geosciences

Article

The Gavorrano Monzogranite (Northern Apennines): An
Updated Review of Host Rock Protoliths, Thermal
Metamorphism and Tectonic Setting

Andrea Brogi 1/%*

, Alfredo Caggianelli 1, Domenico Liotta 12, Martina Zucchi 17, Amalia Spina 3,

Enrico Capezzuoli *(7, Alessandra Casini >® and Elena Buracchi >°

check for

updates
Citation: Brogi, A.; Caggianelli, A.;
Liotta, D.; Zucchi, M.; Spina, A.;
Capezzuoli, E.; Casini, A.; Buracchi, E.
The Gavorrano Monzogranite (Northern
Apennines): An Updated Review of
Host Rock Protoliths, Thermal
Metamorphism and Tectonic Setting.
Geosciences 2021, 11, 124. https://
doi.org/10.3390/ geosciences11030124

Academic Editors: Domenico Liotta,
Giancarlo Molli, Angelo Cipriani,
Rodolfo Carosi and

Jesus Martinez-Frias

Received: 28 December 2020
Accepted: 1 March 2021
Published: 8 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Earth and Geoenvironmental Sciences, University of Bari, 70125 Bari, Italy;
alfredo.caggianelli@uniba.it (A.C.); domenico.liotta@uniba.it (D.L.); martina.zucchi@uniba.it (M.Z.)
CNR-IGG Pisa, Institute of Geosciences and Earth Resources, 56127 Pisa, Italy

Department of Physics and Geology, University of Perugia, 06123 Perugia, Italy; amalia.spina@unipg.it
Department of Earth Sciences, University of Florence, 50121 Firenze, Italy; enrico.capezzuoli@unifi.it
Tuscan Mining UNESCO Global Geopark, Parco Tecnologico Archeologico delle Colline Metallifere Grossetane,
58100 Gavorrano, Italy; direttore@parcocollinemetallifere.it (A.C.); geology@parcocollinemetallifere.it (E.B.)
Department of Physics, Earth and Environmental Sciences, University of Siena, 53100 Siena, Italy

*  Correspondence: andrea.brogi@uniba.it; Tel.: +39-080-544-2576

U= W N

Abstract: We review and refine the geological setting of an area located nearby the Tyrrhenian
seacoast, in the inner zone of the Northern Apennines (southern Tuscany), where a Neogene mon-
zogranite body (estimated in about 3 km long, 1.5 km wide, and 0.7 km thick) emplaced during
early Pliocene. This magmatic intrusion, known as the Gavorrano pluton, is partially exposed in a
ridge bounded by regional faults delimiting broad structural depressions. A widespread circulation
of geothermal fluids accompanied the cooling of the magmatic body and gave rise to an extensive
Fe-ore deposit (mainly pyrite) exploited during the past century. The tectonic setting which favoured
the emplacement and exhumation of the Gavorrano pluton is strongly debated with fallouts on the
comprehension of the Neogene evolution of this sector of the inner Northern Apennines. Data from
a new fieldwork dataset, integrated with information from the mining activity, have been integrated
to refine the geological setting of the whole crustal sector where the Gavorrano monzogranite was
emplaced and exhumed. Our review, implemented by new palynological, petrological and structural
data pointed out that: (i) the age of the Palaeozoic phyllite (hosting rocks) is middle-late Permian,
thus resulting younger than previously described (i.e., pre-Carboniferous); (ii) the conditions at
which the metamorphic aureole developed are estimated at a temperature of c. 660 °C and at a depth
lower than c. 6 km; (iii) the tectonic evolution which determined the emplacement and exhumation of
the monzogranite is constrained in a transfer zone, in the frame of the extensional tectonics affecting

the area continuously since Miocene.

Keywords: magmatism; extensional tectonics; contact metamorphism; Gavorrano pluton; paly-
nomorphs

1. Introduction

The inner Northern Apennines (i.e., northern Tyrrhenian Sea and southern Tuscany),
after having experienced HP /LT metamorphism during late Oligocene-early Miocene [1-3]
was affected by extension since Burdigalian [4]. The clearest evidence of this process is
the opening of the Tyrrhenian Basin [5] and the present 2026 and 30-50 km crustal and
lithospheric thickness, respectively [6-8]. Extension favoured partial melting in the lower
crust and in the mantle, thus generating crustal and hybrid magmas (Tuscan Magmatic
Province: [9,10] for a review). Igneous activity and extensional tectonics migrated east-
wards [11-13]: hence, the first magmatic evidence occurred during middle Miocene in Cor-
sica (Sisco lamproite, 14 Ma), and then, in the Tuscan archipelago (Late Miocene-Pliocene)
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and southern Tuscany (Pliocene-Pleistocene), up to the presently cooling magmatic bod-
ies [14-18]. These are producing relevant geothermal anomalies [19], as it is the case for
the Monte Amiata [14,20] and Larderello [15,18,21] areas [22,23]. In the inner Northern
Apennines (Figure 1), intrusive bodies, emplaced at <10 km depth, are partially exposed
in the Tuscan Archipelago and southern Tuscany, where crustal uplift and extensional
tectonics induced their exhumation ([24] with references therein).
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Figure 1. Structural sketch map of the Northern Apennines and Northern Tyrrhenian Sea showing inner and outer zones.

The main Pliocene—Quaternary basins, transfer zones, Neogene—Quaternary Volcanic Complexes and Intrusive magmatic

bodies and metamorphic units are highlighted. Location of the Gavorrano pluton (the study area) is also indicated.

The Gavorrano pluton is an example of this process [25]. Such a pluton is an about
3 km? laccolith [26], dated at 4.9 Ma [27] and partially exposed few kms to the east of
the Tyrrhenian seacoast (Figure 1). It consists of cordierite-bearing monzogranite [28]
with references therein with K-feldspar phenocrysts (up to 10 cm long), intruded by
tourmaline-rich microgranite, porphyritic and aplitic dykes [25]. This magmatic intrusion
and its contact aureole were mined from the last decades of the 19th century up to the
1981, to exploit sulphide (mainly pyrite) ore deposit, mostly occurring at the boundary
between the igneous and host rocks, and in fault zones [29]. Although numerous studies
were dedicated to this pluton, with the aim to reconstruct genesis and setting of the
ore deposits (e.g., [26,29-31]), contrasting interpretations still remain with regards to:
(i) the nature and age of the quartzitic-phyllite hosting rocks, contrastingly referred to
Permian [32] or pre-Carboniferous [33]; (ii) the thermal conditions across the contact
aureole and the related P-T peak conditions in the contact aureole, pointing to significantly
different emplacement depths (cfr. [25,26,34]); (iii) the tectonic evolution of the Gavorrano
area that was explained in extensional (e.g., [25,29]), transtensional [35] or compressional
framework [34,36]. The compressional setting was also taken into account by [37,38] to
explain the emplacement of the Gavorrano pluton, assumed to be contemporaneous to
Pliocene regional thrusts and associated roof-anticlines. In this scenario, these authors
considered the Gavorrano pluton as a key example for explaining the pluton emplacement
in a compressional scenario, basically active since the Cretaceous in the inner Northern
Apennines and northern Tyrrhenian sea.

In this paper, the state of the art on these themes, the contrasting interpretations,
and hypotheses are discussed in the frame of new datasets. As a main conclusion: (i) we
document the Permian age of the quartzitic-phyllite hosting rocks; (ii) we point to a peak
temperature of c. 660 °C at a maximum pressure of 150 MPa for the metamorphic conditions
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in the contact aureole; and iii) we reconstruct the deformation within that sector of a
Neogene regional transfer zone, which controlled the emplacement and exhumation of the
Gavorrano pluton in the extensional framework characterizing inner Northern Apennines.

2. Geological Outline

The Gavorrano pluton intruded the lower part of the Tuscan Unit, following the main
foliations and lithological boundaries (Figure 2) in the Palaeozoic-Triassic quartzite and
phyllite, Triassic metacarbonate and late Triassic evaporite successions [25,29,39]. These
rocks experienced, therefore, LP-metamorphism making particularly problematic the age
attribution of the quartzitic-phyllite hosting rocks, contrastingly referred to Permian [32]
or pre-Carboniferous [33], with different fallouts on the palaeogeography and context in

which the overlying Triassic succession took place.
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Figure 2. Stratigraphic logs of the tectonic units exposed in the study areas. The successions that are exposed are indicated
by colours. Symbols: Tr—continental carbonate consisting of travertine and lacustrine limestone; Ple—fluvio-lacustrine
sediments consisting of pebbly sand and sandy clay with interbedded pebble layers; M—Late Messinian polygenic
reddish sandy-conglomerate and clay level (Montebamboli conglomerate Auctt.); JC—Argille a Palombini Fm: siliceous
calcilutite, calcarenite, shale and marl; SF—Santa Fiora Fm: limestone, sandstone and shale passing to marl and silty-
marl at the top; Mac—Macigno Fm: quartz-feldspar sandstone and shale; Sc—Scaglia Toscana Group: shale, limestone,
marl, calcarenite and biocalcirudite; Mai—Maiolica Fm: cherty limestone, calcilutite; Di—Diaspri Fm: radiolarite and
shale; Mp—Marne a Posidonia Fm: marl and marly limestone; Cs—Calcare Selcifero Fm: cherty limestone, marl and
shale; Cra—Rosso Ammonitico Fm: reddish nodular limestone and shale; Cm—Calcare Massiccio Fm: massive limestone;
Crc—Calcari a Rhaetavicula contorta Fm: bedded limestone and marl. Ev—Burano Fm: dolostone and gypsum/anhidryte
layers; Toc—Tocchi Fm: metacarbonate and phyllite; Ver—Verrucano Group: quartz-metaconglomerate, metasandstone and
phyllite. Py—Palaeozoic phyllite-quarzite Group: organic-matter bearing phyllite and metasandstone. HoA: carbonate
hornfels; Hob: pelitic hornfels; Gr: Gavorrano magmatic complex.
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The initial studies on the intrusive rocks were carried out by [40-44]. Marocchi [44]
firstly described the Gavorrano granite as a magmatic complex formed by a porphyritic
granite, a tourmaline-bearing microgranite and mica-bearing microgranite. Furthermore,
Martelli [45] presented a geochemical and crystallographic study of both magmatic rocks
and pyrite, hence describing, for the first time, the habitus and morphology of the pyrite
and K-feldspar. However, the most complete paper dealing with the Gavorrano intrusion
was published by [25], who defined the porphyritic granite as a quartz-monzonite, crossed
by tourmaline-rich microgranite and aplitic dykes. Barberi et al. [46] implemented the
study of the pluton, in the meantime dated at 4.9 Ma by K/Ar radiometric data [27].

The laccolithic shape of the magmatic intrusion was constrained by data from the
underground mining activity [29] and finally defined by [47] as a body with a maximum
length of 3 km, a width of 1.7 km and a thickness of 0.7 km.

The depth of the Gavorrano granite emplacement was estimated by [26] at a maximum
value of 2-2.5 km, corresponding to a lithostatic pressure lower than 100 MPa. Differ-
ently, [47] indicate a maximum depth ranging between 4 and 5 km, corresponding to a
lithostatic pressure lower than 200 MPa.

Magma cooling was accompanied by a significant hydrothermal process that led
to pyrite ore deposits. Mining activity was carried out nearby the partially exposed
monzogranite (Figure 3a,b).
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Figure 3. (a) Geological map of the Gavorrano mining district. Location of the abandoned mines and boreholes drilled during the

mining exploration are also indicated. (b) Geological sections across the Gavorrano area. Their traces are indicated in (a).

Exploitation was encompassed between the end of nineteenth century and the last
decades of the twentieth century, having produced about 25 million tons of pyrite [26].
Pyrite formed within a quartz-calcite gangue, with minor content of galena, sphalerite,
chalcopyrite, fluorite, marcasite, barite, realgar and stibnite [26,29]. Three main pyrite
bodies (named as Rigoloccio, Massa Boccheggiano and Valmaggiore) were distinguished,
and exploited in an interconnected network of more than 30 km long tunnels belong-
ing to five distinct mines [29]: Rigoloccio, Gavoranno, Ravi Marchi, Ravi Montecatini,
Valmaggiore (Figure 3a). Several studies were addressed to the origin of the ore body
and to its geometrical setting and attitude [26,29-31,43,48-65]. On the basis of these re-
sults, two main contrasting models were proposed for the genesis of the ore deposit:
(i) an epigenetic origin related to the emplacement and cooling of the magmatic in-
trusion (e.g., [25,26,29,49,51,52,55,60,65-67]) and (ii) a sedimentary/metamorphic origin
(e.g., [61,62,68,69]). Geochemical and isotopic studies from [70-76] and [65] described the
distribution of minor elements within the pyrite and sphalerite, as well as the chemistry of
the igneous and hosting metamorphic rocks, thus providing information on the origin of
the mineralization; accordingly, the origin of the sulfur is partly referred to the magmatic
source and partly to the remobilization of sedimentary rocks, by means of geothermal
fluids. These latter were strictly controlled by permeable volumes in fault zones, active
during the geothermal circulation [29] and by lithological discontinuities hydraulically
connected with the fault zones. Ore bodies are in fact located: (i) at the boundary between
the monzogranite and hosting rocks (Figure 4); (ii) along the contact separating the Tus-
can metamorphic unit from the overlying late Triassic evaporite [26,29] (Figures 3 and 4);
(iii) along normal faults juxtaposing sedimentary rocks with the magmatic intrusion (e.g.,
Monticello Fault, Figure 5).
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Figure 4. Geological map of the —200 m a.s.l. level of the Gavorrano mine (see Figure 3a for the location) and
related geological section, redrawn from original documents stored in the archive of the Tuscan Mining Geopark
(www.parcocollinemetallifere.it, Gavorrano; accessed date 4 March 2021).
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Figure 5. Geological cross-sections across the mining areas, redrawn from original mine documents stored in the archive
of the Tuscan Mining Geopark (www.parcocollinemetallifere.it, Gavorrano; accessed date 4 March 2021). (a) Geological
section across the Monticello Fault (the trace is indicated in Figure 3a), exploited during the mining activity: the main
hydrothermal parageneses are indicated on the right of the borehole log. (b) Geological section across the Rigoloccio mine
(the trace is indicated in Figure 3a) highlighting the two NE-striking fault segments dissecting the mineralisation. Note how
the pyrite ore body has been found at the boundary between the magmatic and hosting rocks, and at the contact between
the Palaeozoic-Triassic phyllite and quartzite and late Triassic carbonate successions.

Today, the intrusive rocks are partially exposed at surface or were tunneled at shallow
depth in tunnels dug during the mining activity (Figure 3a,b). Their exhumation was
controlled by normal faults, well-constrained in terms of geometry and displacements by
means of surface and mining data [26,29,35].

Main faults were named as Gavorrano (NNW-SSE striking) and Monticello (N-S
striking) faults, delimiting the western and eastern margins of the pluton, respectively
(Figure 3a,b). The Gavorrano Fault is described as a west dipping high angle normal fault
(60-70°) and with an arcuate geometry [29]. Its total offset exceeds 600 m. The Monticello
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Fault is a middle-angle (35-50°) normal fault dipping to the east and is characterized by a
total offset of about 1000 m [29]. Mining data highlight that the Gavorrano and Monticello
Faults intersect each other in proximity of the Ravi village (Figure 3a). Both faults are
mineralized although with different hydrothermal parageneses: the Gavorrano Fault
hosts pyrite-ore bodies associated to minor content of galena, chalcopyrite and blend [29].
Differently, the Monticello Fault was mineralized by a hydrothermal mineral paragenesis
made up of quartz, barite, celestine, pyrite/marcasite, stibnite, fluorite, orpiment/realgar
(Figure 5).

The northern margin of the Gavorrano magmatic body is delimited by a SW-NE
trending fault system, interpreted by some authors as the continuation of the Gavorrano
Fault (e.g., [26,29]). Despite the significant role, this SW-NE trending fault is not mentioned
by [34,36,38,47], although its occurrence is well documented by the mining data from the
Rigoloccio mine (Figures 3 and 5) and described in several previously published geological
maps and structural sketches [26,29,35].

Another N-S striking fault, named as the Palaie Fault (Figure 3a), was considered
associated to the Gavorrano Fault, being almost parallel to this latter (cf. [29] with references
therein). This structure delimits the western slope of the Monte Calvo [29] and was not
interested by mining exploration. Nevertheless, this fault and the fault system delimiting
to the east the monzogranite was investigated by [35] who presented a structural and
kinematic dataset documenting a dominant strike- to oblique-slip kinematics. On the other
hand, [47] account for a normal component of the Palaie, Gavorrano, and Monticello Faults,
whereas [34] hypothesize a reverse/transpressive kinematics at least for the Palaie Fault.
This view was later implemented by [36] who reported two adjunctive NW-SE trending
faults, up to 2 km long (named as the Monte Calvo and Rigoloccio Faults: Figure 2 in [36]),
and interpreted as cartographic scale reverse faults.

3. Age of Hosting Rocks

Protoliths of the LP-metamorphic rocks forming the contact aureole, consisting of
metacarbonate and metapelite, are referred to the Tuscan Unit [57]. Dallegno et al. [26],
Lotti [49], De Launay and Gites [52], Lotti [43] interpreted the dominantly metacarbonate
succession exposed in the NW side of the magmatic intrusion and exploited at depth, as a
part of the Late Triassic succession (i.e., Burano and Calcare a Rhaetavicula contorta forma-
tions; black limestone, In [77]). Part of this succession, tunneled in the Gavorrano mine, was
considered by [25] as the transition from the late Triassic carbonate/evaporite to the Triassic
metasiliciclastic succession of the Verrucano Group, later defined as the Tocchi Fm [78,79],
never documented before in the Gavorrano area. Marinelli [25], Lotti [49], De Wuker-
slooth [57], Lotti [43] referred the andalusite-bearing metapelite exposed north and south
of the monzogranite (Figure 2), to the Palaeozoic succession underlining the late Triassic
carbonate one. Marinelli [25], Arisi Rota and Vighi [29] considered this succession as part
of the Filladi di Boccheggiano Fm, attributed to the Permian or pre-Sudetian by [32,33], re-
spectively. Dallegno et al. [26] agreed with the interpretations of the previously mentioned
authors about the interpretation of the outcrops exposed at south of the monzogranite,
in proximity of the Ravi village (Figure 3a); furthermore, Dallegno et al. [26] proposed
an alternative hypothesis regarding the northern exposure (at north of the Gavorrano
village, Figure 3a) where the exposed pelitic hornfel and metaquartzite (mainly consisting
of metasandstone and quartz-metaconglomerate) were related to the Triassic Verrucano
Group [33,80], on the basis of their textural and compositional features, as well as the
occurrence of tourmalinolite and red porphyry clasts. In order to better constrain the age of
this discussed metapelite succession, we have analysed key samples from: (i) the exposures
along the main road in proximity of the Ravi village, and (ii) the mining tunnel, named as
Il Santo gallery, not so far from the previous exposure (Figure 3a). Since LP-metamorphism
reasonably obliterated the fossil contents, making any age determination impossible, we
applied the study of palynological content, a useful methodology due to the fact that the
wall of sporomorphs is characterized by a sporopollenin, a biopolymer of complex and
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not-completely known structure very resistant up to high temperatures (e.g., [81-85]) and
provide a good chronological resolution (e.g., [86]). We collected key samples of spotted
black metapelite and phyllitic-quartzite with high organic matter content. In particular,
2 samples have been collected in the exposures at north of the Ravi village (Rav 1 and
Rav 2) and 3 samples (GSA 1-3) have been collected in the Il Santo gallery belonging to
the Ravi mine (Figure 3a). Samples were treated with HCI (37%) and HF (50%) to destroy
the carbonate and siliciclastic component. Boiling HCl (30%) was then used to remove
the insoluble fluorosilicate. The organic residue was sieved with a 20 mm filter. The
yield of the sample was treated repeatedly with Schultz solution, due to strongly high
degree of thermal alteration preventing the identification of black-colour (graphitized?)
palynomorphs. Light microscope observations were made on palynological slides using a
Leica DM1000 microscope with differential interference contrast technique in transmitted
light. Images were captured using the digital camera connected to the microscope and
strongly corrected for brightness and contrast and colour using the open-source Gimp
software. Palynological slides are stored at the Sedimentary Organic Matter Laboratory
of the Department of Physics and Geology, University of Perugia, Italy. Samples GSA1-3
resulted almost barren in terms of palynomorph content. The yield of the samples mainly
consists of large opaque phytoclasts such as inertinite (ligneous fragments completely oxi-
dised) and some indeterminate black organic microfossils. On the contrary, in the samples
Ravl and Rav2, despite the low preservation grade prevents the recognition of almost all
microfloristic elements, some sporomorphs were identified (Figure 6).

These consist of taeniate bisaccate pollen grains as Distriatites insolitus, Hamiapollen-
ites spp. and non taeniate as Alisporites sp. cf. splendens and Alisporites spp. Spores as
Horriditriletes ramosus, Vallatisporites sp. cf. arcuatus, Thymospora opaqua, Densoisporites sp.
and Kraeuselisporites sp. also occur in assemblage with the incertae sedis organic micro-
fossil Reduviasporonites chalastus. This microflora association shows close similarities with
the one yielded from other pre-Triassic successions cropping out in Tuscany (Arenarie
di Poggio al Carpino, Arenarie del Monte Argentario and Farma formations; [87-89], as
well as in the Elba Island (Rio Marina and Mt. Calamita formations; [86]) and attributed
to the Guadalupian-Lopingian time interval (middle-late Permian). In Southern Alps,
along the praeparvus Zone of Changxingian age (late Lopingian), [90] documented an
analogous palynoflora also characterized by the occurrence of Alisporites sp. cf. splendens,
Densoisporites sp., Kraeuselisporites sp. and Reduviasporonites chalastus. This incertae sedis
organic microfossil relatively long range from Capitanian (late Guadalupian) to early Tri-
assic and widespread occur in different countries as well as Australia, Greenland, South
China (Meishan, GSSP of Permian-Triassic boundary), Russian Platform, UK, Austria, USA,
South Africa and other (e.g., [91-95]). In the Guadalupian of Northern Gondwana regions
(e.g., Turkey; Oman, Saudi Arabia, Iran, Pakistan) R. chalastus was documented in assem-
blage with Thymospora opaqua, Distriatites insolitus, Hamiapollenites spp., Kraeuselisporites
sp. Densoisporites sp. (e.g., [96—101]). On the basis of sporomorphs stratigraphic range, the
microfloristic assemblage from the analysed samples is attributed to Guadalupian. The
presence of forms as Horriditriletes ramosus and Vallatisporites sp. cf. arcuatus occurring
in the early Permian of both palaeotemperate (e.g., Norway; [102]; and palaeotropical
latitudes (e.g., Oman and Saudi Arabia; [96]), is here interpreted as probably reworked
contents from older metasediments.
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15

Figure 6. Sporomorphs from samples collected in the Gavorrano area (scale bar indicates 10 um): (1) Alisporites sp. cf. splen-
dens (Leschik) Foster 1979 (slide: RAV-1); (2) Indeterminate ornamented spore tetrad (slide: RAV-1); (3;12) Reduviasporonites
chalastus (Foster) Elsik 1999 (slide RAV-1); (4-5) Thymospora opaqua Singh 1964 (slide RAV-2); (6,9) Hamiapollenites spp. (slide
RAV-2); (7) Distriatites insolitus Bharadwaj and Salujha 1964 (slide RAV-1), (9) Indeterminate trilete spore (slide RAV-1);
Vallatisporites sp. cf. arcuatus (Marques-Toigo) Archangelsky and Gamerro 1979 (slide RAV-2); (11) Kraeuselisporites sp. (slide
RAV-1); (13,14) Horriditriletes ramosus (Balme and Hennelly) Bharadwaj and Salujah 1964 (slide RAV-1); (15) Densoisporites sp.
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4. The Contact Aureole

The emplacement of the Gavorrano pluton produced LP-metamorphism on the host
rocks resulting in a narrow contact aureole with a thickness of 200-300 m [25,26]. LP-
metamorphism superimposed on the regional metamorphism which affected the pre-
evaporitic metamorphic “basement” mainly represented by the Palaeozoic-Triassic phyllitic-
quartzite units (i.e., dominantly pelitic successions), and the late Triassic carbonate rocks,
producing hornfelses with different mineral assemblages, as firstly described by [25].
Concerning the pelitic rocks, [25,26] document a mineralogical assemblage made up of
quartz + muscovite + K-feldspar + andalusite and chlorite + biotite + cordierite in Mg~ and
Fe-bearing phyllite. Differently, [47] describe quartz + plagioclase + K-feldspar + andalusite
and blasts replaced by fine-grained white mica they interpret as relicts of cordierite. [25]
also describes corundum and green spinel, replaced by biotite and plagioclase, found
within xenoliths collected in the Gavorrano mine. Differently, in the carbonate rocks, calc-
silicate hornfels, partially replaced by skarn, shows a mineral assemblage mainly formed by
garnet + epidote + spinel + wollastonite + diopside + forsterite + scapolite + quartz + calcite
+ vesuvianite [25,26]. At depth, the contact between granite and hornfels was described
at =50 m, —200 m and —250 m [26,46] and wollastonite + calcite + quartz and diopside +
forsterite + calcite mineral assemblages, with local levels enriched of garnet + vesuvianite +
scapolite, have been found [46]. In the deepest levels of the Gavorrano mine (—200 m depth
b.s.l), [26] document dolomitic marble characterised by centimetric calcite and dolomite
crystals, intimately associated to calc-silicate hornfels. Similarly, at the contact with the
monzogranite, the same authors describe 1-2 m thick mineral assemblages consisting
of: (i) diopside + garnet + dolomite + calcite approaching the hornfels, and (ii) epidote +
tremolite + diopside + scapolite + calcite + garnet approaching the monzogranite. Diopside
+ tremolite veins, classified as replacement skarn [103], have also been documented in
veins that cut the hornfels; similarly, narrow bands of phlogopite + tremolite (+ actinolite)
composition have also been described at the boundary between hornfels and skarn. No
data are available for the mineralogical assemblage of the pelitic rocks, at the depth
where observations were carried out. LP-metamorphism was followed by a subsequent
hydrothermal event which produced, among the Fe-ore deposit [26,29,65], the alteration of
the forsterite and diopside into serpentine, tremolite, talc, and chlorite, and the formation
of veins filled by quartz + adularia + epidote + sulphides+ calcite + albite + tremolite
indicating temperature of about 250-300 °C [26]. Speculation of maximum temperature of
about 175 °C was proposed for the last hydrothermal circulation by [104] analysing goethite
and clay minerals at the Rigoloccio Mine (Figure 3a), derived from the hydrothermal
alteration of the monzogranite and pyrite body.

We have implemented the existing dataset by analysing key samples of pelitic and
carbonate hornfels from some key outcrops nearby the Ravi mine (Figure 3a) and from
underground. These latter samples have been collected at: (i) the level —50 m b.s.1. of the
Gavorrano mine; (ii) samples collected in the mining dump and possibly coming from
the level —200 m of the Gavorrano mine. On the whole, our data agree with those re-
ported by the previous Authors and provide additional information on the pelitic hornfels,
particularly from the deep part of the Gavorrano mine.

The analysed pelitic and semipelitic rocks grade from spotted schist to hornfels
(Figure 7). A compositional layering is generally recognisable being highlighted by an
alternation of quartz- and mica-rich levels. In several cases, an intense deformation is
observed in the form of serrated microfolds and winged d-porphyroclast (Figure 7a).
In the spotted schist, the mineral assemblage is typically made up of quartz + biotite +
muscovite + andalusite + tourmaline. Tiny elliptical cloudy spots are observed, probably
derived from original cordierite (Figure 7b,c). In the hornfels from the deep level of the
Gavorrano mine, muscovite-out conditions were reached as testified by the presence of
K-feldspars and locally of corundum. Quartz crystals display variable grains size and
are commonly characterised by polygonal shapes. In some cases, quartz shows lobate
grain boundaries suggesting that a dynamic recrystallization took place. Biotite flakes
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increase in abundance from spotted schist to hornfels where they show orange-brown
colour when oriented parallel to the lower polarizer. Andalusite porphyroblasts commonly
show euhedral habit, with elongated and square diamond shapes (Figure 7d—f). The latter,
usually contain the cross-shaped dark inclusion pattern typical of chiastolite (Figure 7d,e)
as also described by [25]. Corundum is abundant and well recognisable at microscope
scale in the form of spots made up of isolated crystals or aggregates within the biotite-
rich levels devoid of quartz (Figure 7g). It shows a polygonal shape and a corona made
up of K-feldspar, rare muscovite + rutile (Figure 7h,j). It often displays a pale blue
colour typical of sapphire variety. Tourmaline is zoned with brown to cyan colours being
of dravite type and is mostly found within biotite-rich levels (Figure 7k). Among the
accessory phases, zircon and opaque minerals are always present, whereas rutile is found
in corundum-bearing hornfels.

Figure 7. Micrographs of the pelitic and semipelitic rocks affected by contact metamorphism.
(a) d-porphyroclast completely replaced by sericite (plane polarized light). (b,c) Scanned thin section
(plane polarized light in (b) with a detail (crossed polars in (c) showing the elliptical cloudy spots.
(d—f) Andalusite crystals (plane polarized light) that, in some cases, show dark inclusions arranged
in geometrical pattern typical of chiastolite. Tourmaline crystals adjacent to elongated andalusite
(d) can be observed. (g) Scanned thin section and detail (h) of corundum crystals characterised by a
corona made up of K-feldspar and minor amount of muscovite flakes within biotite-rich level (plane
polarized light). (i,j) Details (plane polarized light) of pale blue corundum of sapphire variety and
rutile (i). (k) Detail of tourmaline crystal with interference colours up to second order blue (crossed
polars). Mineral abbreviation from [105].
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The analysed carbonate rocks collected in the Gavorrano mine (level—50m b.s.l.)
consist of marbles with a variable grain size. In most cases, they contain olivine (Figure 8a,b)
without diopside suggesting that they derive from carbonatic-silica-pure protolith. Locally,
in the fine-grained type a polygonal fabric of calcite can be recognised, indicating a static
recrystallization (Figure 8a). In some cases, olivine-rich levels show diffuse serpentinization,
with few olivine relicts still present (Figure 8c,d), justified by [25,26] as the effect of a later
hydrothermal fluid flowing through the thermal aureole.

Figure 8. Micrographs of marbles. (a) Calcite grains in fine-grained olivine bearing marble with a typical polygonal fabric
indicating static recrystallization (crossed polars). (b) Detail of olivine bearing marble showing tabular thick twins in
calcite [106] (crossed polars). (c) Olivine-rich level in marble affected by intense serpentinization (plane polarized light).
(d) Detail of olivine crystal almost totally replaced by serpentine, locally showing a mesh fabric (crossed polars).

Some considerations can be provided on the peak P-T conditions reached in the
thermal aureole. In the pelitic hornfels, recording the maximum temperature in the contact
aureole, muscovite-out conditions were reached through the reaction:

Ms + Qtz = And + Kfs + H,O 1

Alternatively, in silica-poor domains, the genesis of corundum could be promoted by
reaction:
Ms = Crn + Kfs + H,O 2)

After muscovite disappearance, corundum could be produced by reaction provided
by Pattison and Harte [107]:

2 Bt + 15 ALSiOs = 9 Crn + 3 Crd + 2 Kfs + 0.5 H,O @)
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In the analysed samples, there is no evidence for the simultaneous blastesis of corun-
dum and cordierite. Thus, reaction (2) is preferred for the genesis of corundum.

In order to constrain P-T conditions for the contact metamorphism, a look at a simple
P-T grid is practical. The diagram in Figure 9, in addition to reaction curves (1) and
(2), shows the wet solidus curve for granite and the andalusite—sillimanite equilibrium
line. The absence in the hornfels of sillimanite and of microstructures indicative of partial
melting indicate that the andalusite-sillimanite equilibrium line and the granite solidus
curve were not crossed during the heating phase. On the other hand, the presence of
corundum allows to constrain the metamorphic peak beyond reaction (2), within the grey
area. A maximum limit for the pressure, provided by the intersection of reaction (2) with
the andalusite-sillimanite equilibrium is of c¢. 170 MPa, corresponding to a temperature of
c. 640 °C. At lower pressures, higher temperatures for the thermal peak are possible.

Quantitative estimates of the temperature were attempted by the Ti-in-biotite ther-
mometer by Wu et al. [108]. This was calibrated for pelitic rocks containing a Ti-rich phase
such as ilmenite or rutile at pressure higher of 100 MPa, thus being appropriate for the
present case. On the basis of 7 biotite analyses of a corundum-bearing hornfels sample
(Table A1), a mean value of c. 660 °C was obtained at a pressure of 170 MPa and of c. 650 °C
at a pressure of 100 MPa. A check on the compatibility of these numerical results with the
P-T extent of the grey area in the diagram of Figure 9, suggests a pressure value lower than
c. 150 MPa, corresponding to a depth lower than c. 6 km, assuming an average density
of 2650 kg/m? for the upper crust. However, considering the error of the thermometer,
this latter P limit should be verified through more refined petrological methods and/or
geological constraints.

(@ Ms +Qtz = And + Kfs + H,0
300 |~ @ Ms=Cm +Kfs +H,0

(® granite wet solidus

P, MPa
N
3
I

200 [~

150 [~

I
550 600

T,°C

Figure 9. P-T grid from [109] here adopted to constrain conditions for the peak of contact metamor-

phism. Muscovite breakdown curves at Prypo = Pyota1 are from [110], the granite wet solidus curve is
from [111] and the andalusite-sillimanite equilibrium line from [112-114]. The grey area indicates
peak P-T region compatible with the presence of andalusite + K-feldspar and, in silica-poor domains,
of corundum + K-feldspar. Point (a) indicates maximum estimate for pressure on the basis of the
corundum + K-feldspar presence, resulting in a value of 170 MPa. The dotted line connects points
related to temperature estimates by Ti-in-biotite thermometer at 170 and 100 MPa, respectively. Point
(b) indicates maximum estimate for pressure on the basis of the Ti-in-biotite thermometer, resulting
in a value of c. 150 MPa.
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5. Structural and Kinematic Data

The geological setting was already reconstructed by the large amount of mining data
as reported in several papers (e.g., [25,26,29,65]). Nevertheless, still contrasting hypotheses
are provided by different authors on the tectonic evolution that accompanied the pluton
emplacement and its exhumation (cf. [26,35,36,115]).

In order to contribute to this issue, existing mining documents and a new dataset of
structural and kinematic data have been integrated. Figure 3a shows the location of the
stations where the structural analysis has been carried out. The results are shown in the
stereographic diagrams, reported in the Annex 1.

Both cartographic and outcrop-scale evidence highlight superposed faulting events
that can be categorized In (i) low- to middle-angle (<50° of dipping value) normal faults,
affecting both granite and the carbonate succession; (ii) high angle (>50° of dipping value)
strike-slip faults coexisting with the low- to middle-angle normal faults; (iii) high angle
normal faults displacing the previous formed structures (Figure 3a,b).

As it regards the low- to middle-angle faults, the best example is the Monticello Fault
(Figures 3a and 5), which decouples the monzogranite from the overlying sedimentary
cover, by an almost ten-meter thick mineralized cataclastic zone, as it is well documented
by the mining data (Figure 5a). Therefore, the consideration of the mining data changes the
view of the Monticello Fault, previously interpreted as a high-angle normal fault, parallel
to the Gavorrano Fault although dipping in the opposite direction and delimiting the
monzogranite to the east [26,29,35,47].

By the new integration of data, the Monticello Fault assumes the role of an already
existing fault decoupling the magmatic intrusion from the hosting rocks and contributing
to the exhumation of the monzogranite. Such a structure was later affected by high-angle
faults to which the Gavorrano Fault belongs (Figure 3a,b). It is worth to note that, on the
basis on the mining data form the Ravi mine (located in the southern part of the Monticello
fault), Marinelli [25] accounts for a shear zone, separating the magmatic intrusion from the
hosting rocks, similarly to what is observed along the Monticello Fault.

Low-angle faults affecting the carbonate succession (Figures 3a and 10), also occur
in the hanging wall of the Monticello Fault (Figure 3a). These are well-exposed in the
abandoned quarries on the northern slope of the Monte Calvo area and are arranged in sub-
parallel and anastomosed segments that define decameters-thick sheared and delaminated
volumes with conjugated fault segments forming lozenge-shape geometries and meter-
/decameter-scale extensional horses (Figures 11 and 12). Fault segments are characterized
by kinematic indicators consisting of calcite fibres and steps, indicating normal, mostly top-
to-the E-NE sense of shear (Figure 11, Figure A1). All these data contrast with the kinematic
interpretation proposed by [36], although conducted in the same outcrops (cfr. Figure 7a,b
in [36]). These authors, in fact, support a top-to-the west reverse kinematics of these faults,
notwithstanding the fact that kinematic indicators clearly indicate a normal movement
(Figure 11b,f). Furthermore, it is worth to underline that this particular kinematics is in
agreement with the data collected in the whole Gavorrano area (Figure A1) and with the
geometrical setting of the low-angle faults, as visible in the quarry exposures (Figure 12).
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Figure 10. Google Earth photograph of the northern slope of the Monte Calvo, where late Triassic and early Jurassic
carbonate succession is exposed in abandoned quarries. The location of the photographs shown in the indicated figures are
also reported.
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Figure 11. Structural and kinematic features of low- to middle-angle normal faults affecting the carbonate succession (Calcari a
Rhaetavicula contorta Fm, late Trias). See Figure 10 for the location of the pictures. (a) Panoramic view of a saw-cut quarry wall where
sub-parallel and anastomosed low-angle normal fault segments occur. (b) Detail of the inset shown in (a), where the kinematic data
have been collected and reported in the stereographic diagram (lower hemisphere, equiareal projection); note that this is the same
detail on which [36] reported their analyses, in contrast with these ones. (c) Detail of the inset shown in (a) where the kinematic data
have been collected and reported in the stereographic diagram (lower hemisphere, equiareal projection). (d) Detail of the inset shown
in (c) where kinematic indicators consisting of mechanical striation and associated step strongly support for a normal (top-to-the NE)
kinematics of the fault. (e) Panoramic view of a part of the saw-cut quarry wall where anastomosed low-angle normal fault segments
are dissected by high-angle faults to which the reported stereographic diagram (lower hemisphere, equiareal projection) is referred.
(f) Detail of the inset shown in (e), where the location of the kinematic indicators shown in (g,h) is shown; note that this is the same
detail on which [36] reported their analyses accounting for a thrust surface. (g,h) Details of the inset shown in (f) where the kinematic
indicators consisting of calcite fibers and fiber steps have been recognized. These account for polyphase movements on the same fault
plane with a dominant normal component with a top-to-the NE-E sense of shear.

Figure 12. Cont.
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Figure 12. Extensional structures exposed in the quarry saw-cut walls. See Figure 10 for the location of the pictures. (a) Decameter-size
carbonate levels segmented by top-to-the NE extensional detachments. (b) Panoramic view of the abandoned quarry where the detail
shown in figure (c) is indicated. (c) Meter-size extensional horses related to top-to-the NE extensional detachments.

Low-angle faults affecting the monzogranite (Figure 13a,b) have also been recognized.
Here, these show striated slip-surfaces (Figure 13c) bounded by a centimeter-thick core
zone with ultra-comminuted grains (Figure 13d) and centimeters-thick level of foliated
monzogranite, showing s-c structures, with a top-to-the west sense of shear (Figure 13e,f).
Although faults exposure in granite are limited, their setting accounts for a lozenge-shaped
geometry (Figure 13b), thus explaining the occurrence of both top to E-ENE (dominant)
and top to W-WSW sense of shear on their slip planes, respectively.

Figure 13. Cont.
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Figure 13. Structural and kinematic features of faults affecting the monzogranite. (a) Panoramic view of analyzed outcrop with

indicated the location of insets shown in (b,g). (b,c) Top-to the west low- to middle-angle normal faults cut by high-angle normal
faults. (d) Detail of the low-angle normal fault zone highlighting a cm-thick comminuted cataclasite and S-C structures affecting the
hangingwall. (e,f) Striated surfaces indicating a clear normal movement. (g) Detail of the high-angle normal fault cutting the low-to
middle-angle normal faults. The inset shows the mechanical striation on the fault surface indicating a normal movement.

Concerning the high angle faults, N-S and SW-NE strike-slip faults occur in the whole
area (Figure 3a). The best exposures (especially for the N-S striking faults) were recognized
in the quarries, north of the Monte Calvo (Figure 10) and in the western part of the study
area (i.e., Palaie Fault, Figure 3a).

In the abandoned quarries, these faults define decameters-thick vertical brittle shear
zones (Figure 14) formed by sub-parallel and conjugate fault planes (Figure 14a—c), sur-
rounded by well-developed damage zones. Left-lateral strike to oblique-slip kinematics
is then suggested by indicators locally preserved on the slip-surfaces and consisting of
calcite slicken-fibres and steps (Figure 14d,e). In some cases, syn-kinematic cm- to dm-thick
banded calcite veins formed along the fault planes, or in extensional jogs (Figure 14f).
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Figure 14. Strike-slip faults exposed in the quarry saw-cut walls. See Figure 10 for the location of the pictures. (a) Panoramic
view of analyzed outcrop with indicated the location of insets shown in (b,c). (b,c) Detail of the fault zones showing a
sub-vertical attitude and well distributed anastomosed fault segments forming the damage zones. (d,e) Kinematic indicators
recognized on the fault planes, consisting of calcite fibers and fiber-steps clearly indicating a slightly left-lateral oblique-slip
movement. (f) Mineralized fault zone forming extensional-jogs filled by banded-calcite veins.

This attests the role of such faults in controlling the hydrothermal fluid paths from
the late magmatic events onwards, at least. This is in fact attested by the several S-N and
SW-NE oriented microgranite dykes intruding both the monzogranite and the hosting
rocks in fault zones, as documented in the outcrops (Figure 15) and by the underground
mining data (Figure 4). Thus, a local strike-slip regime is supposed to have controlled the
deformation in the Gavorrano area, and probably the pluton emplacement. Nevertheless,
although the interplay between the low-angle normal faults and the S-N to SW-NE striking
strike-slip faults has not been directly documented in the field, it is reasonable to assume
that the transcurrent faults were contemporaneously active with the low-angle normal
faults, since both fault systems are affected by syn-tectonic hydrothermal circulation. Their
contemporaneity is also confirmed by the inversion of the kinematic data collected on
fault-slip surfaces of both low-angle normal faults and strike-slip faults: it highlights a
strong kinematic compatibility, as shown by the orientation of the main kinematic axes
(Figure 16a—c). We can therefore assume that these faults were active under a common
stress field: in this view, the low-angle normal faults developed as a consequence of the
crustal thinning, having triggered magmatism and favoured the development of SW-NE
striking km-thick sub-vertical brittle shear zone (i.e., transfer zone: [116-118]) of which the
Gavorrano area is a part.
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Figure 15. Examples of tourmaline-bearing microgranite dykes intruded within (a) monzogranite and the (b) phyllitic-
quartzite (Verrucano Group) forming the monzogranite hosting rock.

In the context of the deformation induced by a transfer zone, the N-S striking left-
lateral and SW-NE striking right-lateral strike-slip faults are thus framed in the same
setting, as indicated by their kinematic compatibility (Figure 16c,d). Consequently, those
are interpreted as minor faults linking the SW-NE striking main structures, in a common
left-lateral strike-slip shear zone.

Concluding, we can depict a tectonic evolution where low-angle normal faults and
strike-slip faults (N-S striking left-lateral strike-slip, SW-NE striking left- and right-lateral
strike-slip faults) coexisted during the emplacement and exhumation of the monzogranite,
as sketched in the conceptual model of Figure 17a,b.

The Palaie Fault (Figure 3a) has been described by several authors as a strike-slip
fault [35] or a transpressive fault, by the kinematics reconstructed in a single outcrop [36].
Our data (Figure 18) highlight that what today is recognizable along the western slope
of the Monte Calvo is the result of two superposed faulting events, at least: strike-slip
fault segments are in fact preserved within lithons delimited by sub-parallel west-dipping
normal faults (Figure 3a). In other words, the western slope of the Monte Calvo is delimited
by a normal fault system partly reactivating and dissecting older N-S striking left-lateral
strike-slip faults, thus determining lithons of which original attitude is reasonably modi-
fied. This can explain the singularity of the Palaie Fault, the single structure with visible
kinematic indicators contrasting the general framework.

High angle normal faults, NNW-SSE and N-S striking are the youngest structures.
These dissect the previous formed low-angle faults (Figure 19a,b) and are characterized by
oblique-slip to normal movements (Figure 19¢). Fault zones are with meters-thick damage
zones (Figure 19a) where well-organized minor fractures affect both their hanging wall
and footwall (Figure 19¢). Kinematic indicators mainly consist of groove and mechanical
striations developed on the fault surfaces.

Inversion of kinematics data collected on the normal faults (Figure 16e) show a
kinematic compatibility with the low-angle normal faults (Figure 16a), thus supporting a
stable E-NE trending extensional regime from the emplacement of the monzogranite until
its exhumation (Figure 17c).
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Figure 16. Upper part: fault-and-striae and fault plane solutions diagrams divided per systems from the inversion of
kinematic data collected on fault-slip surfaces (Stereographic diagrams were performed using the software FAULTKIN,
available at: http://www.geo.cornell.edu/geology/faculty/RWA / accessed on 20 July 2019). Red and blue dots indicate P
and T axes, respectively; x indicate neutral axis. Green squares show the orientation of the X, y and z strain axes. See the text
for more indication. Lower part: strike vs. dip diagrams of the indicated fault categories.
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Figure 17. Conceptual model illustrating the relationships between faulting and magma intrusion/exhumation. SW-NE
striking left-lateral regional transfer zone enucleated in a wide area including that one where the Gavorrano monzogranite
is exposed, today. The transfer zone was active contemporaneously with top-to-the ENE e WSW low- to middle-angle
normal faults, during the extensional evolution of the inner Northern Apennines. (a) The transfer zone gave rise to SW-NE
striking left-lateral strike-slip faults linked by N-S striking faults in releasing step-over zones. Minor faults (NNW-left-lateral
and WNW-striking right-lateral strike-slip faults) are associated with the N-S striking first-order faults. (b) The shearing
evolution within the transfer zone formed vertical highly permeable volumes centred on the N-S striking faults. Magma
was channeled within the permeable volume and intruded at the base of the late Triassic evaporite level, within the
Permo-Triassic succession, in a depth interval comprised between 6.3 and 5.2 km. (c) Normal faults followed the magmatic
emplacement and were active in the same regional stress field that was active at the time of pluton emplacement. These
normal faults contributed to the exhumation of the monzogranite and the present configuration of the whole Gavorrano area.

. “Kinematic ifdicamrs &

5 Xy 1

Figure 18. Structural and kinematic features of Palaie Fault (see the Figure 3a for the location). The fault plane is exposed

just in restricted exposures. (a) Panoramic view of the fault plane. (b) Enlarged area of the fault surface where mechanical
striations can be observed. The fault plane was tilted during the activity of the normal fault systems bonding the western
side of the Monte Calvo. Rotation therefore gave rise to an apparent east-dipping attitude of the Palaie Fault. Kinematic
indicators, in the present coordinates, indicate left-lateral oblique-slip kinematics in agreement with the whole kinematic
data collected in the Gavorrano area.
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Figure 19. Structural and kinematic features of the normal faults affecting the carbonate succession. (a) Meters-thick fault
zone affecting the late Triassic carbonate succession. (b) Detail of a WNW-dipping fault cutting an E-dipping middle-angle
normal fault. (c) Well-developed damage zone consisting of sub-vertical fractures associated to a east-dipping normal fault

with a slight oblique-slip movement.

6. Conclusive Remarks

On the basis of the new dataset integrated with the pre-existing data we can state the

following points:

The laccolithic monzongranite emplaced within the upper part of the Tuscan meta-
morphic succession, at the base of the Late Triassic carbonate succession. The exposed
contact aureole at north of Ravi village is referred to the phyllitic-quartzite succession,
similar to part of that one exposed at north of the Gavorrano village, underlying
the metasandstone and quartz-metaconglomerate of the Triassic Verrucano Group.
The succession exposed in the Gavorrano village and neighbourhood is referred to a
transitional succession (i.e., Tocchi Fm) interposed between the Verrucano and late
Triassic evaporite. The Palaeozoic succession hosting the monzogranite has a middle-
late Permian age and can be referred to the coeval successions documented in the
surroundings (e.g., Poggio al Carpino Fm, Filladi di Boccheggiano and Quarziti del
Torrente Mersino formations). The decimetres-thick quartz-metasandstone levels
interbedded within black phyllite, recognised in the Il Santo gallery, make this succes-
sion similar to the Poggio al Carpino Fm. On the contrary, the dominant black phyllite
exposed at surface better corresponds to the Filladi di Boccheggiano and Quarziti del
Torrente Mersino formations.

The thermo-metamorphic paragenesis and Ti-in-biotite geothermometer point to a
peak Temperature of c. 660 °C at a depth probably lower than 6 km. Dynamic recrys-
tallisation of LP paragenesis suggests a syn-kinematic evolution of the contact aureole,
in agreement with the active tectonic setting that assisted the magma emplacement,
cooling and exhumation.

We do not confirm the occurrence of regional and/or cartographic scale reverse faults,
or thrust-related roof-anticline triggering the magma emplacement and hosting the
magmatic intrusion, since those previously proposed interpretations contrast with
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field data evidence. The pluton emplacement was coeval with coexisting strike-slip
and extensional tectonics that continued also after the magma cooling and produced
the exhumation of the magmatic system and of its contact aureole. The tectonic setting
did not change through time: strike-slip and normal faults coexisted at least since
the early Pliocene (age of the monzogranite emplacement). The Gavorrano pluton
emplaced within a SW-NE trending sub-vertical strike-slip brittle shear zone (i.e.,
transfer zone) that accompanied the development of low-to middle-angle normal
faults formed in a E-NE trending extensional setting. SW-NE striking strike-slip
faults were mainly linked by NS striking strike-slip faults in releasing step-over
zones, favouring the development of sub-vertical dilatational volumes with enough
permeability to channel the magma from the deeper to upper crustal levels.
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Figure A1. Structural stations: fault and striae from data collected on the indicated structural stations.
Their location is indicated in the Figure 3a (lower hemisphere, equiareal diagram).
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Table A1. Biotite analyses of corundum-bearing hornfels used for the application of the Ti-in-biotite
geothermometer by [109]. Mineral formulae, calculated according to the method by [119].

Bt 42 Bt 43 Bt 44 Bt 45 Bt 46 Bt 47 Bt 48
SiO, 33.25 33.19 34.24 34.98 33.63 34.64 35.57
TiO, 3.57 3.58 3.36 3.69 3.57 3.57 3.60

ALOs 20.78 20.58 20.11 20.64 20.86 20.96 21.73
FeO 17.42 17.42 17.98 17.91 17.39 17.27 15.88
MnO 0.34 0.27 0.44 0.39 0.29
MgO 8.36 8.36 8.51 8.79 8.18 8.62 8.87
Na,O 0.18 0.23 0.18 0.32 0.30 0.18
K,O 9.92 10.17 10.10 10.21 10.14 10.08 9.93

Tot 93.82 93.80 94.74 96.79 94.09 95.73 95.76
Si 257 2.57 2.62 2.62 2.59 2.61 2.64
Ti 0.21 0.21 0.19 0.21 0.21 0.20 0.20
AV 1.43 1.43 1.38 1.38 1.41 1.39 1.36
AT 0.46 0.45 0.44 0.44 0.48 0.47 0.55
Fe 1.12 1.13 1.15 1.12 1.12 1.09 0.99
Mn 0.02 0.02 0.03 0.02 0.02
Mg 0.96 0.96 0.97 0.98 0.94 0.97 0.98
Na 0.03 0.04 0.03 0.05 0.04 0.03
K 0.98 1.00 0.99 0.97 0.99 0.97 0.94
Y cat 7.78 7.81 7.77 7.77 7.79 7.76 7.69
YO 11.00 11.01 11.00 11.01 11.02 11.00 11.00
Fe3* 0.03 0.06 0.04 0.05 0.11 0.10 0.16
FeZ* 1.09 1.07 1.11 1.07 1.01 0.99 0.83
T °C* 657 657 641 652 668 659 679

* Temperature estimate by Ti-in-biotite geothermometer [109] at P = 150 MPa.
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