit
for fracture length (P = 91.52%). Such a distribution is typical of frac-
tures in well-stratified rocks, while in this case, fracture length is
inhibited by cross-cutting and terminating relationships between
different sets, as well as by the limitation imposed by the natural size of
the outcrops (censoring bias), which is comparable to fracture length
(Bonnet et al., 2001; Cosgrove and Hudson, 2016).

5.1.2. Spacing analysis
We observed that spacing values within the pluton top area of

influence are slightly higher for concentric sets compared to the radial
sets (Fig. 4). These values are constantly higher in the Grey Marble than
in the White Marble, although the former shows greater standard de-
viation (Fig. 4).

Both radial and concentric sets show a general decrease in spacing
within the first 700-1000 m from the Botro ai Marmi pluton top (Fig. 5),
followed by a slight increase beyond ~1.5 km (Fig. 5).

One explanation for the initial decrease relates to the mechanical
strength differences between the Grey and White Marble lithologies,
potentially due to a higher dolomite content within the Grey Marble
(Schmid, 1982; Davis et al., 2008; Franzini et al., 2010), which is
generally closer to the pluton. (Fig. 1b and c, 2 and 3). However, this
explanation is incomplete, as the same spacing trend persists even when
considering Grey Marble and White Marble separately (Fig. 5).
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Alternatively, grain-size variations with increasing distance from the
pluton top may provide an explanation (Franzini et al., 2010; Papeschi
et al., 2025). This interpretation, however, is not entirely satisfactory,
as marble strength is expected to increase with decreasing grain size,
which should lead to lower fracture intensity (Harbord et al., 2023). This
grain-size mechanism may instead explain the behaviour observed at
greater distances from the pluton top (>1.5 km), where the pluton's
influence decreases.

A thermal stress effect decreasing radially from the pluton top could
also be considered (Delaney et al., 1986; Martel and Bergbauer, 1997).
However, this factor alone is insufficient to explain the observed initial
decrease and subsequent increase in fracture spacing.Consequently, a
combination of the aforementioned mechanisms should be considered.
The zone characterised by the highest fracture intensity corresponds to
an intermediate distance range, approximately between 700 m and
1.5 km from the pluton top.

5.2. Proposed model and related stress field

Previous studies have described radial and concentric structural
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patterns around intrusive bodies, for example, for dike emplacement
episodes related to magmatic intrusions (Odé, 1957; Koide and
Bhattacharji, 1975; Chadwick Jr and Dieterich, 1995; Acocella, 2021
and references therein). These studies propose and define stress-field
models, showing relationships between fracture and fault formation,
and their association with dike propagation, usually simultaneous with
the emplacement of the magmatic body.

For example, Odé (1957) describes the relationship between local
and regional stress fields based on the observation of dike propagation
around a magmatic intrusion. In that case, dikes display a radial pattern
around the main top of the intrusion. Moving away, they tend to be
aligned along a N75° direction, imposed by the regional tectonics.

Koide and Bhattacharji (1975) study field stress imposed by magma
bodies of different shapes, and their role in the development of radial
and concentric brittle structures.

Acocella (2021) describes stress distribution within a conical volca-
nic edifice in relation to dikes emplacement. Inside the volcanic edifice,
the maximum stress axis (07) is subvertical, while the intermediate (c5)
and minimum (o3) are respectively radial and concentric with respect to
the main conduit. By moving closer to the volcano flanks, 6; and 65 tend
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to be respectively parallel and perpendicular to the slopes.

Although the stress fields calculated with these methods based on
radial and concentric patterns of faults, fractures and/or dikes will be
examined and discussed below, it should be emphasised that the
Coquand Porphyry Dike, which follows the concentric fractures trend
(Fig. 3b), was emplaced around 4.7 Ma ago, while the Botro ai Marmi
Granite was emplaced 5.4 Ma ago (Di Vincenzo et al., 2022). Fractures
observed around the pluton top reflect the initial cooling phase of the
associated metamorphic aureole; hence, fractures must pre-date dike
emplacement, as suggested by the above-described time gap.

Previous authors had interpreted Porphyry Dikes Fm. emplacement
as linked to horst-delimiting normal fault nucleation, as their trends are
compatible (see all the dikes in Fig. 1b; Vezzoni et al., 2018; Di Vincenzo
et al., 2022). In our opinion, the Coquand Dike, during emplacement,
followed preferential pathways defined by the concentric fracture
pattern, thus defining its geometry.

The proposed model is illustrated in Fig. 10. During Botro ai Marmi
pluton emplacement (5.4 Ma, Di Vincenzo et al., 2022), carbonate host
rocks were heated and metamorphosed, thus creating Campiglia Mar-
ittima Marble (Fig. 10a). Simultaneously, the marble developed its main
schistosity, whose attitude defines at the macroscale a N-S-trending
antiform fold, reflecting the pluton shape (Fig. 10a). The granitic pluton
emplacement occurred at a shallow crustal level, at 3-4 km depth and
1-1.5 kbar pressure (Leoni and Tamponi, 1991; Papeschi et al., 2025).

Following the main ductile deformation event, both the granite and
the marble cooled, resulting in a transition from ductile to brittle
behaviour. During this time, radial and concentric fracture patterns
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developed (Fig. 10b). The stress field driving this deformation reflects
the influence of a localised stress source, represented by the Botro ai
Marmi pluton top itself, while it was probably ending its last rising
event. This local stress field is limited to a slightly prolate elliptical area
of influence around the pluton top, in the central part of the meta-
morphic aureole (Fig. 3). During this event, the maximum stress axis (61)
was vertical, while the intermediate (62) and minimum (c3) stress axes
were radial and concentric, respectively (Fig. 10b). 61 and o5 define the
radial fracture planes that were formed. Synchronously, the o5 stress
drop due to radial fracture formation induced a local 6563 inversion (e.
g., Bai et al., 2002), thus defining a new o1-05 fracture plane and
enhancing concentric fracture pattern development (Fig. 3b; Fig. 10b).
Accordingly, both radial and concentric fracture patterns are Mode I
extensional fractures (Fossen, 2016). At this stage, new fractures started
to form outside the area of influence of the pluton, with trends coherent
to the imposed regional tectonic stress field (Fig. 3a).

Stress fields related to local stress sources, such as the one described
above, and the associated fracture nucleation, as well as their linkage
with far-field stress-related structures with increasing distance from the
local stress source, have been described in the context of intrusive body
emplacement (Koide and Bhattacharji, 1975), but also for diapirism
phenomena involving evaporitic lithologies (Quinta et al., 2012).

Finally, the granitic pluton definitively ended its rise and stopped
acting as a local stress source, leaving space for an extensional regional
tectonic regime. At this stage, the main N-S to NNE-SSW- and NW-SE-
trending normal faults were emplaced, thus delimiting the Campiglia
Marittima horst (Fig. 10c). If the main emplacement episode of the
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Fig. 9. Maps of estimated density (P20; middle column) and intensity (P21; right column). The left column shows scan-circle maps generated by FracPaQ2D. We
imposed 12 circles per side, resulting in a circle diameter of approximately 0.6 m.

Porphyry Dikes Fm. is contemporaneous with the first fault activity, as
proposed by Vezzoni et al. (2018), normal faulting should have started
in this area at least at 5.1 Ma (i.e., the age of the first dikes; Di Vincenzo
et al., 2022). During this stage, the Coquand Dike (4.7 Ma) was
emplaced, following a preferential path influenced by the previous

structures.
5.2.1. Inferences on the regional context
In the context of the Campiglia Marittima area, several studies

focused on the skarn deposits and associated ore mineralization, as they
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Table 1
Whole-map density (P20) and intensity (P21) values for each investigated site.

Site Density (P2) Intensity (P21)
no. 20 (Broccatello Quarry) 5.87 m? 2.44 m!
no. 17 (Calasorbi Quarry) 8.71 m? 4.55m™*
no. 27 (Pari Quarry) 9.70 m? 5.60 m’!

have primary relevance for industrial and mining geology (Da Mommio
et al.,, 2010; Vezzoni et al., 2016, 2023). However, fewer rely on the
marble fracture pattern (Acocella et al., 2000; Poggetti and Tinagli,

Side view
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2018).

The mechanism of the Botro ai Marmi granite pluton emplacement
remains a matter of debate, with different models proposed over recent
decades. Some authors have proposed that the Botro ai Marmi granitic
body was emplaced in a newly forming releasing bend, resulting from
the activity of an N-S oriented, right-lateral strike-slip fault (Acocella
et al., 2000). This model has been applied to the Campiglia Marittima
case, consistent with other plutons within the Tuscan Magmatic Prov-
ince (Rossetti et al., 2000; Acocella and Rossetti, 2002). Other authors
have argued that the granitic body rose within a full extensional tectonic
setting, thereby deforming and folding the overlying limestones
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Fig. 10. Proposed model for fracture pattern evolution within pluton top-fracture related area from multiple points of view: section view (left), 3D view (middle) and
top view (right). (a) Ductile deformation: Campiglia Marittima Marble are formed during Botro ai Marmi pluton emplacement; marble develops a main schistosity,
which defines a NS-trending antiform at macroscale. (b) Brittle deformation - fracturing: latest moment of pluton rise, while both granite and marble has already
cooled; radial and concentric fracture patterns occur during this step, due to local stress source constituted by the pluton top itself. (c) Brittle deformation — faulting:
pluton has definitely stopped his rise at this step, and it is no more a local stress source; extensional tectonics occurs, causing normal faulting and defining the

Campiglia Marittima horst.
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(Vezzoni et al., 2018). More recently Papeschi et al. (2025) have sug-
gested that the pluton reached the core of the developing N-S oriented
anticline within a compressive stress field. In this latter view, the anti-
cline is considered the cause, not the result, of the pluton's rise. In all
these previously proposed models, magma ascent along fault planes is
considered the primary mechanism that controlled the emplacement of
the Botro ai Marmi Pluton.

The stress field model proposed in this paper is consistent with a full
extensional tectonic setting, active at least since the latest cooling event
of the Botro ai Marmi granite pluton (Fig. 10). Crucially, since the
mesostructural pattern was reset by the thermometamorphism, any
feature post-dating this thermal event would have recorded a regional
horizontal o7 if a contractional or strike-slip regime were active (e.g.,
Hancock, 1985; Tavani et al., 2015). However, no structural evidence of
such regimes, such as faults or pressure solution seams, is documented
over a broad area. This lack of evidence definitively excludes both
fold-and-thrust and strike-slip frameworks for the syn-to post-emplace-
ment evolution.

6. Conclusion

This study presents an analysis of the fracture pattern within the
thermo-metamorphic Campiglia Marittima Marble. To collect a large
amount of data, we adopted a hybrid methodology, using both classical
structural geology field surveys and the construction of Virtual Outcrop
Models (VOMs) via photogrammetry using an Unmanned Aerial Vehicle
(UAV). We identify radial and concentric fracture patterns radial and
concentric fracture patterns within the Campiglia Marittima Marble,
with respect to a centre located at the top of the Botro ai Marmi granitic
pluton, which caused the marble formation. This arrangement reflects a
localised stress source, consisting of the main pluton top itself, while it
was ending its rise after cooling. Once formed and folded, the Campiglia
Marittima Marble transitioned to a brittle deformation regime and
became fractured, following a radial and concentric arrangement
around the pluton top. Outside the pluton top-related fracture area, the
main fracture sets are compatible with an extensional regional tectonic
regime that affected the area. Within the pluton top-related area, frac-
ture intensity is generally higher than in the rest of the metamorphic
aureole. We investigated variations in fracture spacing for both radial
and concentric patterns, revealing an area of lower spacing values,
hence higher fracture intensity, between ~700 m and ~1.5 km distance
from the pluton top.

Such a description of the fracture pattern in thermo-metamorphic
marble can have several practical applications, such as in Campiglia
Marittima Marble quarrying or in the study of the main fracture-
associated pathways for fluid conductivity, which are the radial and
concentric patterns, around the main pluton top. The latter can be useful
for studying analogues geological contexts, such as the geothermal fields
related to plutons present elsewhere in southern Tuscany.
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