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INTRODUCTION

Skarn occurrences are well known worldwide and are hosted in several kinds of rocks of different ages;
however, they are associated to carbonate rocks spatially related to magmatic bodies (Meinert et al., 2005).
Skarn deposits with the other CRDs (Carbonate Replacement Deposits; Megaw et al., 1988) along with
porphyry-type are the world’s major source of Cu, Pb, Zn, Ag, and Au (Baker et al., 2004). These deposits are
potentially genetically linked (e.g., Einaudi et al., 1981; Megaw et al., 1988; Titley, 1993) and, for these reasons,
the knowledge of ore-forming processes in these magmatic-hydrothermal systems have prominent scientific and
industrial relevance. Their economic significance is also testified by the scientific publications concerning
skarns: 285 different skarn deposits were described until 1981 (Einaudi et al., 1981), whereas 24 years later, that
number increased at about 1700 deposits in more than 4000 publications (Meinert et al., 2005). Scientific papers
and mining reports have described these rocks since the 19" Century (e.g., Beaumont, 1847; vom Rath, 1868),
trying to understand their mechanisms of formation, the spatial relations with ore bodies and the morphologies of
high-grade sulphides shoots. Although exceptional outcrops and three-dimensional (3D) data have been made
available by mining activity all around the world, these topics are still debated. The results of skarn ore deposits
studies have important implications for the mining industries, because they provide new methods and targets for
exploration and exploitation.

In the 1950-60s the works by Korzhinskii (1965, 1968, and reference therein) were the basis of the
modern theory on skarn formation. These ideas were later debated and expanded (e.g., Burt, 1977; Einaudi et al.,
1981; Meinert et al., 2005), with description of different mineral paragenesis and skarn zoning, typically related
to the emplacement of magmatic bodies. In the last few years new issues are attracting researchers, such as the
origin of skarn-forming fluids (magmatic-only vs. magmatic plus basinal and/or meteoric). This issue is of
paramount relevance for skarns apparently unrelated to magmatic rocks (distal skarn; e.g., Baker et al., 2004;
Samson et al., 2008). Other open questions are the mechanism of metals transport from their source(s) to the site
of deposition and the relations between skarns and other CRDs (Megaw et al., 1988; Titley, 1993).

The present work contributes to the debate on skarn formation processes providing detailed field data
integrated with petrographic, mineralogical, and geochemical-isotopic data from the Campiglia Marittima
magmatic-hydrothermal system. This locality offers the opportunity for a 3D study of the geological bodies,
thanks to past underground mining activities (during almost three millennia of ore exploitation), with additional
data deriving from about 25 km of drill holes. Although the Campiglia Marittima skarn deposit is a deposit of
small size (ca. 50 kt of base metals) and medium/low-grade (1.4% Cu; 3.8% Zn; 2.0% Pb), with modest
economic interest, its geological characteristics make it an ideal site to study the skarn- and ore-forming
processes (e.g., Dill, 2010). Furthermore, it is one of the first skarn deposits studied in the world (Burt, 1982) by
vom Rath (1868) and it has been considered as a classical example of replacement exoskarn (e.g., Rodolico,
1931; Burt, 1977; Corsini et al., 1980; Dill, 2010). The current skarn formation model (see Meinert et al., 2005,
for review) was also developed starting from the temporal and mineralogical characteristics described at
Campiglia Marittima. The results of this work aim to contribute to the understanding of the processes occurring
during skarn formation and ore deposition and the relationships with magmatism and active tectonics.
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GEOLOGICAL BACKGROUND

The Campiglia Marittima area is located in the southern Tuscany at the centre, both spatially and
temporally, of the Tuscan Magmatic Province (TMP; Innocenti et al., 1992). This area is characterized by a N-S
trending horst bounded by high-angle extensional faults and strike-slip faults. In this area the carbonatic
formations of the Tuscan Nappe (Early Jurassic - Early Cretaceous) crop out widely, bordered by formations
belonging to the Ligurian and Sub-Ligurian Domains to the west and by clayey and turbiditic successions of the
Tuscan Nappe (Cretaceous - late Oligocene) to the east (Acocella et al., 2000; Rossetti et al., 2000; Fig. 1). The
horst developed as a consequence of the extensional tectonics affecting the inner side of the Apennine thrust-
and-fold belt. The extension produced a thinned
crust (here ca. 22 km), a widespread magmatism [
involving both crustal anatectic and mantle-derived ‘
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products (TMP), and a diffuse hydrothermal
activity that is still active nowadays (e.g., Barberi
etal., 1967; Dini et al., 2005; Bertini et al., 2006).

The Campiglia Marittima magmatic system
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is made by a major peraluminous monzogranite
pluton (Botro ai Marmi; 5.7 Ma), cropping out at
Botro ai Marmi; mafic and felsic porphyritic dikes
crosscut the contact aureole of the monzogranite
intrusion (Campiglia Marittima porphyritic dikes;
ca. 44 Ma), and an early Pliocene rhyolitic
extrusive complex (San Vincenzo Rhyolites; 4.3-
4.4 Ma) covers the Ligurian units as well as the '
early Pliocene sediments to the west of the /
carbonate horst (Fig. 1; e.g., Barberi et al., 1967;
Peccerillo & Donati, 2003).

Skarn and ore deposits occur in close
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(ii) low-grade Sn-W-As-Bi ores (Sn ca. 0.4 wt.%;
Venerandi-Pirri & Zuffardi, 1982), and (iii) the
main Campiglia Fe-Cu-Zn-Pb(-Ag) skarn deposit
(e.g., Corsini et al., 1980). The Campiglia
Marittima skarn deposit consists of several bodies
and veins that crop out discontinuously between Monte Spinosa to the south to Monte Coronato to the north
(Fig. 2). Some of these skarn bodies surround small masses of mafic porphyry. Skarn bodies as well as mafic
porphyries are crosscut by felsic dikes (e.g., Bodechtel, 1968).

Fig. 1 - Schematic geological map of the Campiglia
Marittima area. Stars indicate the main ore bodies
(modified after Da Mommio et al., 2010).

THE CLASSICAL CAMPIGLIA MARITTIMA SKARN MODEL

Campiglia Marittima skarn deposits are described as a classical example of exoskarn, whose formation
started with the emplacement of the genetically linked magmatic rocks (mafic porphyry) that triggered the
progressive replacement of marbles by skarn and the following deposition of sulphides during the waning stage
of the metasomatic process (e.g., Rodolico 1931; Bartholomé & Evrard, 1970; Corsini et al., 1980). The skarn
was described as having an outward symmetric mineralogical zoning with respect to a hypothetical axial mafic
porphyry dike. A zoning sequence was proposed for both the main skarn minerals (porphyry - magnetite - ilvaite
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- clinopyroxene - marble) and the ore minerals
(chalcopyrite + pyrrhotite in  magnetite/ilvaite
zones - sphalerite + galena in clinopyroxene zone) B oo s s
(Bartholomé & Evrard, 1970; Corsini & Tanelli, B 70-Pbi-Ag) skam bodics
1974). This evolution is in agreement with the 1000 m
classical model of Korzhinskii (1968) and P
theoretically consistent with the evolutionary paths
proposed by Burt (1977) on the basis of chemical
potential diagrams. Such a model was mainly
developed for the Earle body at Temperino mine,
making the Campiglia skarns a reference example
for exoskarn formation processes until nowadays
(e.g., Dill, 2010).
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FIELD AND LABORATORY METHODS

The working strategy was directed to
progressively collect data for defining: 1) external
geometry of skarn and porphyry bodies shapes; 2)
internal skarn structures and mineralogical zoning;
3) petrography and chemistry of skarn silicates and
ore minerals. The new detailed survey carried out
both at outcrops and in all the accessible Fig. 2 - Geological map of the magmatic and
underground works (in particular, Temperino and hydrothermal units with scan images of rock slabs
Lanzi mines) allowed a detailed characterization from the Campiglia Marittima magmatic rocks.
(geometry, attitude) and sampling (for petrography,
mineralogy, and geochemistry) of the magmatic and metasomatic units (Fig. 2). Underground mapping (ca. 20
km of mining tunnels) has been integrated with surface geological surveys over an area of 20 km?. Direct field
observations were integrated with data from mining reports and lithological/geochemical logs of 175 diamond
and RC drill holes (ca. 25 km, performed by SAMIM S.p.A. for the last mining exploration program at
Campiglia in the 1980s; SAMIM, 1983): these data lend support to the reconstruction, at even greater depth, of
the 3D geometries of magmatic and metasomatic/ores units.

All this wealth of spatially referenced data led to produce a 3D visualization (axonometric projections) of
the four main skarn bodies of the area. The 3D representation, integrated by the geological maps of all the
underground mining levels and several geological sections allow to investigate the internal skarn structures,
mineralogical zoning and morphologies of the ore shoots as well as the spatial relationships with the magmatic
rocks.

Petrographic (thin and polished sections), mineralogical (XRD) and geochemical-isotopic (EPMA, XRF,
ICP-MS, and O, H, Sr, Nd, Pb isotope) data integrate the detailed field, underground mapping and three-
dimensional reconstructions.

RESULTS AND CONCLUSIONS

The data collected during this work led to a deep review of the classical Campiglia Marittima exoskarn
model and suggest an alternative holistic model for the development of skarn and ore bodies in the regional-local
tectono-magmatic setting. The striking novelty is represented by the relative timing of the mafic porphyritic
magma, genetically linked to the skarn, which has been proved to intrude after -not before- the skarn formation.
Furthermore, the three-dimensional reconstruction of skarn bodies as sigmoid-shaped, led to infer that the skarn
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generated by fluid metasomatism after a sigmoid-shaped volume of fractured host marble. These damaged
marble volumes thus acted as a relative low-pressure zone drawing metasomatic fluids from depth. The careful
reconstruction of the fluid flow path during skarn formation by measuring the mineral growth direction and
sense in all the tunnels of the Temperino and Lanzi mines disproves the current model of symmetrical
mineralogical zoning from a single axial plane. Furthermore, the data point out an unexpected process during the
“normal prograde to retrograde skarn evolution” in which a distal Zn-Pb(-Ag) skarn ore was overprinted by
higher temperature Cu-Fe ore, typical of proximal skarn deposits. This new finding will help revision of the
interpretation of other skarn deposits in the world that are known to show comparable features (e.g., Kamioka
skarn deposit, Japan; Mariko et al., 1996; Madan ore field, Bulgaria; Bonev, 1977; Nikolaevsky mine, Russia;
Rogulina & Sveshnikova, 2008). Finally, an unifying tectonic-magmatic-metasomatic model is proposed to
overcome the difficulties in interpreting the overall Campiglia geological features, that are proved to be difficult
to understand if tackled as single, isolated phenomena. This model shows as regional extensional tectonics and
hydrothermal fluid transfer are intertwined with local magma-induced tectonics.

The model proposed for the Campiglia Marittima area can be used elsewhere as a guide in defining
possible targets for ore and geothermal exploration.
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