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ABSTRACT

The Terranera magnetite-hematite-pyrite deposit of the Island of Elba (Italy) is an historical skarn deposit hosted
by a fault zone of regional importance (Zuccale Fault) and by its hanging wall rocks.

We combine field observations with petrographic data, electron probe microanalyses (EPMA), XRPD data,
fluid inclusion microthermometry, and element imaging by Laser Ablation-Inductively Coupled Plasma-Time of
Flight Mass Spectrometry (LA-ICP-TOFMS) to define the ore-forming process at Terranera. We show that in this
location the fault is made of four levels of mineralized fault rocks having distinct mineral compositions. In these
levels, a mineral association made of diopside, clinozoisite, and other Mg-rich minerals is replaced by magnetite,
hematite, pyrite, Mg-hornblende, clinochlore, and other Mg-rich phyllosilicates. This paragenesis is overprinted
by goethite and clay minerals. Chlorite-quartz geothermometry and fluid inclusion microthermometry show that
ore precipitation occurred at 350-180 °C from fluids of distinct bulk salinities, but goethite and clay mineral
overprinting progressed at lower T.

We propose that Terranera is a magnesian Fe skarn formed due to the interaction between distinct hydro-
thermal fluids and a dolomitic protolith, which was preserved within the fault zone. These fluids mixed and
cooled during protolith metasomatism, causing ore precipitation due to oxidation and desulfidation. A very
similar process was described in a large deposit of Elba (Rio Marina). Argillic alteration was widespread within
the fault but met permanently intermediate sulfidation conditions. Trace element composition of hematite shows
that Terranera has features that overlap those of skarn and epithermal deposits. In particular, elements that are
typical of epithermal deposits (Sb, Ga, Ge, As) occur at mass fractions (50-200 pg/g) that are either unreported
or not typical of hematite from skarn deposits. These features identify Terranera as formed in an ore environment
that was transitional between that of a skarn and of an epithermal deposit. These features are shared by other
historical deposits located at Elba and in the massive pyritic ore district of south Tuscany (e.g., Gavorrano, Fenice
Capanne). This indicates that a similar environment might have occurred during the Neogene beyond Elba, in a
much larger ore district of south Tuscany.

1. Introduction

magmatic hydrothermal (Thompson et al., 1999), and the porphyry-
epithermal deposits (Muntean and Einaudi, 2001). In skarn deposits,

Faults are important fluid conduits of the Earth’s crust and control hydraulic fracturing generated by shallow-level intrusions increases the
many ore-forming processes (Oliver and Bons, 2001). Their fundamental permeability of the host rocks, and as a consequence faults are the
role was defined for a large number of ore deposits, including the vein- preferential sites of retrograde skarn formation (Meinert et al., 2005). In
hosted orogenic Au (Garofalo et al., 2002; Groves et al., 2018), the the distal sections of skarns, fault networks control the establishment of
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“fluid escape structures”, which are used as exploration tools (Meinert
et al., 2005).

Hence, fracturing, hydrothermal fluid flow, and ore formation occur
at the same time in many ore systems; however, the fluid-fault inter-
action processes that steer ore formation are poorly constrained. In
skarn deposits, calc-silicates and ore minerals often obliterate the
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pristine fault rocks. Thus, little of the pristine fault fabric survive host
rock metasomatism and the fundamental ore-forming processes occur-
ring within faults cannot be defined.

In this work, we combine field observations with a multi-analytical
dataset made of petrographic data, electron probe microanalyses, X-
ray powder diffraction analyses, fluid inclusion microthermometry, and

Fig. 1. Tectonic sketch of the Island of Elba (a) and geological map of the Terranera deposit (b). Modified from: Papeschi et al. (2021). The AA’ trace of panel b
locates the geological cross section of Fig. A1l. The BB’ segment marks the mapped area of the Zuccale fault that is studied in detail here (Fig. 2).
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element imaging constructed using Laser Ablation-Inductively Coupled
Plasma-Time of Flight Mass Spectrometry to constrain the fluid-rock
interaction processes occurring within a fault that hosts a Fe-skarn
mineralization. The studied case is the Zuccale fault of the Island of
Elba (Italy), an upper crustal structure of the Northern Apennines that
hosts an historical Fe-skarn deposit (Terranera) of the Elba ore district.
We show that this dataset allows to define the key steps of skarn for-
mation within the fault and suggests an ore environment that is transi-
tional between skarn and epithermal. A comparison with other deposits
from Elba and from a neighboring ore district of the Northern Apennines
(pyritic ore district of south Tuscany) indicates that this environment
could have been active in a region of the Apennines that extends well
beyond the Island of Elba.

2. Geological overview
2.1. Regional geological setting

The Island of Elba of the Northern Apennine fold-and-thrust belt is a
key region to study the relations between magmatic events, tectonic
structures, and ore forming processes. In this island, thrusting and
folding coupled with metamorphism from subduction to collision (Ryan
et al., 2021). They were followed by shallow (<2GPa) late-Miocene
intrusive magmatism (Poli and Peccerillo, 2016) and hydrothermal ac-
tivity that led to the formation of several Fe deposits (Tanelli et al.,
2001).

The nappe pile (Fig. 1a) dips to the W and verges to the E, and
originated from the Cretaceous — Eocene oceanic subduction and the
subsequent Oligocene — Miocene continental collision involving the
Adria microplate and the European margin (Keller and Coward, 1996;
Keller and Pialli, 1990; Papeschi et al., 2021; Pertusati et al., 1993). The
uppermost, ocean-derived nappes (Fig. 1a) consist of two Flysch units of
the Ligurian Unit, which rest on top of a stack of continent-derived
nappes. The ocean-derived nappes cover most of the island, while the
continent-derived nappes crop out mainly in eastern Elba (Massa et al.,
2016), where the Fe deposits occur. From top to bottom, the continental
units consist of the anchizone-facies Tuscan Nappe, the lower
greenschist-facies Rio Marina Unit, and the amphibolite facies Ortano
and Calamita Units. The Terranera Fe deposit is hosted by the Zuccale
Fault (see below, Fig. 1b).

The shallow intrusions form a complex association of mantle-derived
and crustal anatectic rocks (Dini et al., 2002; Musumeci and Vaselli,
2012; Papeschi et al., 2019; Poli and Peccerillo, 2016; Rossetti et al.,
2008). These are the Monte Capanne granodiorite and the Porto Azzurro
monzogranite intrusions (Fig. 1a). The Porto Azzurro Pluton of east Elba
emplaced within the Calamita Unit at the base of the nappe stack (at c.
0.2 GPa pressure) together with a set of leucogranite dikes and veins
between 6.53 and 5.9 Ma (Gagnevin et al., 2011; Maineri et al., 2003;
Musumeci et al., 2015; Spiess et al., 2021). This was considered the
causative pluton of the Fe deposits (Diinkel et al., 2003).

Gravimetric maps and borehole data show that the roof the Porto
Azzurro monzogranite lies at a depth of c¢. 150-200 m below the sea level
(Montecatini SpA, 1951; Musumeci and Vaselli, 2012; Papeschi et al.,
2017), but its geometry, composition, and volume are unknown. A
relatively large volume was postulated based on the evidence for a c. 60
km? contact aureole developed within the Calamita and Ortano units
(Marinelli, 1959). The contact aureole was dated between 6.76 and 6.23
Ma based on Ar/Ar radiometric data on muscovite and phlogopite
(Musumeci et al., 2015; Musumeci et al., 2011).

2.2. The Zuccale Fault

The Zuccale Fault (ZF) is an east dipping, top-to-the east, low-angle
(<10°) brittle fault that outcrops in eastern Elba and crosscuts the entire
nappe stack including the Calamita Unit and the Porto Azzurro pluton
(Fig. 1b). Its eastward horizontal displacement was estimated at about 6
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km (Keller and Pialli, 1990). Due to its relevance for the regional tec-
tonic evolution and fault-forming processes, the ZF is one of the most
studied faults of the Northern Apennines (Collettini and Holdsworth,
2004; Keller and Coward, 1996; Musumeci et al., 2015; Pertusati et al.,
1993; Smith et al., 2011; Viola et al., 2018).

The most documented section of the ZF is the one of Punta Zuccale
(Fig. 1a) where the fault consists mainly of 1.5-3 m-thick matrix-
supported breccias, as well as foliated and massive cataclasites (Keller
and Coward, 1996; Musumeci et al., 2015; Viola et al., 2018) and
sulfide-bearing cataclasites (Gundlach-Graham et al., 2018). Based on
field relationships, Ar-Ar dating of the Porto Azzurro monzogranite, on
Ar-Ar and U-Pb dating of hornfels from the metamorphic aureole and
from the footwall block, and on K-Ar dates of fault gouges, several au-
thors (Musumeci et al., 2015; Viola et al., 2022; Viola et al., 2018)
proposed that the ZF started as a thrust at c. 22 Ma (late Miocene) but
became selectively reactivated by out-of-sequence thrusts at <5 Ma due
to the progressive structuring of the Northern Apennine orogenic wedge.
The younger age identifies the brittle stage of fault activity during which
the ZF displaced the thermal aureole of the Porto Azzurro Pluton after
the peak metamorphic conditions. During this stage, the fault zone
incorporated lenses of mylonitic dolomite marble that originally formed
in reverse shear zones within the aureole (Musumeci et al., 2015). These
lenses contain alternations of mm-thick phlogopite-diopside-tremolite
phyllonites and calcite-dolomite levels (Fig. 2). One such blocks is
shown in Figs. AO-A1 (Appendix).

3. Terranera and the Fe deposits of Elba

Ore exploitation at Elba and in the neighboring areas of Tuscany
started at the dawn of civilization. At Elba and in the ancient harbor of
Populonia of the mainland, iron mining, trading, and smelting can be
traced back to the mid-6th century BCE, i.e. well before the Roman
civilization (Becker et al., 2019). Iron was produced by 7 mines, which
were exploited at different times, i.e. Rio Albano, Rio Marina, Ortano,
Terranera, Calamita, Ginevro, and Sassi Neri (Fig. 1b, see also Appendix
and Table Al). Mining in the district ended officially in 1981 (Tanelli
et al., 2001).

Sparse geochronological and geochemical data hindered the devel-
opment of a metallogenic model for eastern Elba. Six hematite and
adularia samples from Rio Marina dated with the (U-Th)/He isotopic
method gave ages between 5.36 + 0.33 and 5.64 + 0.11 Ma and be-
tween 5.575 + 0.008 and 5.583 + 0.013 Ma, respectively (Wu et al.,
2019). These dates are undistinguishable from the 5.39 + 0.46 Ma
determined previously for the Rio Marina hematite with the same
method (Lippolt et al., 1995).

The Terranera deposit (Fig. 1b) was the smallest of the district. It
included two open pits (Terranera and Capo Bianco, Fig. 1b) and two
galleries. Its historical production in the 1894-1943 period was of c.
311,000 t at a grade of 45-57 wt% Fe (Report, 1944). The ore bodies
were described as a 10-30 m thick “heterogeneous friction breccia”
(Fig. A2) and reported as lenses and veins of hematite, limonite, and
pyrite embedded within cataclasites (Montecatini SpA, 1951). Pyrrho-
tite was reported in the deepest section of the deposit and lenses were
hosted also by the rocks of the hanging wall block. They are still partly
visible in the field today (Fig. 1b). West of Terranera, drill hole data
showed evidence for the ZF crosscutting the Porto Azzurro pluton. East
of Terranera, both fault and ore bodies were dissected by a set of normal
faults, which juxtapose footwall and hanging wall. East of Terranera, the
Spotted Schists hosted a magnetite-hematite-pyrite ore body (Fig. 1b),
which made an integral part of the deposit.

4. Materials and methods
Fieldwork at Terranera was conducted to document geometry and

lithology of the mineralized fault rocks (Fig. 2), identify the mineral
paragenesis and select appropriate samples for a fluid inclusion study.
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Fig. 2. Reconstruction and lithologies of the Zuccale fault at Terranera based on field and mineralogical documentation (cf. Fig. 1). In this outcrop most of the
hanging wall is covered by mine residues. The small insert is added to highlight the Upper level of the fault. Symbols and associated names mark the 34 samples

collected in this outcrop.

Forty-six samples were collected from the fault zone and from the pro-
tolith rocks at the footwall and hanging wall blocks, which were used for
the subsequent multi-analytical documentation. Thirty-two of these
samples are from the 70 m-long outcrop of the fault zone (Fig. 2), where
the mineralized fault rocks can be documented in detail. Other 12
samples were collected away from this outcrop in order to capture as
much as possible the meso- and microtextural features of Fe ore, footwall
and hanging wall (e.g., Fig. Al).

The gathered dataset consists of field data, microtextural data,
electron probe microanalyses (EPMA) of fault and protolith minerals, X-
ray Powder Diffraction (XRPD) analysis of phyllosilicates, fluid inclusion
microthermometric data, and elemental imaging of ore samples by Laser
Ablation-Inductively Coupled Plasma - Time of Flight Mass Spectrom-
etry (LA-ICP-TOFMS). We determined the element distribution maps of
two samples from the Base level, which gave very similar results.

A detailed account on all the analytical techniques and on limits of
detection, accuracy, and precision is given in the Appendix, which re-
ports a representative list of analyses (Tables A2-A8). Here, we highlight
that, due to the widespread evidence for mineral replacement textures,
the petrographic study was carried out adopting the mineral association
concept (Einaudi et al., 2003; Hedenquist and Arribas, 2022). This is a
group of minerals that are characteristic of a given volume of rock,
which are not in contact with each other and did not form necessarily all
at equilibrium. Thus, the association phlogopite, talc, chlorite, quartz,
muscovite/illite, magnetite, and hematite make the Base and Central
levels, but the assemblages are actually chlorite + quartz and talc +
tremolite + hematite (see below).

5. Fault rocks and ore body of Terranera
5.1. Field Data

At Terranera, the mineralized ZF shows an intense alteration of both

fault rocks and adjacent host rocks, which obliterate the pristine fabrics.
The best exposure of fault rocks and mineralization is a NNE-SSW sec-
tion, which is about 70 m long and represents the westernmost segment
of the deposit (B-B of Fig. 1b). Based on rock fabric and mineralogical/
petrographic characteristics, the mineralized fault rocks can be divided
into 4 lithotypes that we call Base, Central, Lateral, and Upper levels,
each one with its own specific fabric and mineral paragenesis (Fig. 2).
These terms are purely geometrical and do not imply an interpretation of
the structural architecture of the fault zone. The entire studied fault
section is subhorizontal and its rocks are sandwiched between the high-
grade Calamita Schists of the footwall and the muscovite-biotite-
cordierite Spotted Schists of the hanging wall.

The Calamita Schists is a grey hornfels made of alternating light-
colored, quartz-feldspar domains and dark greenish andalusite-
cordierite-biotite schistose domains (Fig. 2). Late Miocene, quartz-
feldspar-tourmaline dikes crosscut the metamorphic foliation of this
rock. At the outcrop scale, the Calamita Schists do not show evidence for
hydrothermal alteration close to the fault.

The Base level greenish breccia is discontinuous to massive and
shows in places an ochraceous color (Fig. 2). It has an irregular
morphology, subhorizontal attitude and turns into a thin foliated cata-
clasite at its base. Its thickness varies between c. 20 cm and 1 m, and the
contacts with footwall and Central level are marked by ochraceous
goethite and magnetite levels. The greenish color is given by the relative
abundance of epidote, hornblende, actinolite, diopside, and clay min-
erals. Fractures and discrete volumes of this rock host pyrite, goethite,
magnetite, and hematite, which occur also at the contact with the
footwall.

The Central level is a fine grained, poorly cohesive and weakly
foliated cataclasite whose thickness decreases substantially towards the
NE (Fig. 2). It shows a maximum thickness of c. 3 m. The foliation is
marked by some ochraceous/dark levels made of a clay mineral asso-
ciation, Fe oxides, and limonite. The matrix of this cataclasite is made of
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several clay minerals (see below), and the clasts vary in size between few
mm to 20 cm. Clast lithologies can hardly be recognized at the outcrop
scale due to the intense argillic alteration. Their size decreases pro-
gressively towards the contact with the Base level.

The Lateral level is a heterogeneous, hydrothermally altered rock
made of two distinct domains (Fig. 2). The first one (D1) is a poorly
cohesive, whitish rock made mainly of a fine-grained matrix. Its main
characteristics are the lack of visible clasts, apparently massive texture,
and the presence of continuous stringers made of clay minerals and
limonite and with a thickness of up to several cm. The morphology of D1
is lenticular and its maximum thickness is ¢. 2 m. Domain 2 (D2) is a
massive level made of a goethite-clay mineral assemblage. Goethite is
disseminated for a thickness of c. 1 m and provides an effective
cementation to this rock. It gives a distinct ochraceous color that is well
visible in the field. Goethite occurs as coarse euhedral crystals (up to 1
cm in size) or within stringers of undeformed, mode-I quartz veins.

The 15-20 cm thick Upper level is a foliated cataclasite in which
large pyrite crystals (up to 1 cm in size) are set in a penetrative foliation
made of hematite, goethite, limonite, chlorite, and quartz (Fig. 2). The
Fe-oxides are also coarse-grained, and the pyrite is visibly fractured.
This level is in contact with a lens of Calamita Schists embedded within
D2.

The Spotted Schists of the hanging wall is made of fine-grained, grey/
greenish schists that were intensely altered and lost their pristine fabric.
This rock shows, however, typical features at the microscopic scale.

5.2. Microtextural data

The Calamita Schists of the footwall show levels of lepidoblastic
biotite alternating with levels of granoblastic quartz and K-feldspar.
Minor andalusite, plagioclase, tourmaline, and ilmenite occur at the
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contact between lepidoblastic and granoblastic levels (Fig. 3a). Close to
the fault contact, the schists are crosscut by thin veins hosting euhedral
phlogopite, quartz, goethite (Fig. 3b).

The hanging wall Spotted Schists are made of quartz porphyroclasts
set in an intensely foliated vermiculite matrix (Fig. 3c). Mode-I quartz-
hematite veins crosscut this rock. Away from the ZF, the rock is made of
clinozoisite- and phlogopite-rich clasts replaced by clay minerals. Other
lithologies are a breccia in which euhedral and zoned goethite is set in a
phlogopite, muscovite, chlorite, vermiculite matrix, and a breccia in
which chlorite-vermiculite and phlogopite clasts are set in a goethite
matrix (Fig. 3d).

The Base level shows consistently a texture made of massive bands of
early clinozoisite and diopside, which are replaced by Fe-rich pleochroic
hornblende (Fig. 4a) and quartz. Hornblende itself is replaced by fine-
grained actinolite showing intense reddish pleochroism and texturally
coeval talc, chlorite, and sericite. Massive hematite is embedded within
amphibole, talc, illite, and 1-water layer tri-octahedral smectite. Locally,
later replacement by smectite obliterates this microtexture making
phase identification difficult. Another key feature is the abundant pyrite,
which occurs as subhedral, intensely fractured crystals that are replaced
by goethite. In one sample, euhedral bulky magnetite is associated with
euhedral lamellar talc (Fig. 4b) but is cut by extensional goethite veins.

The Central level cataclasite is the mineralogically and texturally
most heterogeneous fault rock. Its matrix consists of a mineral associa-
tion including anhedral and fractured clinozoisite, Mg-rich spinel, K-
feldspar, diopside, phlogopite, clinochlore, talc, illite, and quartz that
are replaced by several clay minerals (2-water layers tri-octahedral
smectite, vermiculite, sepiolite, serpentine, interstratified illi-
te-smectite, see below). An ochraceous, Fe-Mn-rich phase and minor
titanite, zircon, and rutile are also present. These minerals occur sys-
tematically as relicts that replace each other or that are replaced by the

Fig. 3. Textural features of the footwall Calamita Schists (a, b) and hanging wall Spotted Schists (c, d) of Terranera. a. TN15: lepidoblastic biotite levels alternating
with anhedral andalusite. b. TN15: quartz and biotite levels crosscut by a set of thin phlogopite, quartz, and goethite veins. c. TN16: foliated fabric of Spotted Schists
crosscut by an extensional quartz-hematite veinlet. d. TN32: matrix supported breccia in which fractured, vermiculite-phlogopite clasts are set in a goethite matrix.

Mineral abbreviations in this and other figures follow Whitney and Evans (2010).
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Fig. 4. Typical textures of the Zuccale fault at Terranera. a. Base level (TRII). Anhedral and fractured diopside associated with hornblende and subhedral and
fractured clinozoisite. Hornblende is replaced by actinolite along the cleavage plains. b. Base level (AC6). Subhedral magnetite set in a talc matrix (reflected light,
parallel nicols). c. Central level (TRVI). Relict, fractured spinel replaced by clinochlore and set in a clay-rich matrix. d. Central level (TRVIII). Matrix foliation marked
by alternations of talc bands and magnetite-goethite bands (reflected light, parallel nicols). e. Lateral Level (TN14, D1). Quartz-feldspar clasts set in abundant
kaolinite and muscovite-illite matrix. The core of the feldspar clasts are altered by kaolinite. f. Upper level (TNX26). Relict pyrite crystal replaced by goethite and

embedded within massive boxwork hematite (reflected light, parallel nicols).

late clay minerals (Fig. 4c). Talc is one of the most abundant minerals of
this rock and is observed as an aggregate of isooriented crystals forming
the foliation of the rock and embedding magnetite and goethite
(Fig. 4d). Magnetite, hematite, and pyrite are often associated, but the
latter is volumetrically minor and always relict. Goethite is always found
to replace pyrite and Fe-oxides. Euhedral hematite is sometimes found
within magnetite (martitization). Intensely fractured and relict K-feld-
spar clasts are typically found within this cataclasite. They show intense
replacement of K-feldspar by illite, phlogopite, chlorite, and clay
minerals.

In the Lateral level, Domain 1 consists of rounded quartz-K-feldspar
clasts set in a matrix made of kaolinite and illite (Fig. 4e). The K-feldspar
is typically replaced by kaolinite and the whole rock is crosscut by thin,
mode-I veins made of quartz and clay minerals. Domain 2 is a more
competent rock because of the relatively minor abundance of clay-rich
matrix and replacement textures. The rock is made of flattened and
isooriented quartz-phlogopite clasts associated with minor, biotite, and
plagioclase. Pyrite and goethite are commonly present, but pyrite is
systematically replaced by goethite.

The Upper level is made of isooriented, lamellar hematite forming a
boxwork texture (Fig. 4f) set within quartz, chlorite, magnetite, pyrite,
goethite, and rare chalcopyrite. Pyrite is systematically replaced by
goethite, while minor subhedral and fractured magnetite is present as
relict. Chlorite is subhedral-euhedral and aligned along the foliation.

A summary of the paragenetic reconstructions of the fault rocks is
given in Fig. 5.

5.3. X-ray diffraction data

The Base, Central, and Lateral levels show complex associations of
phyllosilicates that vary as a function of lithology (Table 1). In the Base
and Central level samples, the combination of air-dried and ethylene
glycol solvated XRD patterns shows an association of talc, chlorite, illite,
interstratified illite-smectite (Fig. 6acd), and 1-water layer tri-

octahedral smectite (Fig. A3acd). These phases occur together with
vermiculite, sepiolite, serpentine, and 2-water layers tri-octahedral
smectite, which are present at variable proportions. The Lateral level
is characterized by the presence of kaolinite in addition to muscovite/
illite (Fig. 6b) and 1-water layer di-octahedral smectite (Fig. A3b).

5.4. Mineral chemistry data

The EPMA of epidote and diopside from the Central and Lateral
levels show relatively consistent compositions (Table A2), which do not
vary irrespective of the modal abundance of these minerals and of their
euhedral or relict morphologies. In contrast, the amphiboles from the
Base and Central levels show compositions that are clearly distinct. The
Base level hosts Fe-rich amphiboles having Mg/(Mg + Fe) always < 0.5
(Fig. 7b), while the clasts of the Central level hosts Mg-rich amphiboles
with Mg/(Mg + Fe) > 0.5 (tremolite, Mg-hornblende).

The tri-octahedral micas from the Central level are those with the
highest Mg concentrations of the entire dataset and correspond to
phlogopite compositions (Fig. 7a, Fe/(Fe + Mg) < 0.3), while those of
the Lateral level show more variable compositions in which 0.6 > Fe/
(Fe + Mg) > 0.3. These compositions are very similar to those of the
Calamita and Spotted Schists (Fig. 7). The composition of the Mg spinel
from the Central level (Table A7) approaches the stoichiometric formula
(Mgo.97Al2,0104). Similarly, the di-octahedral micas from the Central
level show the highest Mg concentrations (Table A6) and have compo-
sitions corresponding to that of muscovite/illite. In contrast, the
muscovite from the quartz pressure shadows of the Spotted Schists
shows a Fe/(Fe + Mg) > 0.5 (Fe-celadonite end-member: c. 6 %).

Talc from the Central level (Table A6) has a quite homogeneous
composition, as well as the K-feldspar from the Central and Lateral levels
(albite proportion always < 6 %).

Chlorite from the Central and Upper levels (Table A4) has compo-
sitions that approach that of the clinochlore end-member, and has sys-
tematically a Mg/(Mg + Fe) > 0.8. Notably, this Mg-rich chlorite is the
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Fig. 5. Mineral paragenesis of the Zuccale fault at Terranera.

Table 1
Phyllosilicates the Zuccale Fault of Terranera as determined by XRPD analyses.

Fault rock/ Samples Mineral association
protolith
Base level TN2; TN28; TN40; Talc; chlorite; muscovite/illite; tri-

AC6 smectite 1IW

TN1; TN3; TN10; Chlorite; talc; tri-smectite 2W;

TN20; TN31; AC4 vermiculite; muscovite/illite;
sepiolite; serpentine; illite-smectite

TN14 (D1); TN17 Muscovite/illite; kaolinite; di-smectite

(D2); TN29 (D2); 1w

TN30 (D2)

TN16; TN32; TN33

Central level

Lateral level

Spotted Schists Muscovite/illite; vermiculite; chlorite-

smectite (corrensite)

Calamita TN15 Illite; kaolinite
Schists
Carbonatic TN23 Chlorite; muscovite/illite;
cataclasite® pyrophyllite; smectite-1W
Eastern ore TN35 Talc
body

Notes: the mineral associations focus on clay minerals and chlorite and is re-
ported as a function of determined abundance in the samples. Muscovite and
illite are reported together due to difficulty to discriminate them based only on
XRD data. Smectite-1W: 1 water layer smectite. Smectite-2W: 2 water layers
smectite. *: see Fig. Al of Appendix.

one associated with quartz and replacing the Al-Mg spinel of the Base
Level (Fig. 4c) and is also associated with illite, phlogopite, and clay
minerals in replacing the clasts of the Central level.

Hematite from the Upper level shows FeO mass fractions > 90 wt%
(Table A8). The only minor components that were determined at higher
concentrations with EPMA have been Al,03 (0.87-1.15 wt%) and SiO4
(0.17-0.51 wt%), while other minor/trace components including CaO,
MnO, and TiO, show mass fractions < 0.1 wt%.

Laser Ablation-ICP-TOF element imaging of two samples from the
Base level shows several compositional and textural features that inte-
grate substantially the petrographic study and the EPMA of the fault
minerals. These features are shown in Fig. 8, which shows a selection of
element distribution images of a Basel level sample (AC6) in which
hematite occurs with amphibole, talc, illite, and tri-smectite 1W. The
data show that only a relatively small number of mostly lithophile,
minor/trace elements are hosted by the phyllosilicates, namely Ca, Al,
Mn, Na, Cu, Zn, Sr, Co, Y, Sc, and Zr (see also Fig. A3 of the Appendix).
These elements show concentrations ranging between 1.5 wt% and 5
ng/g and are irregularly distributed. The distribution maps reveal that
their concentrations vary at the scale of few tens of pm, marking the
positions of distinct phyllosilicate crystals along the foliation of the
cataclasite.

Hematite contains mostly siderophile and chalcophile trace ele-
ments, which define peculiar textural and compositional characteristics.
Tin shows concentrations of c. 5 wt%, while W is present at c. 2000 pg/g
(Fig. A3). Gallium, Ge, and V are present at mass fractions between 50



P.S. Garofalo et al.

Ore Geology Reviews 154 (2023) 105348

Fig. 6. Representative XRPD patterns of clay minerals from the Base, Central and Lateral levels (see also Table 1). Each panel shows air-dried (AD) and ethylene

glycol solvated (EG) analyses of the same sample.

and 200 pg (Fig. 8). A large number of elements including Ti, As, Y, Mo,
Te, REEs show mass fractions ranging between about 50 and 1 ug/g.
Interestingly, Ti, V, Ge, Ga, and Sb show a zoned distribution within
hematite, revealing that this phase crystallized in an open space within
the cataclasite. Because of their relevance for the genetic model of
mineralization, we highlight in particular the element suite Sb, Ga, Ge,
and As.

5.5. Fluid inclusion data

Three samples from undeformed mm-thick, quartz-goethite exten-
sional veins were selected for a fluid inclusion study. These samples
were collected close to the contact between Base and Central levels,
along the NE-dipping cataclastic foliation (Fig. 2). The veins show a
comb texture (Fig. 9a). Eight fluid inclusion assemblages (FIAs) were
studied from these veins. They are all hosted by euhedral quartz, which
occur together with euhedral-subhedral goethite, hematite, magnetite,
and clays. One distinct feature of all these FIAs is that the host quartz of
the mode-I veins shows little crystalline deformation. The FIAs are
mostly secondary (Fig. 9b) and pseudosecondary (Fig. 9¢) with respect
to quartz crystallization, showing that the fault fluid was entrapped
during and after quartz crystallization. At laboratory temperature, the
entrapped fluid is invariably-two-phase (liquid-vapour) and with a de-
gree of filling of the vapour of c. 25-30 vol%.

The microthermometric measurements show several phase transi-
tions that include the T of eutectic melting (Te), the T of hydrohalite
melting (Tmhh), the T of ice melting (Tmice), and the total homogeni-
zation T (Thtot), most of which are very consistent in each assemblage
(Table 2). However, the range of Te values is comprised between c.

—22 °C and —75 °C, which shows evidence for significantly different
fluid compositions in the 8 FIAs. Values of Te comprised between —21
and c. —30 °C can be considered an indication of a fluid dominated by
monovalent cations (Goldstein and Reynolds, 1994), while values as low
as —75 °C indicate much more complex fluid compositions that include
the species NaCl, KCl, CaCly, MgCl,, FeCl,, FeCls for which no equation
of state is available (Steele-MacInnis et al., 2016). These very low Tes
complicate the identification of the ore fluid composition, and consid-
ering that some of them may also result from metastable eutectic melting
in high-salinity inclusions (Goldstein and Reynolds, 1994), they
generate a variable degree of uncertainty in the definition of fluid
composition. Hence, while the properties of FIA 2, 4, and 5 can be
approximated by those of the H,O-NaCl model fluid, those of all other
FIAs can be approximated by the HyO-NaCl-CaCl, model fluid (Table 2)
with the proviso that such fluid does not allow the precise determination
of the ore fluid properties. Considering the range of measured Tmhh and
Tmice (Table 2), the estimated mass fractions of NaCl in FIAs 2, 4, and 5
range between about 1.6 and 13.4 mass%. The mass fractions of NaCl
and CaCl, in FIAs 1, 3, and 6-8 is 4.5-16.4 and 10-21.1 mass%,
respectably.

The high temperature determinations of FIAs 1-8 show consistent
ranges of Thtot in the entire dataset, as all FIAs homogenized by bubble
disappearance between 320 and 325 °C (FIAs 1, 2, 3, 5, 6, 9) and be-
tween 260 and 285 °C (FIAs 4 and 8).
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Fig. 9. Typical textures of the FIAs hosted by the Zuccale fault at Terranera,
and relations with mode I veins. a. Doubly polished thin section containing
quartz-goethite-magnetite-hematite veinlets that occur within the Central level

Fig. 7. Composition of representative hydrothermal minerals in fault rocks and close to the contact with the Lateral level (TNC-6). The black squares locate the
protolith. a. Classification scheme of dark micas (from: Pieczka et al., 2013). b. positions of the studies FIAs. b. Secondary FIA 3 within euhedral quartz. c.
Classification scheme of amphiboles (from: Leake et al., 2018). Pseudosecondary FIA 2 made of the coalescence of microfractures that cut

orthogonally a quartz prism associated with clay minerals.

Fig. 8. Laser Ablation-ICP-TOFMS elemental images of a selection of major-, minor-, and trace- components of a hematite-phyllosilicate sample from the Base level.
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Table 2

Microthermometric data of fluid inclusion assemblages from the ZF at Terranera.
FIA N @ (%) Phase State Te Tmhh Tmice Mass% Mass% Mass% Thtot Hom. Mode

NaCleq NaCl CaCl,

1 7 25 L-v —26.0 —-25 —-10.3+0.3 16.4 9.9 326 £3 L
2 11 25 L-v -21.7 -0.9+0.0 1.6 321 +£17 L
3 16 25 L-v —60.5 -35 —30£0.0 4.5 21.1 323+3 L
4 10 20 L-v —24.5 —-9.5+ 0.0 13.4 263 +£0 L
5 11 25 L-v —24.5 —8.6 £ 0.2 12.4 323 +2 L
6 15 20 L-v —30.0 —25.5 —20.5+0.0 11.8 10.0 323+ 0 L
8 10 20 L-v -33 —23.6 £ 0.0 4.9 17.9 285+ 2 L
9 30 25 L-v —75.0 —34.6 —28.3+0.0 4.5 20.4 319+1 L

Notes: all temperatures in °C. N = number of measurements for each FIA. Te = eutectic temperature; Tmhh = temperature of hydrohalite melting; Tmice = temperature
of ice melting. Thtot = temperature of total homogenization. Mass% NaCleq = bulk salinity of FIA calculated using phase transitions and the software package Fluids 1
of Bakker (2003). The concentrations of NaCl and CaCl, have been estimated using the H,O-NaCl-CaCl, model fluid of Steele-MacInnis et al. (2011).

6. Discussion
6.1. Magnesian Fe skarn formation

In the Calamita Schists of the footwall, the association andalusite,
quartz, K-feldspar, muscovite, ilmenite, and biotite (Fig. 3a) results from
the late-Miocene thermo-metamorphic imprint of the Porto Azzurro
intrusion (Musumeci and Vaselli, 2012). In contrast, the thin quartz,
phlogopite, goethite, and pyrite veins crosscutting the schistosity
(Fig. 3b) represent the product of later hydrothermal activity. These
veins are the only evidence for hydrothermal alteration of the footwall,
which suggests that only limited interaction between the fault fluid and
footwall took place.

The paragenesis of the Base level cataclasite is made of early diop-
side, clinozoisite, and quartz that is replaced by hornblende, actinolite,
talc, chlorite, illite, tri-octahedral smectite-1W, pyrite and magnetite
(Figs. 4a, 5a). The evidence for magnetite and hematite forming together
with talc and other Mg phyllosilicates (Figs. 4b and 8; Fig. A3) suggests
oxidation of magnetite after its deposition. The Central level shows early
diopside, clinozoisite, K-feldspar, and Mg-rich spinel (Fig. 4c) that are
replaced by an association of magnetite- and hematite-bearing tremo-
lite, phlogopite, talc, chlorite, muscovite/illite, and interstratified illi-
te-smectite. The amphiboles and micas of the Central level are those
with the highest documented Mg contents (Fig. 7).

We interpret these paragenetic and compositional characteristics as
close to those reported in the literature for the magnesian Fe skarn de-
posits (Einaudi et al., 1981; Meinert et al., 2005). Accordingly, Terra-
nera formed as a result of metasomatic transfer between a hydrothermal
fluid infiltrating the fault and a dolomite-rich protolith that was present
therein (e.g., Fig. A0-Al). Such lithology could be the Calanchiole
marble Fm. (Musumeci and Vaselli, 2012), which outcrops within the ZF
at Punta Zuccale (Musumeci et al., 2015) and that hosts other ore de-
posits of Elba (i.e., Ortano, Calamita. Table A1). We propose that the
result of this interaction was the mineral association hornblende,
actinolite, talc, clinochlore, phlogopite, muscovite/illite, and quartz of
the Base and Central levels, which formed during a magnetite-hematite-
bearing retrograde stage. The prograde skarn minerals were Mg-spinel,
clinozoisite, and diopside. Notably, this interpretation is consistent with
what was documented in two relevant examples of magnesian skarn
deposits, i.e. the world-class (Fe-)Cu skarn of Ertsberg East, Java (Rubin
and Kyle, 1998) and the Saheb Fe-skarn of Iran (Baghban et al., 2021). In
these deposits, the ore-bearing retrograde stage took place at c.
300-440 °C at the expenses of a dolomitic protolith, the main ore
minerals were magnetite (Saheb) and magnetite-bornite-chalcopyrite
(lower skarn of Ertsberg East), and the retrograde mineral association
was made of tremolite-actinolite, chlorite, talc, serpentine, and
phlogopite.

The quartz, phlogopite, chlorite association of the Lateral level is
consistent with a magnesian skarn ore environment, as well as the
chlorite-quartz assemblage of the Upper level. Both fabric and mineral
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compositions of the Lateral level suggest a derivation from a meta-
morphic or igneous protolith. Possible candidates for such lithology are
the leucogranitic dikes that crosscut the Calamita Schists of the footwall
(Fig. 2), which are widespread in the mine area.

A specific characteristic of Terranera is the goethite-clay mineral
association, which defines the final stages of ore precipitation within the
fault (Fig. 4df; Fig. 5). During these stages, a pervasive replacement of
pyrite by goethite and replacement of the skarn minerals by muscovite/
illite and several clay minerals took place. As shown below, this alter-
ation is an integral part of the skarn process.

6.2. Ore fluid constraints and mechanism of ore deposition

The chlorite-quartz geothermometer of Bourdelle and Cathelineau
(2015) can be used to constrain the range of temperatures of the
retrograde skarn stage (Fig. 10). This is based on the hypothesis that
chlorite and quartz were in thermodynamic equilibrium at the time of
formation. The composition of chlorite in contact with quartz from the
Central and Upper levels indicates that this mineral pair formed between
c. 350 and 180 °C. These are the temperatures at which clinochlore
replaced the Mg-spinel in the Central level (points 1-4 and 6-7 of
Fig. 10; Fig. 4c), chlorite-quartz formed with muscovite/illite and
phlogopite (point 5), and chlorite-quartz formed in the Upper level
(points 8-9).

The phase transitions documented for the eight FIAs (Fig. 11) pro-
vide constraints on the physical-chemical properties of the fault fluid at
the time of hematite and magnetite precipitation (retrograde stage)
within the mode-I quartz veinlets of the Central level. The systematic
homogenization by bubble disappearance shows that the FIAs were in a
homogeneous state at the time of entrapment. The ranges of calculated
bulk salinities and Thtot define two distinct trends in the dataset
(Fig. 11a), one showing a salinity decrease from 26.3 to 1.6 NaCl +
CaCl, mass % at about 325 °C and another showing salinity decrease and
cooling to 13.4 mass% NaCl + CaCl; and 260 °C, respectively.

We stress that the fluid properties described above are typical of
magnesian Fe-skarn deposits. They are for instance similar to those of
the Saheb deposit of Iran (Baghban et al., 2021), in which FIs entrapped
within the retrograde-stage epidote and quartz, and paragenetically
coeval with magnetite, pyrite, chalcopyrite, amphibole, serpentine, and
talc show Thtot mostly in the 220-420 °C range and the salinity between
c. 5 and 48 wt%NaCleq.

We interpret the extreme salinity variations at constant T of Terra-
nera a product of mixing of fluid batches having distinct salinities but
similar T within the fault. This mixing was coupled with cooling. These
combined processes must have been extremely efficient in precipitating
magnetite and hematite, as Fe and Cl form several stable aqueous
complexes (e.g., FeCl"; FeCly; FeCl3) in high-temperature saline hy-
drothermal fluids (Stefansson et al., 2008; Testemale et al., 2009) and
the concentration of these complexes must have been initially very high
in the fluid. As the solubility of these Fe-chloride complexes in geofluids
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Fig. 10. Equilibrium formation temperatures of the chlorite-quartz assemblage from the Central and Upper levels of the Zuccale fault as estimated with the Bourdelle
and Cathelineau (2015) geothermometer. See Table A4 (Appendix) for details on analyses.

Fig. 11. Microthermometric and physical-chemical properties of the hydro-
thermal fluid of the Zuccale fault at Terranera. a. Thtot vs salinity trends. b.
Range of calculated isochores for the 8 studied FIAs based on a model H,O-
NaCl-CaCl, fluid. The 350 °C isotherm is the maximum T of chlorite-quartz
formation in the fault.
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is prograde (Seward and Barnes, 1997), it is expected that a combination
of efficient mixing and cooling caused effective precipitation of
magnetite and hematite.

Clay mineral associations are distinct in the fault rocks of Terranera.
In the Base and Central levels, goethite is mainly associated with tri-
smectite-1W, tri-smectite-2W, vermiculite, illite/smectite, and sepio-
lite while it is preferentially associated with kaolinite and di-smectite-
1W in the Lateral level. These associations are not typical of magne-
sian Fe-skarns (Baghban et al., 2021; Einaudi et al., 1981; Meinert et al.,
2005); thus, they represent a specific characteristic of Terranera that
warrants a detailed analysis. The first constraint provided by this asso-
ciation is represented by the goethite stability in hydrothermal fluids,
which is defined at T < 200-250 °C by experimental data (Diakonov
et al., 1994; Majzlan et al., 2003a; Majzlan et al., 2003b). This interval
can be considered the upper stability limit of goethite-clay minerals in
all fault lithologies of Terranera. A second constraint is given by the clay
mineral association, which deserves special attention because its min-
eral composition, in combination with microtextural analysis and other
geochemical data, may aid in the reconstruction of several ore envi-
ronments (Hedenquist and Arribas, 2022). On this regard, a funda-
mental point to consider is that the clay minerals forming within ore
bodies - e.g., kaolinite, dickite, illite, illite—smectite, pyrophyllite, and
diaspore — may be associated with muscovite and sulfates (e.g., alunite,
jarosite) to form classic “mineral groupings” (Hedenquist and Arribas,
2000). These are the mineral associations defined in the literature
(Einaudi et al., 2003; Hedenquist and Arribas, 2022), whose precipita-
tion conditions are controlled by T (range: c. 150-300 °C) and K/H"
activity ratios of the hydrothermal fluid. Typical clay mineral associa-
tions form out of equilibrium because the T stabilities of the individual
minerals do not overlap (Hedenquist and Arribas, 2022). However, they
may define systematic and predictable changes of T and K*/H™, which
pin down pathways of hydrolytic alteration in ore bodies. If such
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pathways are identified, the clay mineral associations define specific
types of hydrothermal alteration (i.e., high- vs low-sulfidation argillic
alteration: Hedenquist and Arribas, 2022, and ref. therein). At Terra-
nera, the 1-water layer smectite of the Base and Lateral levels (Fig. 6,
Table 1) indicates a formation T of 150-200 °C (Bish, 1987) and a
similar T is indicated by the presence of interstratified illite—smectite in
the Central level (Pusch and Karnland, 1996; Vidal et al., 2012). Simi-
larly, the association muscovite/illite, interstratified illite-smectite, and
kaolinite of the Lateral level can be interpreted as a product of hydro-
lytic alteration at T from about 250 to 150 °C (Hedenquist and Arribas,
2022). These interpreted temperatures, in combination with the textural
evidence for clay minerals replacing the retrograde skarn association
(Fig. 4ce), are an indication that at Terranera the clay minerals formed
at the late stages of ore formation. The environment of formation of this
association is consistent with that of an epithermal intermediate- to low-
sulfidation argillic system (Berger and Henley, 1989; Hedenquist and
Arribas, 2000), while the smectite 2W-vermiculite-sepiolite association
is indicative of a low-T weathering environment.

Notably, although late-stage argillic alteration is not typical of Fe-
skarn deposits, an ore environment similar to that described here was
documented in the Fe skarn deposit of Bizmisen, Turkey, which is a
magnetite, hematite, goethite, pyrite, chalcopyrite skarn showing a
quartz-illite-interstratified ~ chlorite/smectite-interstratified  illite/
smectite-smectite association (Bozkaya et al., 2019). This was inter-
preted as a product of intermediate-sulfidation argillic alteration
developed at the last stages of the Fe-skarn formation.

Interestingly, at Terranera there is a significant overlap between the
temperature range of quartz-chlorite formation (180-350 °C), that of
Thtot of the studied FIAs (260-325 °C), and the temperature range of
goethite-argillic alteration. This overlap provides a strong indication
that Fe oxide precipitation at Terranera started at c. 350 °C and carried
on at lower temperatures until goethite and clay mineral precipitation.
Intersecting the calculated isochores of the fault fluid with the 350 °C
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isotherm of Fe oxide precipitation - i.e., considering the 350 °C quartz-
chlorite temperature an independent constraint on ore precipitation —
we calculate a range of fluid pressures of 27-125 MPa within the fault
(Fig. 11b), which corresponds to a maximum lithostatic load of 1-4.7 km
(considering an average crustal density of 2.7 g cm ™).

The stability of the Fe-oxide and Fe-sulfide association at 350 °C can
be used to construct a geochemical model of ore precipitation. These
conditions are exemplified in Fig. 12a, which shows possible paths of ore
deposition within the fault at a pressure of 50 MPa and as a function of
apz and ayos in the fluid. For comparison, the stability fields of this
assemblage at 300 °C/50 MPa (marked by dotted lines of Fig. 12a) have
been added to evaluate the effects of cooling on these equilibria.
Accordingly, an ore fluid initially in equilibrium with magnetite and
pyrrhotite at 350 °C must change its properties to allow magnetite-
pyrite, and eventually hematite-pyrite, and hematite precipitation.
These changes corresponded to oxidation coupled with desulfidation
(red paths of Fig. 12a) and must have occurred since the start of fluid
mixing. Hence, following an initial stage of magnetite-pyrrhotite depo-
sition at depth, the properties of the ore fluid varied to allow magnetite-
pyrite, magnetite (Fig. 4b), hematite-pyrite (Fig. 4f), and hematite for-
mation. Ore precipitation could have occurred at 350 °C if the fluid ap;
increased by at least 2 orders of magnitude to reach hematite super-
saturation. However, supersaturation could have occurred also with a
lower level of oxidation from a fluid initially supersaturated in magne-
tite but cooling during its flow (lower path). Fig. 12a shows that a shift of
these fluid-mineral equilibria at 300 °C would cause a considerable
expansion of the hematite and pyrite stability fields, which would bring
the fluid apz and apgas compatible only with pyrite, hematite-pyrite, or
hematite equilibrium and efficiently suppress magnetite formation.
These significant changes of fluid-mineral equilibria explain the juxta-
position of magnetite- vs hematite-dominated mineralization at the
outcrop (and even sample) scale at Terranera.

The formation of the muscovite-phlogopite-clinochlore-talc

Fig. 12. Conditions of ore formation of the Terranera
magnesian Fe-skarn. The trajectories in all panels are
based on the gathered constraints and show possible
evolutionary paths of the ore fluid. a. Stability dia-
gram of Fe-oxides and pyrite calculated at 350 °C/50
MPa as a function of ag, and apas. The dotted lines
show the shift of the stability fields at 300 °C and 50
MPa. b. Stability diagram of phyllosilicates in equi-
librium with a HyO-Cl fluid at 300 °C and saturated
vapor pressure (from: Bowers et al., 1984). The dotted
lines show the shift of the stability fields at 150 °C and
Pgar. The green dotted lines mark the talc hydrolysis
equilibrium MgsSisO10(OH), + 6HT = 3 Mg*" +
4SiOzaq) + 4H20. c. Experimentally based,
temperature-log m(K/H) diagram showing the stabil-
ity fields of K silicates and clay minerals resulting
from hydrolytic alteration (from: Hedenquist and
Arribas, 2022). d. Temperature-log fs, diagram
showing sulfidation states of distinct ore assemblages
from the porphyry-epithermal environments (modi-
fied after: Hedenquist and Arribas, 2022). Abbrevia-
tions: Asp = arsenopyrite; bn = bornite; cp =
chalcopyrite; dg = digenite; en = enargite; hm = he-
matite; 16=I10llingite mt = magnetite; po = pyrrhotite;
py = pyrite; tn = tennantite. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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association is consistent with the skarn formation at the estimated
temperatures. Equilibrium between these minerals and the ore fluid at
300 °C (Fig. 12b) shows that their occurrence in the Central level must
have occurred at the invariant muscovite-clinochlore-phlogopite con-
ditions, which identify unique ag,/ay, and aMg2+/(aH+)2 values. A
specific constraint was given by the presence of talc in the mineral
assemblage, which was possible only at aMg2+/(aH+)2 defined by talc
hydrolysis, i.e., above the green dotted line of Fig. 12b. Clinochlore-
phlogopite precipitation in absence of muscovite must have followed
the univariant equilibrium conditions (arrow). Similarly to what is
shown for the ore minerals, cooling of the ore fluid caused a significant
expansion of the clay mineral stability field. Thus, a fluid initially in
equilibrium with clinochlore and phlogopite at 300 °C would precipitate
only kaolinite after cooling at 150 °C. A similar process must have
occurred to allow kaolinite alteration in the Lateral level (Fig. 4e).

Experimentally determined conditions of illite, illite-smectite, and
kaolinite formation from the alteration of K silicates (Fig. 12¢) provide
independent constraints on the transition from ore precipitation to late
argillic alteration. Considering temperature and ag./ag; as the main
parameters that controlled this alteration at Terranera, and considering
that in the Base, Central, and Lateral levels no dickite was detected in the
studied samples but only illite, illite/smectite, and kaolinite, a specific
pathway of hydrolytic alteration is defined. This pathway starts
approximately at 350 °C, i.e., the T at which Fe-oxide precipitation
started, and is directed along a cooling path without significant modi-
fication of the fluid akx,/ap; due to mineral buffering (e.g., red path
along clinochlore-phlogopite buffer, Fig. 12c).

6.3. Model of ore deposition

Our model is consistent with the genesis of Terranera as a magnesian
Fe skarn, which formed after interaction between distinct batches of
hydrothermal fluids and the fault protoliths. These fluids mixed and
cooled during their reactive flow while they formed the ore bodies
within the fault zone and the hanging wall block. Argillic alteration of
the fault rocks was a peculiar trait of this ore body and was probably
controlled by the pristine abundance of phyllosilicates and feldspars in
the protoliths, similar to what is described in the Fe skarn deposit of
Bizmisen, Turkey (Bozkaya et al., 2019). The focused flow of the ore
fluids within the fault — which is highlighted by the poor alteration of the
footwall — contributed probably to the efficient argillification of fault
rocks and hanging wall. The evolutionary path of this fluid during the
ore- and late-stage precipitation was buffered by the wallrocks and fit
the intermediate sulfidation conditions (Fig. 12d).

Finally, the EPMA (Table A8) and LA-ICP-TOFMS element imaging
(Figs. 8 and A3) on the composition of hematite from the Base and Upper
levels provide a set of constraints that are new for the Fe deposits of Elba
and other skarns. Analysis based on the discriminant parameters of
Dupuis and Beaudoin (2011) shows that the ranges of Ti + V and Ca +
Al + Mn mass fractions (Table 3) overlap those defined for hematite
from IOCG and porphyry deposits. This suggests that the Terranera he-
matite is distinct from that of a typical Fe-skarn. Such claim is confirmed
by the concentration ranges of the trace elements Sb, Ga, Ge, and As
(50-200 pg/g), which integrate the dataset based on EPMA. This group
of elements is well known for being transported as aqueous species in

Table 3

Discriminant parameters for the Terranera hematite.
Discriminant Parameters Range
Ti + V (wt.%) 0.04-0.19
Ca + Al + Mn (Wt.%) 0.14-0.22
Al/(Zn + Ca) 3.2-4.3
Si + Mg (wt.%) 0.08-0.27

Note: data based on Table A8 of Appendix and on LA-ICP-
TOFMS (Figs. 8, A3).
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geothermal fluids (Barnes and Seward, 1997) or hosted within sulfides
and ore minerals of epithermal deposits (Cook et al., 2009). Their con-
centration within these minerals is similar to that documented here for
the Terranera hematite. This suggests that the range of ore composition
at Terranera could be transitional between that of a typical skarn and
that of a geothermal/epithermal deposit.

6.4. Metallogenic framework of Terranera

Other Fe deposits of the island of Elba show structural and
geochemical characteristics that are akin to those shown here for Ter-
ranera. These characteristics include a dolomite-rich fault rock lithology
and similar magnesian Fe skarn and epithermal mineral associations,
which together suggest a similar genetic process. Notably, these char-
acteristics were documented in fault-hosted, massive pyritic ore deposits
of the Tuscan district, which have a Neogene age like those of the Elba
deposits. This suggests that a transitional skarn/epithermal ore envi-
ronment could have developed in other areas of southern Tuscany in the
same geological period.

Faults and folds have long been considered essential for the genesis
of the mineral deposits of Elba. The first pioneering studies determined
very clearly a set of local faults and folds as the loci for the formation of
the large hematite-pyrite ore bodies of Rio Marina (Fig. 1), especially
those of the Bacino-Valle Giove stopes (Debenedetti, 1952; Gilliéron,
1959; Lotti, 1910; Stella, 1921). Similar considerations were made for
the fault-hosted, hematite-pyrite-limonite ore bodies outcropping close
to Terranera (Ortano, Capo d’Arco, Punta delle Cannelle: Cocco and
Garavelli, 1953; Gottardi, 1962; Trevisan, 1950). Here, the ore minerals
replaced the dolomitic marbles embedded within the local faults. A
detailed structural, petrographic, mineralogical, and fluid inclusion
study on the hematite-pyrite deposit of Rio Marina carried out by
Deschamps et al (1983a, 1983b) showed that the Valle Giove ore bodies
were hosted by a cataclastic dolostone embedded within N 110-130 E-
striking faults (Table 4). The mineral association of these faults was the
low-sulfidation epithermal adularia-epidote-talc-quartz-calcite associa-
tion and was interpreted as the product of de-dolomitization of the
protolith from hydrothermal fluids having variable salinities and a
temperature between 320 and 280 °C.

With a cumulative historical production of c. 66 Mt of pyrite between
1861 and 1994 (ISTAT, 1995), the fault-hosted, massive pyritic ore
deposits of south Tuscany represented an important ore district of Italy
and Europe (Jenks, 1975). Pyrite was produced by eight deposits,
namely Gavorrano, Niccioleta, Campiano, Boccheggiano, Fenice Capa-
nne, Ritorto, M.te Argentario, and Isola del Giglio (Arisi Rota and Vighi,
1971). The first and largest of these deposits formed close to the 4.4 +
0.6 Ma Gavorrano intrusion (Serri et al., 2001); i.e. a shallow level
monzo- to leucogranite that emplaced synkinematically at the core of a
thrust anticline whose geometry was strongly controlled by a back thrust
and a forethrust fault (Mazzarini et al., 2004; Musumeci et al., 2005).
The Gavorrano deposit was made of five ore bodies (Table 4) whose
locations and compositions were controlled by two major faults (Gav-
orrano and Monticello faults: Arisi Rota and Vighi, 1971). Underground
mine documentation shows that the Monticello fault hosted an epi-
thermal ore body made of marcasite, realgar, antimonite, fluorite,
barite, and quartz (Arisi Rota and Vighi, 1971). Of relevance is the fact
that the Gavorrano fault bordering the western limb of the intrusion
hosted a pyrite-pyrrhotite ore body associated with a prograde
wollastonite-tremolite-andradite skarn and a retrograde quartz-chlorite-
clay minerals-calcite skarn. Also, one of the protoliths of the Gavorrano
ore body was a dolomitic marble, clay minerals were reported as
abundant close to the ore body, and pyrite was determined as early in
the paragenetic history (Arisi Rota and Vighi, 1971; Filippi and Masotti,
1980; Leonardelli, 1975; Radice, 1961). In this deposit, the ranges of
5%4S of pyrite (average: +9.3 %o; range: +3.5 + 12.4 %o), sphalerite,
galena, and chalcopyrite (range & 3*S: +6.2 ~ +9.3 %o) were used as
isotopic geothermometers to determine skarn formation temperatures
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Table 4
Characteristics of some fault-hosted ore deposits from the Island of Elba and the Tuscan district.
Deposit Causative Protoliths Faults Fault rocks Main ore minerals Gangue minerals References
intrusion
Terranera Porto Azzurro Calamita Schists; Zuccale Poorly foliated Hematite; Magnetite; Diopside; Spinel; This work
monzogranite Spotted Schists; cataclasites; Pyrite Amphibole;
Dolomitic marbles Dolomitic marble; Phlogopite; Chlorite;
Talc, Tremolite;
Quartz; Clay minerals
Rio Marina (Valle Porto Azzurro Dolostone Strike: N Cataclasite Hematite; Pyrite Adularia; Epidote; 1,2
Giove) monzogranite (Carbonates 110-130E Chlorite; Talc; Quartz
Bréchoides) Dip: 70-90 NE
Gavorrano Group: Gavorrano Norian-Raethian Gavorrano; Cataclastic Gavorrano fault: Pyrite; Gavorrano: 3,4,5,6
Gavorrano, quartz- dolomitic marble; Monticello dolostone/ Pyrrhotite Wollastonite; Diopside;
Rigoloccio, Ravi monzonite Calcitic marble; Qtz limestone; Fault Tremolite; Andradite;
Marchi, Ravi monzonite; breccias and gouges ~ Monticello fault: Quartz; Chlorite; Clay
Montecatini, Microgranite dikes with limestone Marcasite; Realgar; minerals; Calcite
Valmaggiore. clasts. Antimonite.
Monticello fault:
Fluorite; Barite; Quartz
Fenice Capanne Gavorrano Norian-Raethian Accesa Sulfide-and silicate- Pyrite; Sphalerite; Hedenbergite; Epidote; 3,7,8,9
quartz- dolomitic limestone; (Serrabottini); bearing veins Chalcopyrite; Galena + Quartz; Chalcedony;
monzonite Phyllites; Fenice Arsenopyrite; Cu-Sb-As Calcite; Illite/
Cretaceous-Eocene sulfosalts; Hematite; Muscovite; Corrensite
claystones Magnetite; Bismuthinite + Ilvaite;

Notes: The mineral composition reported for each fault rock represents a mineral association (sensu: Einaudi et al., 2003; Hedenquist and Arribas, 2022). See text for

more details.

1: Gilliéron (1959); 2: Deschamps et al. (1983a; 1983b); 3: Arisi Rota and Vighi (1971); 4: Leonardelli (1975); 5: Filippi and Masotti (1980); 6: Radice (1961); 7: Dill

(1979a, 1979b, 1980); 8: Fabris and Omenetto (1971); 9: Corsini et al. (1975).

between 430 + 30 °C and 280 =+ 30 °C (Tanelli and Lattanzi, 1983). All
the features listed above are similar to those observed at Terranera and
constitute a common trait of these deposits.

The Fenice Capanne massive deposit of south Tuscany showed very
clearly a low-sulfidation epithermal assemblage associated with a
typical skarn assemblage (Arisi Rota and Vighi, 1971; Corsini et al.,
1975; Dill, 1979b; Dill, 1980; Fabris and Omenetto, 1971). This deposit
consisted of two NNE- to NS trending and E-dipping faults (Accesa and
Fenice) hosting a pyrite-rich ore and a zoned Zn-Pb-Cu mineralization
(Fabris and Omenetto, 1971). The faults were up to 20 m in thickness (i.
e., Poggio Bindo locality) but were segmented, with a pinch-and-swell
structure, and showed a well-banded texture. They crosscut claystones
and marls (Argille Scagliose), dolomitic limestone and evaporites
(Norian-Raethian Calcare Cavernoso), and quartz-dolomite-albite
phyllites and metagreywackes (Paleozoic Filladi di Boccheggiano). In
some locations, the host rocks showed intense silicification (e.g., Argille
Scagliose at Val Calda). The fault-hosted mineralization varied sub-
stantially at different stopes and consisted of pyrite associated with
variable proportions of pyrrhotite, sphalerite, chalcopyrite, galena,
tetrahedrite, boulangerite and minor arsenopyrite, bismuthinite, and
native Bi. The gangue consisted of a hedenbergite-epidote (+ilvaite)
prograde skarn replaced by a retrograde quartz-calcite-chalcedony-
sericite-clay mineral association. Dill (1979b, 1980) documented the
presence of adularia-calcite-muscovite/illite-corrensite in the retro-
grade skarn, and Corsini et al (1975) used electron probe microanalyses
of sphalerites to calculate a range of mol% of FeS varying between 2.2
and 21.2. We stress that the pyrite-pyrrhotite-arsenopyrite-Cu-Sb-As
sulfosalts ore association, the Fe-rich sphalerite, the banded vein tex-
tures, the wallrock silicification, and the chalcedony-adularia-
muscovite-clay minerals-calcite alteration of Fenice Capanne are all in
agreement with formation in a low-sulfidation epithermal environment
(Hedenquist and Arribas, 2000).

Hence, the proposed transitional skarn/epithermal nature of Terra-
nera and of other fault-hosted, massive pyritic ore deposits of south
Tuscany fits many observations gathered at distinct scales. This model
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reconciles some fundamental conflicts between the available data and
the typical expected features of Fe skarns (Meinert et al., 2005). Indeed,
key features of magnesian skarn deposits include their typical associa-
tion with hypabyssal stocks and dikes of intermediate compositions
(diorite, granodiorite, tonalite, syenite, and monzonite) within volcanic
arcs (Baghban et al., 2021; Einaudi et al., 1981; Rubin and Kyle, 1998),
the formation of magnetite (as opposed to hematite) as main ore min-
eral, and the evidence for pyrite and pyrrhotite postdating magnetite.
None of these typical features are found at Elba and in south Tuscany,
showing that this model alone does not fit all the observations. On the
other hand, a transitional skarn/epithermal environment occurring at
the regional scale agrees with the documented presence of small epi-
thermal precious-metal deposits in south Tuscany (Lattanzi, 1999; Sil-
litoe and Brogi, 2021) and with the strikingly homogeneous & 3*S of the
massive pyritic ore deposits of south Tuscany (mostly between +8.7 and
49.9 %o: Tanelli and Lattanzi, 1983). It is also not in contrast with the
extraction of Fe from the sulfide-bearing mica schists forming the
Paleozoic basement rocks to form the deposits, as proposed by previous
studies (Deschamps et al., 1983a; Deschamps et al., 1983b; Mazzarini
et al., 2019; Tanelli and Lattanzi, 1986).

Open questions regarding this model are the relations between the
ages of faulting and of the skarn/epithermal ore at Terranera. The
available constraints fix the timing of the ZF activity at <5 Ma (Viola
et al., 2022; Viola et al., 2018), i.e., after the out-of-sequence thrusting
occurring at 4.9 + 0.27 Ma. This age is slightly younger than that of Rio
Marina (5.4-5.6 Ma, Wu et al., 2019). Combining this constraint with
the ages of the Porto Azzurro pluton and of its metamorphic aureole (i.e.,
6.53-5.9 and 6.76-6.23 Ma, respectively: Gagnevin et al., 2011; Maineri
et al., 2003; Musumeci et al., 2015; Musumeci et al., 2011; Spiess et al.,
2021), we conclude that the hydrothermal fluid of Terranera could not
be generated by the adjacent Porto Azzurro — which was cold and
crosscut by the ZF at that time. The causative pluton could have been a
deeper magmatic body, maybe a deeper section of Porto Azzurro itself,
which was at a late-crystallizing stage during the late Pliocene. The
existence of such magmatic body can only be speculated at Terranera,
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but it is reasonable to assume considering that the intrusive magmatism
of the Island of Elba involved a mixing of shallow crustal magmas and
mafic-intermediate melts generated deeper in the mantle (Poli and
Peccerillo, 2016).

7. Conclusions

The range of hydrothermal processes documented at Terranera in-
dicates that the ZF focused hydrothermal fluids, hosted ore-formation,
and was the locus of permanent alteration/reworking of the fault
rocks since the inception of ore formation. The sequence of processes
that led to formation and alteration of the skarn minerals is useful in
defining the ore deposit model.

Part of the dataset presented here is consistent with the genesis of
Terranera as a magnesian Fe-skarn. The intense intermediate argillic
alteration and the quantification within hematite of a group of elements
that are characteristic of epithermal deposits represent features that are
unusual in skarn deposits and suggest an ore environment that is tran-
sitional between that of a skarn and of a low- to intermediate-sulfidation
epithermal deposit. We show that these compositional features are not
characteristic of Terranera alone but are found in other representative
deposits of Elba and south Tuscany showing similar characteristics and
setting. This implies that this ore environment could have occurred
beyond the Fe deposits of eastern Elba and characterized a much larger
ore district in the Neogene.
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