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ABSTRACT

In this paper we studied in detail magmatic dykes filling fractures in the pillow lavas of the Ophiolitic Unit cropping out in the Monte Capo Stella
Promontory (southern part of the Elba Island in the Northern Tyrrhenian Sea). The Elba Island is well known for its Tertiary complex tectonic stack of
nappes, Late Miocene intrusion of acidic magmatic bodies and Fe-mineralizations. The phaneritic sub-volcanic rock (Monte Capo Stella dykes, MCSD)
shows a porphyritic texture with variable pheno- and xenocrysts content. The main phenocrysts consist of plagioclase, quartz, K-feldspar and biotite. The
MSCD, displaying calc-alkaline affinity, have a High-Potassium dacitic composition. Moderate fractionation and negative Eu anomaly characterize the chon-
drite normalised REE patterns. The mantle-normalised trace element patterns exhibit relatively high content of the most incompatible elements with negative
spikes of Ba, Ta, Nb, Sr, P, and Ti. The measured ¥’Sr/*°Sr and '“*Nd/'*Nd isotopic ratios are 0.708129 and 0.512209 respectively. In spite of the lack of ra-
diometric data, the MCSD can be related to the acidic to intermediate magmatism that occurred in the interland of the Northern Apennines Chain during Late
Miocene-Quaternary times. In particular, the MSCD belong to the intermediate rocks of the Tuscan Magmatic Province and display petrological and geo-
chemical characteristics closely resembling those of a mafic enclave collected in the 6.8 Ma Orano Porphyry (Elba Island) and of some 9-4 Ma High Potassi-
um Calc-Alkaline (HKCA) Capraia Island rocks. Thus, in the context of the Elba Island, the studied dykes represent the magmatic bodies showing the most
peculiar HKCA features. The intrusion age of the MCSD can be put in the time interval between the intrusion of the Orano Porphyry in Western Elba (6.8

Ma) and that of the Monte Castello dyke (5.8 Ma) in Eastern Elba, and possibly before the Central Elba Fault (CEF) activity.
This study also refines the deformation history of the Ophiolitic Unit in the Elba Island defining three final brittle deformation stages.

INTRODUCTION

The Elba Island (Northern Tyrrhenian Sea, Figs. 1 and 2)
is an intricate and well-known assemblage of Paleozoic to
Holocene rocks including Late Miocene plutonic and sub-
volcanic magmatic bodies, which belong, according to Poli
et al. (2003) and Peccerillo (2005), to the Tuscan Magmatic
Province (Fig. 1). Its structural framework consists of
nappes derived from different paleogeographic domains
(Tuscan and Ligurian Domains), piled up together in the
Oligocene-Middle Miocene syn-collisional events of the
Northern Apennines tectogenesis and then dissected by
post-orogenic extensional, low- and high-angle faulting dur-
ing Middle-Late Miocene to Early Pliocene times (Fig. 2).
During the Late Tortonian-Latest Messinian, this structural
pile was intruded and thermo-metamorphosed by different,
mainly acidic, magmatic bodies like the western-central El-
ba complex of laccoliths and swarm of dykes and the mon-
zogranitic Monte Capanne and La Serra-Porto Azzurro plu-
tons (Marinelli, 1959; Bortolotti et al., 2001 and references
therein; Dini et al., 2002; Fig. 2). The emplacement of the
latter bodies produced detachments and deformations in the
previously stacked tectonic units too (Trevisan, 1953; Bar-
beri et al., 1969a; 1969b; Pertusati et al., 1993; Bouillin et
al., 1994; Bortolotti et al., 2001). In addition, other dykes of
variable composition are present in the Ligurian Units in the
western (Orano Porphyry in Dini et al., 2002), central
(Monte Capo Stella dykes in Bortolotti et al., 2001) and
eastern (Monte Castello and Casa Carpini dykes in Conticel-
li et al., 2001 and Pandeli et al., 2006, respectively) parts of
the island. Most of these dykes have been extensively stud-

ied and described, but for a few of them (e.g., Monte Capo
Stella dykes = MCSD) the available data are still insuffi-
cient to completely define their petrological features, the
age and the relationships with the intruded host rocks.

In order to contribute to the knowledge of these peculiar
magmatic products, we performed a study of the MCSD,
which cut the pillow lavas of the Ophiolitic Unit (OU,
Monte Strega Unit in the “Carta Geologica d’Italia alla scala
1:50,000, foglio Elba” and the related “Note Illustrative”,
Principi et al., in progress; see Fig. 3) along the eastern
coast of the Monte Capo Stella Promontory, in the southern-
central part of the Elba Island (see location in Fig. 2). In our
paper we compositionally characterize and describe their
setting in order to define their age and relationships with the
host ophiolitic basalts and with the other magmatic bodies
of the Elba Island.

GEOLOGICAL OUTLINE

The Elba Island (Figs. 1 and 2) is located in the North-
ern Tyrrhenian Sea, midway between Tuscany (Italy) and
Corsica (France). This island plays a key role in the recon-
struction of the stratigraphic, tectonic, metamorphic and
magmatic evolution of the Northern Tyrrhenian Sea and of
the Northern Apennines chain (Barberi et al., 1967; 1969a;
1969b; Pertusati et al., 1993; Bartole, 1995; Bortolotti et
al., 2001, and references therein). In particular, the tecton-
ic stack of nappes of the Elba Island is generally consid-
ered the innermost outcrop of the Northern Apennines
Chain built in the Oligocene-Miocene times. The island is
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also famous for its Fe-ore bodies (e.g., Tanelli et al., 2001)
and for the peculiar, and here well exposed, relationships
between the intrusion and uplift of the Miocene magmatic
bodies and tectonics (Trevisan, 1950; Barberi et al., 1969a;
Pertusati et al., 1993; Bouillin et al., 1994; Daniel and Jo-
livet, 1995; Bortolotti et al., 2001; Maineri et al., 2003;
Westerman et al., 2004; Collettini and Holdsworth, 2004;
Smith et al., 2013). In fact, during the Middle-Late Miocene
time interval, the Elba’s tectonic pile experienced post-colli-
sional extensional tectonics (Bortolotti et al., 2001) and was
intruded by several Late Miocene magmatic bodies consist-
ing of shallow-level porphyritic laccoliths and dykes of vari-
able acidic composition, two main acidic plutons (the Monte
Capanne and the Porto Azzurro, in the western and in the
eastern Elba, respectively) and different systems of mafic
dykes (Marinelli, 1959; Saupé et al., 1982; Juteau et al.,
1984:; Ferrara and Tonarini, 1993; Serri et al., 1993; Conti-
celli et al., 2001; Dini et al., 2002; Rocchi et al., 2002;
Maineri et al., 2003; Poli, 2004; Westerman et al., 2004;
Pandeli et al., 2006). Moreover, the tectonic stack was most-
ly remobilized by detachments (e.g., the CEF fault in west-
ern-central Elba, Maineri et al., 2003, and the subsequent
Zuccale Fault in eastern-central Elba, Bortolotti et al., 2001)
during the uplift of the main plutonic bodies.

The Miocene magmatic rocks of the Elba Island (Fig. 1)
belong to the complex Tuscan Magmatic Province (TMP),
which includes several centres located through Southern Tus-
cany and the Tuscan Archipelago and is characterised by a
large variety of intrusive and effusive rock types closely asso-
ciated in space and time; these magmatic rocks show an evi-
dent younging towards east throughout the chain (Marinelli,
1961; Peccerillo et al., 1987; Serri et al., 1993; Dini et al.,
2002; Peccerillo and Donati, 2003; Peccerillo, 2005).

Particularly during the Tortonian-Early Pliocene times,
mafic sub-volcanic and volcanic rocks (e.g., the 9-4 Ma
High-K calc-alkaline and shoshonitic lavas of the Capraia
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Island, the 4.1 Ma Orciatico and 4.2 Ma Montecatini Val di
Cecina lamproites, the 6.8 Ma Orano Porphyry in western
Elba, the 5.8 Ma Mt. Castello dyke in the eastern Elba) and
anatectic, locally hybrid, sub-volcanic and plutonic rocks
(e.g., the 6.9 Ma Monte Capanne and the 5.9 Ma Porto Az-
zurro plutons in western and eastern Elba Island respective-
ly, the 8-7.4 Ma Christmas-tree laccolitic and dyke complex
of central Elba Island, the 4.7-3.2 Ma San Vincenzo rhyo-
lites and the 4.5 Ma Campiglia pluton along the Tuscan
coast, the 7 Ma Montecristo Isle pluton, the 5 Ma Giglio Isle
pluton and the 4.4 Ma Gavorrano pluton) were emplaced in
this innermost part of the Northern Apennines chain (e.g.,
Peccerillo et al., 1988; Serri et al., 1993; Conticelli et al.,
2001; Dini et al., 2002; 2006; Figs. 1 and 2).

According to Poli (2004), all these magmatic products can
be subdivided in three main groups of rocks: 1) mafic rocks,
dykes and mafic-intermediate enclaves, compositionally very
complex, ranging from calc-alkaline and shoshonitic to
potassic and ultra-potassic, 2) intermediate-acid rocks, gen-
erally showing petrographic and geochemical evidence of
magma interaction processes such as, for instance, the occur-
rence of mafic microgranular enclaves (MME), and 3) silicic
rocks which exhibit typical characteristics of anatectic melts,
originated in the crust and displaying no mixing evidence.
The silicic rocks of the Tolfa-Manziana-Cerite area (NW of
Rome) and a mafic dyke from Sisco (Corsica) are also tradi-
tionally included in the TMP (Poli et al., 2003).

More recently, Conticelli et al. (2007; 2010) and
Avanzinelli et al. (2008; 2009) proposed a new subdivision
of the Tuscan Magmatic Province, distinguishing: a) the ul-
trapotassic orogenic Corsican Magmatic Province (lam-
proitic Sisco dykes and shoshonitic and High-K calc-alka-
line volcanites of Capraia Island), b) the mafic volcanic and
sub-volcanic rocks (Tuscan Magmatic Province) and c) the
acidic anatectic magmatic intrusive and effusive rocks (Tus-
can Anatectic Province) of Tuscany.
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Fig. 2 - Geological map (a) and section (b) of the Elba Island with reported the different magmatic bodies (modified from Westerman et al., 2003). EBF =
Eastern Border Fault, CEF = Central Elba Fault, ZF = Zuccale Fault, CRF = Colle Reciso Fault. The correspondence of the five Trevisan’s Complexes with
the Bortolotti’s Units is reported in the legend of the pre-intrusive Units: PU = Porto Azzurro Unit; UO = Ortano Unit; AU = Acquadolce Unit; MU = Monti-
ciano-Roccastrada Unit; TN = Tuscan Nappe; GU = Grassera Unit; OU = Ophiolitic Unit; EU = Paleogene Flysch Unit; CU = Cretaceous Flysch Unit.

According to several authors (e.g., Boccaletti and Guaz-
zone, 1972; Maliverno and Ryan, 1986; Patacca and Scan-
done, 1989; Serri et al., 1993; Jolivet et al., 1998; Conticelli
et al., 2010; Balestrieri et al., 2011), this magmatic activity
was linked to orogenic processes related to crustal subduc-
tion, back-arc extensional crustal thinning and rising of the
asthenosphere coupled with the eastward rollback and re-
treat of the west-dipping Adriatic slab and to the eastward
migration of the orogenic front.

The 1:10.000 scale geological mapping for the “Carta Ge-
ologica d’Italia” 1:50.000 scale (in progress, ISPRA-CARG
Project) of Elba Island partially published at 1:14.000 scale
by Babbini et al. (2001), in Bortolotti et al. (2001), revealed a
more complex geological framework when compared to the
Trevisan’s classical one (Trevisan, 1950; Barberi et al.,
1969a), which was based only on five tectonic “Complexes”
(see Figs. 2 and 3). In the Bortolotti’s tectonic model (Fig. 3),
nine units were distinguished and related respectively to the
Tuscan (i.e. the metamorphic Porto Azzurro-PU, Ortano-UO,

Monticiano-Roccastrada-MU Units and the unmetamorphic
Tuscan Nappe-TN Unit), and Ligurian-Piedmontese (i.e. the
unmetamorphic Ophiolitic Unit-OU, Paleogene Flysch Unit-
EU and Cretaceous Flysch Unit-CU (the last two, Lacona
Unit and Ripanera Unit respectively, in the “Carta Geologica
d’Italia alla scala 1:50,000, foglio Elba” and the related “Note
Mlustrative™, Principi et al., in progress) and the metamorphic
Acquadolce Unit-AU and Grassera Unit-GU paleogeographic
domains (see the schematic sketch in Fig. 3). The tectonic in-
terposition of the metamorphic Ligurian-Piedmontese Units
at different levels in the stack of nappes is a peculiar feature
respect to the other parts of the Northern Apennines chain. In
general, the tectonic pile of the upper eight imbricated main
structural units, separated by west-dipping, low angle tectonic
surfaces (thrusts and detachments), lays onto the lowermost
Porto Azzurro Unit by the Zuccale low-angle detachment
fault, characterized by a decametric cataclastic horizon (Figs.
2b and 3). This peculiar attitude is related to the complex evo-
lution of the Elba Island.
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Fig. 3 - The central and eastern Elba tectonic pile, according to Bortolotti et al. (2001), and correspondence with the Trevisan’s complexes. PU = Porto Azzur-
ro Unit; UO = Ortano Unit; AU = Acquadolce Unit (a: Porticciolo Subunit; b: Santa Filomena Subunit); MU = Monticiano-Roccastrada Unit; TN = Tuscan
Nappe; GU = Grassera Unit; OU = Ophiolitic Unit (a: Acquaviva Subunit; b: Monte Serra Subunit; bl: Capo Vita Subunit; c: Sassi Turchini Subunit; d:
Volterraio Subunit; e: Magazzini Subunit; f: Bagnaia Subunit); EU = Paleogene Flysch Unit; CU = Cretaceous Flysch Unit.

Moreover, Garfagnoli et al. (2005) and Smith et al.
(2013) suggested that the uplift of the Porto Azzurro pluton
also arched and reactivated the Zuccale Fault itself produc-
ing its present dome shape and the eastward and westward
(see the Colle Reciso Fault in Fig. 2, as defined by Bortolot-
ti et al., 2001) final slidings of the embricated stack of units.
Pre- and post Zuccale high-angle faulting events are also
recognizable: a) a mostly NE-SW trending and, locally, a
NW-SE transfer-type fault systems predating the Zuccale
Fault, can be identified in the Ophiolitic Unit, north of Porto
Azzurro (Babbini et al., 2001; Bortolotti et al., 2001;
Garfagnoli et al., 2005), b) a NW-SE/NE- SW (in the
Calamita Promontory) and N-S (from Porto Azzurro to Ca-
vo) directed block faulting, cutting the whole tectonic pile
and detachments, post-date the Zuccale fault). The N-S-
trending faults are locally sealed by hematite-rich mineral-
ization dated about 5 Ma by Lippolt et al. (1995).

GEOLOGICAL DATA
FROM MONTE CAPO STELLA PROMONTORY

This promontory is mostly made up by Ophiolitic Unit
lithotypes and, subordinately, by Quaternary clastic rocks
(Fig. 4). These latter are represented by yellowish, more or
less cemented, aeolian sands (often characterized by cross-
stratification and local micro-conglomeratic horizons) crop-
ping out along the western and southeastern coasts of the
promontory. In addition, Holocene sandy and gravelly
beach sediments and eluvial and colluvial detrital covers are
present, particularly in the northern part of the studied area.
The Ophiolitic Unit is mainly represented by Middle-Late
Jurassic basaltic pillow lava (up to 1 m in size), grey-green-
ish to dark green in color, which, sometimes, shows vari-

olitic textures on the external parts. Pillow breccias and ialo-
clastites are locally associated to these volcanic rocks.
Basalts display a sedimentary cover made by a few slices of
Early Cretaceous calcareous-marly (Nisportino Fm.) and
calcareous-cherty (Calpionella Limestones Fm.) rocks,
which tectonically overlie the pillow lavas through W-NW -
dipping low-angle faults (Fig. 4).

The studied dykes are exposed along the eastern coast of
the Capo Stella Promontory (NNE of the Casa Mazzari lo-
cality, see location in Fig. 2 and magnification in Fig. 4).

These decimetric up to 130 cm-thick, light grey to
brownish porphyritic magmatic bodies fill a high to medium
angle fracture network, generally characterized by a NW-SE
strike and a SW dip, in the Jurassic pillow lavas, pillow
breccias and ialoclastites of the Ligurian Ophiolitic Unit
(Figs. 4,5a,b and 6a).

The same NW-SE directed fracture network is locally
sealed by quartz + epidote + chlorite veins that sometimes
cuts the pillow basalt-dyke contact. At places, the final fill-
ing of the veins is represented by chlorite. Some centimetric
to decimetric quartz veins, inside the pillow lavas, abruptly
end at the contact with the dykes and can be likely related to
the Ligurian Jurassic oceanic hydrothermalism (Fig. 7).

A medium- to low-angle, top-to-the-east faulting (reverse
at the outcrop scale) displaced the dykes. This faulting event
is characterized by a N-S to ENE-WSW strike, western dip
and decimetric to 1.5 meter of throw (see Figs. 6a and 8a b).
Finally a medium- to high- angle, NE-SW and NW-SE direct-
ed fracture network cuts all the previous structures (Fig. 6b).
These latter fractures have often represented the pathway for
the circulation of Fe oxides/hydroxides-rich fluids (Fig. 8c).

The contact between the dykes and the host rock is sharp
(Figs. 5b and 8a, b, c¢) and is locally underlined by Fe-ox-
ide/hydroxide mineralization. K-feldspar phenocrysts, up to
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Fig. 4 - Geological map of the Monte Capo Stella Promontory and location
of the Monte Capo Stella dykes (see magnification of squared area).

Fig. 5 - (a) Outcrop of the Monte Capo Stella dykes visible along the Casa
Mazzari coast; (b) outcrop of the Monte Capo Stella dykes cutting the Lig-

urian pillow lavas.

Quaternary sediments
[ FEluvial and colluvial sedi t )
[0 Auvionlsediment (cocene)

[] Beach sediments (Holocens)
[ Eolian sediments (Pleistocene?)

Ophiolitic Unit

83

Il Calpionella Limestones (Berriasian-Hauterivian)

B Nisortino Fomaton (Beris:
B B8ssaits (Callovian-Kimmeridgian)
4%  Location of Monte Capo Stella dikes

«%  atiitude of the beds

/ Tectonic contacts

/ Stratigrafic contacts.

D Beach sediments
50 Attitude of
D Eduvial and colluvial sediments the dikes
50 Paleo-horizonta
attitude of the
- Basalts (Ophickitic Unit) e
/ Monte Capa Stella Dike High angle normal fau

T
Om 30 60 90 120

4> Revers fault




84

decimetric in size, are sometimes recognizable in the fine-
grained chilled margins of the dykes (Fig. 8b). Moreover, in
the peripheral part of the dyke a weak isorientation of biotite
and plagioclase, parallel to the dyke boundaries is present;
this lineation is likely related to magmatic flow. No tectonic
ductile deformations or recrystallizations are evident in the
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Fig. 6 - (a) Poles of the Monte Capo Stella dykes and fractures filled by
hydrothermal mineralizations; the cyclographic curves are related to the re-
verse faults; (b) poles of the later fractures.

texture of both MCSD and host pillow lavas both at the
meso- and micro-scale.

SAMPLING AND RESULTS

Several rock samples, for petrographic and geochemical
analyses (see below), were collected from the dykes in the
Casa Mazzari area. Mineral and whole rock (major, trace el-
ements and Sr and Nd isotope) compositions for representa-
tive dyke samples are reported in Tables 1 and 2. Analytical
procedures used for minerals and rock samples are de-
scribed in the Appendix.

Petrography and Mineral Chemistry

The phaneritic sub-volcanic rock forming the dykes dis-
plays a porphyritic texture with variable pheno- and xenocryst
content. The mineralogy of the dykes consists of twinned
subhedral to euhedral, zoned plagioclase (Pl), subhedral to
anhedral quartz (often characterized by embayment), subordi-
nate euhedral to subhedral K-feldspar (Kfs) phenocrysts, up
to 7 mm in size (Fig. 9) and biotite. Rare greenish to brown-
ish calcic amphibole is present as microphenocryst. Notably,
K-feldspar is also present as very large phenocrysts, 3.5 x 1.5
cm in size on the average (max 10 x 2 cm). A common char-
acteristic of the Capo Stella main mineral phases, is the pres-
ence of a sub-millimetric resorbed rim (Fig. 9c). Fe and Ti-
oxides, apatite, zircon and epidote are ubiquitous accessory
minerals. The microcrystalline groundmass is composed of
xenomorphic quartz and K-feldspar, plagioclase microliths,
biotite and minor amphibole (Fig. 9b). In the peripheral parts
of the dyke, the groundmass is locally characterized by the
presence of sub-millimetric irregular, spherical to ellipsoidal
spots, texturally resembling a perlite, but not completely re-
solvable under the optical microscope (Fig. 9a). Opaque min-
erals, sericite, chlorite, and clay mineral films underline these
spots. The contact of the dyke with the surrounding pillow
lavas is sharp also at the microscopic scale and the outermost
part of the dyke sometimes shows a variation in texture from
microcrystalline (with plagioclase and generally chloritized
biotite crystals) to aphanitic.

Fig. 7 - Decimetric quartz veins (b) within the
pillow lavas (a) cut by the Monte Capo Stella

dykes (c) veins.



Table 1 displays representative electron microprobe
analyses of the main mineral phases observed in the Monte
Capo Stella dykes. In the studied rocks, plagioclase (Fig. 9b,
d) represents by far the most abundant mineral. It displays a
wide range of textures (clear, sieved, patchy, turbid) and
composition (core composition in the range Abs, g9, ANy, ¢,
Ory 5 44); zoning is slight, normal or reverse; the turbid and
resorbed crystals, showing a very Ab-rich core (Abgs.g9q),
are considered of possible xenocrystic origin. High compo-
sitional variability is displayed also by the Pl rim (Ab,, ¢,
An, -5, Ory4,,) and by the small crystals contained in the
groundmass (Abs; g9, ANy ¢, Ory¢s). The presence of some
groundmass crystals showing Ab content higher than coex-
isting phenocrysts testify disequilibrium between crystals
and liquid. Locally, epidote alteration and pseudomorphic
substitution of the plagioclase phenocrysts are evident.

K-feldspar, that generally shows the optical features of
sanidine, displays core composition variable in the range
Or,g.949, Whereas the Or content in the rim is variable be-
tween 51 and 85%; large Or-rich crystals (Or content in the
core exceeding 93%), often characterised by inclusions of
plagioclase and biotite, are abundant; a xenocrystic origin is
hypothesised also for these crystals. Sometimes an epitaxial
nucleation of K-feldspar mantles the plagioclase phe-
nocrysts showing a typical “anti-Rapakivi” texture (cfr.
Type E mantle feldspar in Hibbard, 1981). Biotite is partly
or completely transformed in chlorite. According to Leake
et al. (1997), the Capo Stella amphibole can be classified as
edenite.
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Fig. 8 - (a and b) Reverse faulting of the Monte Capo Stella dykes and its
host Ligurian pillow lavas; (c) late fractures filled by Fe oxides and hy-
droxides cut through the contact pillow lavas-dyke.

GEOCHEMISTRY

Major and trace element composition of representative
Monte Capo Stella rock samples, collected in two different
outcrops along the beach, is reported in Table 2 together
with the Sr and Nd isotopic ratios of one rock sample. The
reported compositions correspond to the inner portions of
the dykes.

According to the alkali-silica classification diagram (Le
Bas et al., 1986), the two analysed rock samples can be classi-
fied as dacites (Fig. 10a) belonging to the High-K calc-alka-
line series (Fig. 10b). Samples collected in the inner part of
the dykes, only partially interested by alteration (see petrogra-
phy and LOI values), display an overall similar composition.

For comparison, in order to show the wide composition-
al variability of some mafic-intermediate Tuscan magmatic
products, in Fig. 10a, are reported, also, the composition of
other Elba dykes (Dini et al., 2002; Pandeli et al., 2006),
the composition of the other intermediate Tuscan calc-alka-
line rocks (Capraia Island; Prosperini, 1993; Conticelli et
al., 2009) and the composition of the microgranular mafic
enclave (MME) PP-333 collected in the Orano Porphyry
(Dini et al., 2002); this latter plays an important role as, fol-
lowing Poli (1992), the enclaves present in the Orano Por-
phyry may be considered as blobs of mafic-intermediate
melts intruded into and mingled with the cooler acidic host
magma.

Chondrite normalised (McDonough and Sun, 1995) REE
patterns (Fig. 11a, b), of the Monte Capo Stella rock sam-
ples, are similar; they are characterised by moderate
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Table 2 - Representative major (%) and trace (ppm) element
and isotopic (Sr and Nd) composition of the Monte Capo
Stella dykes.

sample STE1 STE 3
Si0, 62.38 62.77
TiO, 0.67 0.66
AlLO, 15.92 15.25
Fe.0, 5.07 5.03
MnO 0.07 0.07
MgO 3.68 3.79
Ca0 242 242
Na,O 3.15 3.03
K,0 3.26 3.08
P:0; 0.17 017
LOI 3.73 3.32
Sum 100.5 99.58
Sc 14 14
v 89 91
Cr 190 180
Co 14 14
Ni 30 20
Rb 69 65
Sr 320 316
Y 17.6 18.1
Zr 148 143
Nb 12.8 10.5
Cs 27 26
Ba 418 425
La 258 29.2
Ce 50.0 559
Pr 6.21 6.79
Nd 2486 257
Sm 4.83 519
Eu 1.15 1.18
Gd 4.14 4.14
b 0.63 0.63
Dy M 3.45
Ho 0.65 0.66
Er 1.80 1.82
Tm 0.28 0.26
Yb 1.87 1.75
Lu 0.28 0.26
Hf 4.0 3.8
Ta 0.98 1.03
Pb 22 18
Th 1.5 12.6
u 6.02 6.17
SrSr 0.708129 + 0,000007
"IN/ Nd 0.512209+ 0.000008

LREE/HREE fractionation with (La/Yb)y = 9.4, 11.3 and
negative Eu anomaly. The Orano Porphyry (Dini et al.,
2002) displays more fractionated REE patterns at higher ab-
solute LREE-MREE abundances (Fig. 11a). In contrast, the
Monte Capo Stella REE patterns closely resemble that of the
microgranular mafic enclave PP-333, whereas the Capraia
calc-alkaline rocks (Prosperini, 1993; Conticelli et al., 2009)
generally display subparallel REE patterns at higher abun-
dances with respect to the Monte Capo Stella dykes.

The mantle-normalised (Sun and McDonough, 1989) trace
element patterns (Fig. 12a, b) for the rock samples from the
inner portion of the dykes are virtually indistinguishable and
show relatively high content of the most incompatible ele-
ments, with negative spikes of Ba, Ta, Nb, Sr, P, and Ti; they
fall at the lower limit of the Orano Porphyry range (Dini et al.
2002; Fig. 12a) and display lower content of several elements
(e.g., Cs, Rb, Ba, Sr) than Capraia HKCA rocks (Prosperini,
1993; Conticelli et al., 2009; Fig. 12b). The trace element pat-
terns of the Monte Capo Stella dykes display good similari-
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ties with the mafic enclave PP-333 pattern (Dini et al., 2002)
except for the most incompatible elements, Cs and Rb, which
are lower in the Monte Capo Stella dykes and comparable to
HKCA rocks from Aeolian Islands (e.g., Santo et al., 2004;
Lucchi et al., 2013a; 2013b). However, in this frame, the al-
teration of the studied rock samples and the high mobility of
elements such as Cs and Rb must be taken into account.

87Sr/86Sr and **Nd/'**Nd isotopic ratios measured on the
STE 3 rock sample are respectively 0.708129 and 0.512209
(Table 1). Notably, this Sr isotopic ratio is among the lowest
values found in the Tuscan Magmatic Province (0.70812-
0.71799; Peccerillo, 2005 and references therein); in partic-
ular, the 37Sr/%6Sr isotopic ratio of the Monte Capo Stella
dykes is much lower than those of the Orano Porphyry and
of the PP-333 mafic enclave (Dini et al., 2002), but it is
close to Sr isotopic signature of the HKCA rocks from
Capraia Island. The Monte Capo Stella '“*Nd/'*Nd isotopic
ratio falls in the general range of TMP (0.51207-0.51234;
Peccerillo, 2005 and references therein) and is similar to the
Capraia HKCA values (e.g., Conticelli et al., 2009).

DISCUSSION

In the Northern Tyrrhenian Sea and in the Southern Tus-
cany (inner part of the Northern Apennines chain), silica-
rich and mafic magmatic rocks coexist. According to Serri
et al. (1993), Bortolotti et al. (2001), Dini et al. (2002), Gag-
nevin et al. (2004) and Conticelli et al. (2010), they are re-
lated to the same geodynamic processes, i.e. the late- to
post-orogenic thinning and melting of the lithosphere, oc-
curred in the Neogene-Quaternary times.

Following Poli (1992), the Tuscan mafic magmas origi-
nated in the mantle; however, to explain some of their geo-
chemical and isotopic characteristics, closely resembling
those of upper crustal rocks, an anomalous contaminated
source is invoked. Regarding the composition of these man-
tle-derived magmas, many authors (e.g., Dini et al., 2002;
Poli, 2004; Gagnevin et al., 2004) hypothesised that the
more primitive compositions could be represented by the
High-K calc-alkaline rocks occurring at Capraia Island and
by some MME observed in lavas of the TMP. The ascent of
the Tuscan mafic magmas in the thinned crust triggered
crustal anatexis and originated highly silicic magmas, em-
placed both as unmodified melts or variously modified
melts, through the interaction with the mantle magmas (Pec-
cerillo, 2005, with references). Furthermore, the complexity
and variety of TMP magmas require the interplay of succes-
sive several evolutionary petrogenetic processes.

The interaction of sub-crustal and anatectic felsic magmas
is evident in some Elba Island rocks (e.g., Monte Capanne
pluton, San Martino porphyry, Orano Porphyry). They dis-
play clear evidence of magmatic hybridation processes (Poli
et al., 1984; Poli, 1992; Serri et al., 1993; Westerman et al.,
2003) such as 1) occurrence of MME in the main granitoid
bodies (i.e. Monte Capanne pluton) and dykes (Orano Por-
phyry), 2) relics of mafic phases (e.g., clinopyroxene, olivine)
in disequilibrium with the felsic components, 3) plagioclase
of bimodal composition, rounded and embayed quartz phe-
nocrysts and resorption rims in the K-feldspar phenocrysts, 4)
“Rapakivi” texture (generally referred to magma mixing
process; e.g., Hibbard, 1981; Gagnevin et al., 2004; 2005) of
the K-feldspar phenocrysts (e.g., in the Monte Capanne plu-
ton), 5) Sr isotopic disequilibrium between feldspar phe-
nocrysts and the host whole rock.
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Among the magmatic products of the Elba Island, the
Monte Capo Stella dykes display peculiar petrographic and
geochemical characteristics. These dacitic dykes fall (Fig.
10a) into the overall compositional field of the Orano Por-
phyry (cfr. Fig. 5 in Dini et al., 2002), but the Sr isotope ra-
tio is significantly different. The studied dykes differ from
the other dykes of eastern Elba (e.g., the quartz-dioritic Casa
Carpini dykes, in Pandeli et al., 2006, the mafic shoshonitic
Monte Castello dyke in Conticelli et al., 2001) confirming
the high compositional variability of the magmatic products
in the Elba Island.

In particular, the overall petrographic and compositional
data obtained on the MCSD put them within the intermedi-
ate-acid rocks of the TMP (Poli, 2004). The compositional
characteristics of the dykes, including: a) the wide range of
textures and compositions of plagioclase, testifying dise-
quilibrium processes, b) the turbid and resorbed plg crystals

Fig. 9 - Cross-polarised light image of (a) the contact host pillow lavas
(magmatic rock of the dark right upper corner) - Monte Capo Stella dykes
(CSd) showing the spotty texture of the dykes; (b) groundmass in the
Monte Capo Stella dykes; (c) K-feldspar phenocryst characterized by
opaque rim; (d) decussate texture of a plagioclase phenocrysts; (¢) Em-
bayed quartz xenocryst.

(Ab 85-99%) of possible xenocrystic origin, c¢) the K-feldspar
often mantling the plagioclase phenocrysts (“anti-Rapakivi”
texture), d) the characteristics of the chondrite-normalised
REE and mantle-normalised trace element patterns, and e) the
Sr radiogenic ratio, clearly suggest a complex genesis and
evolutionary history for this magmatic body.

The studied dacitic dykes have calc-alkaline affinity;
they show some compositional analogies with the HKCA
Capraia rocks and display REE and trace element patterns
very similar to those of the mafic enclave PP-333 collected
in the Orano Porphyry. Similar mafic enclaves are common-
ly found in the silicic Tuscany rocks; they display variable
trace element and isotopic signatures reflecting, in several
cases, equilibration with the host rocks. However, as noticed
by Poli et al. (2002), some of them display patterns of in-
compatible elements closely resembling those of calc-alka-
line rocks from Capraia Island. As a consequence, these
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authors hypothesised a calc-alkaline melt as the mafic end
member of the Tuscan magmatism. In this framework, thus,
the Monte Capo Stella dykes play a relevant role in the
study of the Tuscan magmatism and represent the magmatic
body, which shows the most peculiar calc-alkaline features
in the Elba Island.

All the previously exposed data and considerations lead
us to hypothesise for the Monte Capo Stella dykes an initial
magma similar to the mafic enclave PP-333 and to HKCA
Capraia melt which, in turn, is considered the product of
evolved magmas generated in a metasomatised mantle (Poli,
2004). In this way, the Monte Capo Stella dykes, despite the
possible interaction with the intruded crustal rocks, repre-
sent the first finding of a HKCA rock in the Elba Island.

As concerns the age of the studied dykes, the first at-
tempts to obtain radiometric dating did not give reliable re-
sults; however, a Messinian age would be likely hypothe-
sised by the following considerations:

1) In the frame of the intermediate-mafic rocks of the Tus-
can Archipelago, the older volcanic and sub-volcanic
products are represented by the calc-alkaline volcanites of
Capraia Island (7.8-7.2 Ma in Conticelli et al., 2010) and
by the plutonic and sub-volcanic rocks of the Elba Island
(about 8.0-5.8 Ma in Bortolotti et al., 2001; Dini et al.,
2002). In this latter, the magmatic rocks generally show
progressively younger age eastward (see Geological Out-
line). In particular, among the mafic magmatic products,
the Orano Porphyry in the western-central Elba (6.8 Ma
in Dini et al., 2002) is older than the Monte Castello dyke
in the eastern Elba (5.8 Ma in Conticelli et al., 2001).

2) The structural data obtained along the outcrops in the
eastern coast of the Capo Stella Promontory (Casa Maz-
zari locality) indicate that after the emplacement of the
Ophiolitic Unit in the tectonic stack of the Elba Island
and its partial tectonic elision (see the tectonic superposi-
tion of the Nisportino Fm. and Calpionelle limestones
above the pillow-lavas), high to medium angle faulting
events took place. In particular, this study shows that the
MCSD and quartz + epidote + chlorite mineralization
filled NW-SE trending fractures in the pillow lavas of the
Ophiolitic Unit that were locally displaced by a top-to-
the- east reverse faulting. Finally, a NW-SE and NE-SW
oriented fracturing took place.

In the western-central Elba (including the Monte Capo
Stella area), the following succession of events has been re-
constructed: firstly, the 8.2-7.4 Ma acidic porphyritic dykes
and laccoliths intruded the Ligurian Units (Cretaceous and
Tertiary Flysch Units and underlying Ophiolit Unit); suc-
cessively, the 6.9 Ma Monte Capanne pluton intruded the
Ophiolitic Unit and afterwards the 6.8 Ma mafic dykes of
Orano Porphyry filled fractures in both the Ligurian Units
and Monte Capanne body (Westerman et al., 2000; Bor-
tolotti et al., 2001; Dini et al., 2002, and references there-
in). Then, at least the Flysch Units were tectonically de-
tached and emplaced to the west and east when the Monte
Capanne pluton uplifted. The main eastward detachment
surface is particularly evident and known as CEF (Central
Elba Fault), active at 6.7 Ma (Maineri et al., 2003). Howev-
er, Babbini et al. (2001) and Bortolotti et al. (2001) indicat-
ed also the existence of other deeper east-verging detach-
ment surfaces, coeval with CEF, in the tectonic pile of cen-
tral Elba (e.g., Spiaggia del Lido-Valdana-Fosso del Mar
dei Carpisi area).

In this frame, also the east-verging (reverse at the out-
crop scale) faults, affecting the MCSD, can be likely related

to more deep detachments connected to the top-to-the east
CEF activity.

Finally, the NW-SE and NE-SW trends of the high-angle
lineaments are clearly recognizable in the pre-Zuccale fault
systems of the Ophiolitic Unit in the eastern Elba and in the
post-Zuccale fault systems of the Porto Azzurro Unit in the
Monte Calamita Promontory that downthrown this main de-
tachment fault (Bortolotti et al., 2001; Garfagnoli et al.,
2005). In the eastern Elba it is also evident that part of these
pre-Zuccale lineaments constituted the pathways for the as-
cent of the younger, more or less hybridized, mafic magmas
(e.g., the 5.8 Ma Monte Castello dyke in the Ophiolitic Unit).

This scenario closely resembles that of the previous em-
placement of the Monte Capanne pluton and the younger
mafic Orano Porphyry in western Elba, followed by a main
eastward tectonic detachment and gliding (i.e. CEF) of the
Ligurid cover, due to the final rise of the pluton (cfr. Bor-
tolotti et al., 2001; Dini et al., 2002; Maineri et al., 2003).

According to the above sequence of events, the intrusion
of the MCSD can be placed between the intrusion of the 6.8
Ma Orano Porphyry in the western Elba and that of the 5.8
Ma Monte Castello dyke in the eastern Elba. More precise-
ly, taking into account: 1) the top-to-the east, low-middle
angle faulting affecting the studied dykes that can be con-
nected with the deep activity of the CEF detachments in the
underlying Ophiolitic Units (cfr. Bortolotti et al., 2001) and
2) the intermediate geographic location of the Monte Capo
Stella dykes in respect to the other Elba mafic dykes (Orano
Porphyry, Monte Castello and Casa Carpini dykes), we sug-
gest for the intrusion of the Monte Capo Stella dykes a pos-
sible age of 6.8-6.7 Ma, i.e. between the intrusion of the
Orano Porphyry (6.8 Ma) and the CEF activity (6.7 Ma).

CONCLUDING REMARKS

The data obtained in the present study contribute to re-
fine the knowledge of the deformation-evolution of the Lig-
urian Units and of the complex magmatic framework of the
Elba Island. In particular, the new data were useful for the
reconstruction of the relationships existing between mag-
matic intrusions and the final deformations of the tectonic
units (e.g., Ophiolitic Unit) in the Island, but also for the im-
provement of knowledge about the magmatic evolution of
the Northern Apennines chain and Tuscan Archipelago. In
particular, we would like to remark the following points:

1) The Ophiolitic Unit in the southern Elba Island suffered
at least three brittle deformation events after its emplace-
ment and tectonic lamination in the stack of nappes. In
particular, the MCSD filled a high angle, NW-SE trend-
ing system of fractures and subsequently were affected
by top-to-the east, low-middle angle faulting, likely con-
nected to the detachment movements of the CEF. Finally,
a high angle, NW-SE and NE-SW fracturing took place
and was sealed by Fe oxides and hydroxides;

2) The MCSD are dacitic in composition and can be related
to the intermediate magmatism that occurred in the Late
Miocene in the Elba Island;

3) The comparison of petrographic and geochemical fea-
tures of the Monte Capo Stella dykes with other sub-vol-
canic magmatic bodies of mafic-intermediate composi-
tion from the Elba Island point to important differences
which confirm the high compositional variability of mag-
matic products from Elba Island and, in general, of the
Tuscan Magmatic Province;



4) The composition of the MCSD displays similarities with
that of Capraia HKCA rocks and that of a mafic enclave
collected into the Orano Porphyry; so, MCSD shows the
clearest calc-alkaline features found in the Elba Island;

5) Field evidence and the above listed considerations point
to the emplacement of the MCSD in the time interval be-
tween the intrusion of the Orano Porphyry in the western
Elba (6.8 Ma) and that of the Monte Castello dyke (5.8
Ma) in the eastern Elba, possibly before the CEF-type
detachments activation occurred at 6.7 Ma.
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APPENDIX

The studied rock samples were previously treated in or-
der to eliminate the effect of seawater impregnation trough
repeated washing in distilled water.

Chemical compositions of the mineralogical phases were
determined by a Cameca SX100 electron microprobe (EP-
MA) at the Department of Earth Sciences of the University
of Cambridge (UK). The EPMA is equipped with five WDS
(wave-length dispersive) mass spectrometers and one EDS
(energy-dispersive) spectrometer. The electron microprobe
was operated at 15 kV high-voltage and 10 nA beam current
for major elements, which was raised up to 100 nA for mea-
suring minor and selected trace elements. Feldspar were
analysed using a defocussed Smm beam size, whereas a fo-
cused beam has been used for all other mineral phases. The
Cameca XPHi protocol was used to correct matrix effect.
Accuracy and analytical precision are the same as reported
by Petrone (2010).

Major and trace element analyses of the collected rock
samples were carried out at the Activation Laboratories,
Ancaster, Ontario, Canada. For major oxides and selected
trace elements (Ba, Sr, Y, Zr, Sc, V), samples were pre-
pared and analyzed in a batch system. Each batch contains
a method reagent blank, certified reference material and
17% replicates. Samples were mixed with a flux of lithium
metaborate and lithium tetraborate and fused in an induc-
tion furnace. The molten melt was immediately poured in-
to a solution of 5% nitric acid containing an internal stan-
dard, and mixed continuously until completely dissolved
(~30 minutes). The samples were run on a combination si-
multaneous/sequential Thermo Jarrell-Ash ENVIRO II

ICP (inductively coupled plasma). Calibration is per-
formed using 7 prepared USGS and CANMET certified
reference materials. One of the 7 standards is used during
the analysis for every group of ten samples. Detection lim-
it is in the range 0.01 and 0.001 (%) for major elements
and between 1 and 5 (ppm) for trace elements. The same
sample solution was spiked with internal standards to cov-
er the entire mass range, was further diluted and intro-
duced into a Perkin Elmer SCIEX ELAN 6000,6100 or
9000 ICP/MS (inductively coupled plasma-mass spectrom-
etry) using a proprietary sample introduction methodology.
The detection limits in ppm are: Pb = ppm; Ni, Co, Cr, Rb
=1 ppm; Nb = 0.2; Cs, Hf, Ta =0.1; La, Ce, Nd, Eu, Th =
0.05; Lu = 0.02; Pr, Sm, Gd, Tb, Dy, Ho.Eb, Yb U = 0.01;
Eu, Tm = 0.005.

Sr and Nd isotope ratios were measured via TIMS tech-
niques at the Istituto di Geoscienze e Georisorse of Pisa
C.N.R. (Italian National Research Council) using a Finnigan
MAT 262 multicollector mass spectrometer running in dy-
namic mode. The measured ¥’Sr/*°Sr ratios have been nor-
malised to ¥7Sr/%6Sr = 0.1194 and '¥*Nd/'*Nd ratios to
BNd/'"Nd = 0.7219. During the measurement period, the
mean measured value of ¥Sr/%Sr for the NIST-SRM 987
standard was 0.710242 + 0.000013 (2SD, N = 25), while the
mean $3Nd/"Nd for the La Jolla standard was 0.511847 +
0.000008 (2SD, N = 25). The JNdi-1 standard (Tanaka et al.
2000) was also analyzed and yielded a '**Nd/"*Nd value of
0.512100 + 0.000010 (2SD, N = 25). The total procedure
blanks, 0.5 ng and 0.1 ng of Sr and Nd, respectively, were
negligible for the analyzed samples.



