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Abstract: Phlogopite-bearing lithologies are the main constituent of the Phlogopite-Peridotite unit of the Finero sequence
and the result of pervasive migration of metasomatizing melts/fluids. Conversely, the presence of phlogopite within
the associated Finero Mafic Complex, a mafic-ultramafic pluton intruded into the metamorphic basement of the
Adria plate, is mentioned in literature as rare. Recent detailed fieldwork has evidenced the presence of two distinct
phlogopite-rich ultramafic lithologies within the Amphibole-Peridotite unit of the Finero Mafic Complex, where
phlogopite is always associated with amphibole. Field and petrographic features of these occurrences, as well as
major- and trace-element mineral chemistry, are here presented to i) place constraints on the nature of the parent
melt from which they have been generated and ii) to address their relationship with the other lithologies of the
Finero Complex. We find that these rocks were formed by late melt migrations along shear zones under high-T
conditions. The geochemical affinity of these lithologies is different to the tholeiitic-transitional affinity reported
in literature for the Finero Mafic Complex. The enrichment in LREE, Th, U and Sr of the associated amphibole
possibly suggests that these phlogopite-bearing lithologies are genetically related to the metasomatic events that
have affected the Finero mantle massif.
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1. Introduction

The Finero Mafic Complex is a hydrous, layered pluton
that intruded at the bottom of the Kinzigite Formation
in the westernmost sector of the Southern Alps (Ivrea-
Verbano Zone, IVZ). It consists of mafic, and subordinately
ultramafic, rocks (comprising the following units: the Lay-
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ered Internal Zone unit, the Amphibole-Peridotite unit and
the External Gabbro unit) surrounding a completely meta-
somatized mantle massif (Figure 1; [1–9] and references
therein).
The metasomatized mantle massif, named the Phlogopite-
Peridotite unit (Ph-Pd; unit names and acronyms according
to Siena & Coltorti [3]) by Cawthorn [1], is mainly com-
posed of phlogopite-bearing amphibole harzburgite that
contains secondary orthopyroxene, amphibole, phlogopite
and clinopyroxene that segregated from metasomatizing
melts/fluids. This indicates a pervasive recrystallization at
mantle conditions [4, 7].
The Finero Mafic Complex is characterized by a great
abundance of amphibole (i.e. hornblende to pargasite in
composition, [3]) in all its units [1–3, 5, 6, 8, 9]; this is
a major compositional difference when compared to the
Mafic Complex forming the central IVZ, i.e. the Val Sesia
Magmatic System [10–15].
For the Finero Mafic Complex, Siena & Coltorti [3] pro-
posed a model of fractional crystallization starting from a
hydrous transitional MORB. Lu et al. [5] suggested instead
a hydrous tholeitiic to transitional MORB composition as
parent melt. The same geochemical affinity was proposed
by Zanetti et al. [8] for the parent melts of the External
Gabbro unit (EG) within the Finero Mafic Complex. All
authors agree that the amphibole was an early liquidus
phase during the crystallization of the complex. Siena
& Coltorti [3] suggest that its crystallization occurred af-
ter plagioclase segregation. Consistently, Zanetti et al.
[8] document that, in the EG unit, amphibole crystallized
as an interstitial phase after pyroxenes and plagioclase
precipitation.
In contrast to the Finero mantle massif, the occurrence
of phlogopite in the Finero Mafic Complex has not yet
been properly recognized and studied. Only Coltorti &
Siena [2] reported the ‘rare’ presence of this mineral within
the Amphibole-Peridotite unit (Amph-Pd). Recent field-
work led us to the recognition of abundant phlogopite
that always occurs in association with amphibole within
lithologies of the Amph-Pd unit.
The aim of this study is to provide a petrographic and
geochemical characterization of the phlogopite-bearing
lithologies of the Amph-Pd unit in order to constrain: i) the
geochemical affinity of the parent liquid that has generated
this peculiar mineralogical association; ii) the genetic
relationships between the phlogopite-bearing rocks and
the Finero Mafic Complex parent melt; and iii) the possible
genetic link with the K-rich melts that migrated through
the Finero mantle unit [4, 7, 16–23]. The characterization
of these issues may provide fundamental information for the
understanding of the controversial geodynamic evolution
of the northern sector of IVZ.

2. Geological setting
The Finero mafic-ultramafic sequence outcrops in the west-
ern Southern Alps in a lens about 12 km long and ~3 km
thick, through the Vigezzo – Cento Valli Valley and the
Cannobina Valley (Figure 1). It is the northernmost part of
the Ivrea-Verbano Zone (IVZ), a geological unit composed
of mafic-ultramafic intrusions and associated mantle peri-
dotites that were emplaced in the crystalline basement
of the Southern Alps before the Jurassic opening of the
Ligurian branch of the Neo-Tethys.
The Finero mafic-ultramafic sequence consists of a meta-
somatized mantle massif [4, 7, 16–20] surrounded in an
antiformal structure by a hydrous layered complex (the
Finero Mafic Complex; [1–3, 5, 6, 8]), which intruded the
crystalline basement of Southern Alps (the Kinzigite For-
mation). According to Zanetti et al. [8], the Finero Mafic
Complex is divided into three main units: i) the Layered
Internal Zone (LIZ), which is stratigraphically the lowest
unit and is in tectonic contact with the underlying man-
tle massif; ii) the Amphibole-Peridotite (Amph-Pd); and
iii) the External Gabbro (EG), which represents the upper-
most unit and is in magmatic contact with the Kinzigite
Formation. The mantle massif at the core of the antiformal
structure is referred to as the Phlogopite-Peridotite unit
(Ph-Pd hereafter).
The Ph-Pd unit is a completely metasomatized mantle
peridotite [4, 7, 16–23] that formed by the pervasive-to-
channeled migration of a metasomatizing melt/fluid within
dunite and harzburgite bodies, accompanied by the per-
vasive crystallization of secondary amphibole, phlogopite,
orthopyroxene and clinopyroxene. The harzburgites are
associated with phlogopite-bearing amphibole websterites,
whereas the dunites contain chromitite layers, phlogopite-
bearing amphibole websterites, pegmatoidal websterite
pods and mono-mineral phlogopite veins [7, 17, 18, 20]. The
metasomatizing melts/fluids contained abundant crustal
component(s), as revealed by trace-element and isotope
data [4, 7, 17–22].
Additionally, the Ph-Pd unit experienced late porous flow
percolation of different kind of melts along small chan-
nels or in opening fractures, with segregation of apatite,
dolomite and sapphirine, together with amphibole and
phlogopite [7, 17, 20–23].
The contact of the Finero Mafic Complex with the Ph-Pd
unit is always tectonic and is marked by a one decimeter-
thick ultra-mylonite. Given this type of contact and their
contrasting lithologies, the Mafic Complex and the mantle
massif probably had independent geological evolutionary
paths.
The LIZ Unit (with a thickness ranging from 70 to 120 m,
[3]) consists mainly of garnetiferous hornblendites, associ-
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Figure 1. Geological map of the Finero area, modified after Mazzucchelli et al. [44].

ated with garnet-bearing amphibole gabbros, anorthosites,
pyroxenites and peridotites, in decreasing order of abun-
dance. In the southern zone of the LIZ, the layers are
spatially limited (cm to m thick), often faulted and inter-
sected by boudinate structures. In the northern zone of
the LIZ the sequence is slightly different: peridotites and
anorthosites are rare, and gabbros are more abundant
than hornblendites. Near the contact between LIZ and
Amph-Pd some gabbros contain sapphirine [24, 25].
The contact between LIZ and Amph-Pd is gradational,
and is defined by a progressive increase of peridotitic and
pyroxenitic layers with a decrease in abundance of the LIZ
lithologies.
The Amph-Pd Unit is formed by amphibole-bearing cumu-
late peridotites (dunites, wehrlites and subordinate lher-
zolites, [3]), pyroxenites and hornblendites. The latter
occur as bands, lenses and pods, sometimes with a peg-
matitic texture and amphibole crystals longer than 1 m.
The thickness of this unit varies from 200 to 300 m. The
rock layers can be up to few meters thick and often are
laterally limited and dismembered in boudinate structures.
Pyroxenites are concentrated at the base and top of the
unit: sulphides can occur near the contact with the EG
unit. Peridotites predominate in the central part of the
unit, where small layers and/or lenses of Cr-rich spinel
are locally present. The Amph-Pd unit shows evidence
of re-equilibration processes, namely triple junctions with
120° angles at crystal boundaries, and exhibits a smaller

grain size relative to the analogue Ph-Pd unit. Sometimes
olivine, orthopyroxene, and more frequently amphibole, are
pecilitic with inclusions of green spinel; spinel is present
also as an interstitial phase. Phlogopite was first reported
in this unit by Coltorti & Siena [2].
The contact between the Amph-Pd and the EG is frequently
affected by faults. When gradational, it is defined by a
close alternation of layers of peridotite, hornblendite and
gabbro, 20 cm to 1 m thick. The contact with the W zone
of the body is sharp.
The EG unit is 400 to 500 m thick and consists mainly of
amphibole diorites and gabbros, with minor pyroxenites and
anorthosites, enriched in magnetite and ilmenite compared
to the other rocks from the Finero area. The EG unit
contains lenses of granulite-facies metasediments, which
increase and become abundant towards the gradational
contact with the Kinzigite Formation [1, 3, 5, 6, 26].

3. Occurrence of phlogopite in
Amph-Pd
The occurrence of phlogopite as a rare phase in the Amph-
Pd unit of the Finero Mafic Complex was first reported by
Coltorti & Siena [2]. However, they neither describe its
textural relationships, nor provide geochemical analyses
of the phlogopite and associated mineral phases.
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Figure 2. A) Picture of the phlogopite-bearing band within the Amph-Pd; borders of the outcrops are highlighted with an orange dashed line.
B) Detail of the texture of the phlogopite-bearing band peridotite; abbreviations are used for minerals: Amph (Amphibole), Phl (Phlogopite),
Sp (Spinel) and Ol (Olivine). C) Sample of the phlogopite-bearing pocket and associated hornblendite vein and host peridotite; borders
of the pocket are highlighted by a red line. D) Detail of the pocket texture; abbreviations are used for minerals: Amph (Amphibole), Phl
(Phlogopite) and Opx (Orthopyroxene).

Recent fieldwork has allowed us to distinguish two dif-
ferent phlogopite-bearing rocks within the Amph-Pd unit
of the Finero Mafic Complex. Phlogopite occurs in two
assemblages: i) in peridotite bands and/or lenses as a
pervasive phase mainly associated with amphibole; and
ii) in a late vein associated with an orthopyroxenite pocket.

The phlogopite-bearing peridotite outcrops after the ma-
sonry bridge on the eastern side of the Cannobino River
(Figure 2a; 46° 06′ 16′′ N–08° 32′ 41′′ E). This peridotite
is 2–3 m thick and about 15–20 m above the LIZ-Amph-Pd
contact (i.e. to the south, because of the almost vertical
dip of the rocks). Due to the vegetation cover, it is not
possible to determine the actual extension of the outcrop
and its geometry remains, therefore, unknown. Hereafter,
for simplicity, we consider this occurrence of phlogopite-
bearing peridotite as a band. The band is formed by a
dunite matrix with elongated crystals of olivine (from a
few mm up to 1 cm), often showing kink-banding. Black
spinel commonly occurs as an accessory phase but locally

reaches modal abundances of up to 4% by volume. Recrys-
tallization zones in the dunite assemblage are common,
where small olivine neoblasts with mosaic texture occur.
Pervasive green amphibole is present in a modal abun-
dance from 2 to 40% by volume. Amphibole is a late-stage
crystallization phase, represented either by small crystals
(2–5 mm), mainly located in interstitial positions, or by
larger grains (5–10 mm) located within and at the border
of the recrystallization zones. The phlogopite is present
as an accessory phase. The phlogopite flakes are mainly
associated to the amphibole grains, but single crystals in
interstitial positions are also recognizable (Figure 2b).

The second phlogopite occurrence crops out on the western
side of the Cannobino river (46° 06′ 15′′ N – 08° 32′ 41′′
E), where a pocket (8–10 cm wide) of phlogopite-bearing
amphibole orthopyroxenite developed in sharp contact with
the host peridotite (Figure 2c). A millimetre thick (up to
4 mm) phlogopite-bearing hornblendite vein starts from
this pocket, crosscutting the host peridotite foliation at a
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high angle. Rare orthopyroxene can be found along the
vein. In this outcrop, another phlogopite-bearing pocket
was recognized but was impossible to collect.
The sampled pocket exhibits a larger grain size than the
vein and has the following modal composition: orthopyrox-
ene (54%), phlogopite (38%), amphibole (7%), spinel (1%)
and accessory granoblastic olivine. Orthopyroxene is euhe-
dral to subhedral, often containing clinopyroxene exolution
lamellae. Black spinel occurs in an interstitial position
or as an inclusion within amphibole and phlogopite. The
phlogopite occurs in large aggregates of flakes and rarely
as an interstitial phase. Olivine is present in two different
microtextural positions: as small anhedral crystals placed
in contact by triple junctions, and/or as small rounded
inclusions within orthopyroxene.
The host peridotite is a dunite with a foliated texture,
containing small amounts of disseminated amphibole, phl-
ogopite and rare orthopyroxene in interstitial positions as
late phases of crystallization. Phlogopite crystals occur
in the host peridotite up to 6.7 cm from the pocket. The
rock foliation is marked by the elongation of black spinel
and olivine crystals. Near the vein, the dunite is porphy-
roclastic. This texture is characterized by more elongated
olivine porphyroclasts compared to the “normal” dunite, an
increase in the spinel grain size, and the presence of small
olivine neoblasts.

4. Analytical methods
Samples were collected from both the phlogopite-bearing
band (samples FN43, FI9714 and FI9715, labelled as
Band in figures and tables) and the phlogopite-bearing
pocket (sample Amphlog, labelled as Pocket in figures and
tables). The major-element composition of mineral phases
was determined by electron microprobe according to the
methodology reported by Rivalenti et al. [27].
Data were checked and corrected using cation mass bal-
ance with different O normalization for each phase (am-
phibole: 23 O p.f.u.; mica: 22 O p.f.u.; orthopyroxene:
6 O p.f.u.; olivine and spinel: 4 O p.f.u.). Data are reported
in Table 1.
Trace-elements have been determined at the Centro Interdi-
partimentale Grandi Strumenti (C.I.G.S.) of the University
of Modena and Reggio Emilia by means of a Thermo
Fisher Scientific Mass Spectrometer coupled to a laser ab-
lation New Wave UP 213. Data reduction was performed
with Thermo Fisher Scientific PlasmaLab® software using
NIST610, NIST612 and NIST614 as external standards.
44Ca was used as internal standard for amphibole and 29Si
for phlogopite. Laser spot size was calibrated at 80 µm
and laser beam fluency at 20 microJoule for cm2. Data are
reported in Table 2.

5. Mineral chemistry
5.1. Major-element composition
The olivine within the band-phlogopite-occurrence (“band”
from now on) has Fo content between 0.85–0.87 (Fo =
Mg# calculated as [Mg2+/(Mg2++Fe2+

tot )] molar ratio). Con-
versely, the olivine inclusions within the orthopyroxenite of
the pocket-phlogopite-occurrence (“pocket” from now on)
show Fo values between 0.87–0.89. The Fo content in the
band is commonly below the average Fo composition (Fo
= 0.87) reported by Siena & Coltorti [3] for the Amph-Pd
unit, while the Fo content in the pocket is higher (Figure 3,
Tables 1, 3 and 4).
Spinel in the pocket exhibits higher values of Al2O3 and
MgO and lower Cr2O3 compared to the spinel in the band
(Cr# calculated as [Cr3+/(Cr3++Al3+)], molar ratio, be-
tween 0.18–0.21 and 0.23–0.37 respectively, Tables 1 and
3). Pocket spinels are quite different from the average of
spinel from the Amph-Pd unit (Siena & Coltorti [3]).
The band amphibole shows Al2O3 and MgO contents sim-
ilar to the average of Siena & Coltorti [3], while FeOtot

and Cr2O3 abundances are lower and higher, respectively
(Tables 1, 3 and 4). Amphibole, both from the band and the
pocket, share similar major-element contents with the ex-
ception of Na2O and K2O. The pocket amphibole has lower
Na2O (2.03–2.27 wt.% and 1.90–3.39 wt.%, respectively) and
higher K2O contents (1.22–1.53 wt.% and 0.12–0.76 wt.%
respectively, Tables 1 and 3) than the band amphibole.
Amphibole from both the band and the pocket is dominantly
pargasite and just one crystal from the band is edenite.
The amphibole average composition reported by Siena &
Coltorti [3] for the Amph-Pd unit falls inside the composi-
tional range of the band amphibole. Amphibole from the
pocket is in contrast quite distinct: i.e. lower SiO2 and
Na2O and higher Al2O3 and K2O (Tables 1, 3 and 4).
Similar to the amphibole composition, phlogopite from both
the band and the pocket differs only in Na2O and K2O
contents. Na2O is higher in the band phlogopite compared
to that in the pocket (1.08–2.07 wt.% and 0.82–1.15 wt.% re-
spectively, Table 1). However, K2O is higher in the pocket
phlogopite than in the band phlogopite (8.75–9.89 wt.%
and 6.00–8.23 wt.% respectively, Tables 1 and 3).
Orthopyroxene occurs only in the pocket and not in the
band. The average major-element composition of orthopy-
roxene reported by Siena & Coltorti [3] in the Amph-Pd
unit is similar to that of orthopyroxene in the pocket. They
differ only in FeO content, which is higher in the pocket
orthopyroxenes (7.84–8.64 wt.% and 7.48 wt.%, respectively;
Tables 1, 3 and 4).
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Figure 3. Major-element contents of phases in pocket, band and literature data. Plotted literature data are: Amph-Pd average mineral compositions
from Siena & Coltorti [3], Ph-Pd mineral compositions from Zanetti et al. [7] and mineral composition of EG rocks from Zanetti et al. [8].
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(a)

(b)

Figure 4. a) CI chondrite-normalized REE patterns of amphibole from the phlogopite-bearing samples
from Amph-Pd and literature data. CI chondrite values are from Anders & Ebihara [28].
b) Primitive mantle (PM)-normalized trace-element patterns of amphibole from the phlogopite-
bearing samples from Amph-Pd and literature data. Primitive mantle values are from Hofmann
[29].

5.2. Trace-element composition
5.2.1. Amphibole
The amphiboles from the band and the pocket display differ-
ent REE patterns (normalized to the CI chondrite values re-
ported by Anders & Ebihara [28]) (Figure 4a, Tables 2 and
3). The pocket amphiboles show extremely LREE-enriched
patterns (LaN = 430–440; LaN/YbN = 26.53–26.80), which

are linearly fractionated in the LREE-MREE region
(LaN/SmN = 9.44–10.07, LaN/DyN = 28.95–31.37), with
an inversion of the slope (from negative to positive) in
the HREE region (Figure 4a, Tables 2 and 3). The REE
patterns of the band amphibole (Figure 4a, Tables 2 and 3)
are still LREE enriched compared to the MREE and HREE
(Figure 4a, Tables 2 and 3), but they show a lower frac-
tionation (LaN/SmN = 1.45–1.51; LaN/YbN = 3.75–3.95),
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Figure 5. Primitive mantle (PM)-normalized trace-element patterns of phlogopite and amphibole
from the phlogopite-bearing samples from Amph-Pd. Primitive mantle values are from
Hofmann [29].

characterized by lower LREE content (LaN = 101–116)
and higher HREE (YbN = 26.20–31.06).
The amphiboles from the two phlogopite-bearing litholo-
gies differ also for other trace-element concentrations and
fractionation (Figure 4b, values normalized to the Primi-
tive Mantle, PM, reported by Hofmann [29]). The pocket
amphibole has higher abundance in Rb, Th, U, Pb, Sr, Zr
and Hf, but lower in Nb, Ta and Ti compared to the band
amphibole (Figure 4b). Besides, pocket amphiboles have
marked negative anomalies for Nb and Ta, with NbN/TaN

< 1, but moderate or absent Zr and Hf anomalies, with
ZrN/HfN slightly lower than 1 (as typically observed in am-
phiboles segregated from primary melts; [30]). In contrast,
band amphiboles display positive Nb and Ta anomalies,
with NbN/TaN < 1, and pronounced Zr and Hf anomalies
with ZrN/HfN > 1 (Figure 4b). Both amphiboles exhibit
negative anomalies for Pb and Ti which are more pro-
nounced in the band. ThN/UN ratio is commonly higher
than 1 (Table 3), with the exception of one crystal from the
pocket with a ratio of 0.96 (Table 3).

5.2.2. Phlogopite
The band phlogopite commonly shows higher trace-
elements abundance compared to the pocket phlogopite,
with the exception of Rb, U, Pb, Zr and Hf (Figure 5, Ta-
ble 2). Rb and Ba contents are higher than the associated
amphiboles. Both phlogopite samples exhibit a negative
Nb anomaly, which is less pronounced compared to that
one of the coexisting amphibole.
The ZrN/HfN ratio in the pocket is around 1 (0.92–1.01),
whereas in the band has higher values (2.11–5.26, Table 3).

A similar behavior is shown by the ThN/UN ratio (0.01–0.02
in the pocket and 0.16–0.48 in the band, respectively,
Table 3). The ZrN/HfN ratio of phlogopite is similar to that
of one of the associated amphiboles, while the (Th/U)N

ratio is slightly different.

6. Discussion

6.1. The nature of the geochemical differ-
ences between the two phlogopite-bearing oc-
currences

The occurrence of phlogopite in the Finero Mafic Complex
is rare and essentially limited to small outcrops within the
Amph-Pd unit: in particular, it is identifiable in a band
(or lens), whose extension cannot yet be defined in detail,
and in a small pocket. Phlogopite also occurs in the host
peridotite of the latter, up to 6.7 cm from the contact.
In the band and in the host peridotite of the pocket, phl-
ogopite is present in an interstitial position, and is often
associated with amphibole (i.e. pargasite), mainly in re-
crystallization zones where the cumulate olivine crystals
underwent grain size reduction with formation of small
neoblasts in a mosaic texture. The hornblendite vein, asso-
ciated with the pocket, is located in a deformation zone of
the host peridotite, which shows a foliated texture charac-
terized by the alignment of black spinel and neoblasts of
olivine. This evidence suggests that the crystallization of
the studied phlogopite-bearing rocks within the Amph-Pd
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unit is due to late melt migration events that occurred
at high T, concomitantly to a deformation regime affect-
ing the Finero Mafic Complex. In particular, the parent
melt of the pocket migrated into the peridotite and was
emplaced in the focused conduits where a strong recrys-
tallization occurred, while the parent melt of the band
intruded pervasively via porous flow in this particular area
of the Amph-Pd unit.
The mineral assemblages of the studied samples are char-
acterized by the abundance of hydrous minerals (i.e. am-
phibole and phlogopite), which suggests that the parental
melts of the phlogopite-bearing rocks in the Amph-Pd
were rich in H2O and alkalis. Moreover, the presence of
phlogopite as a primary liquidus phase is a marker of high
contents of K in the parental melts.
Geochemical data indicates that the parent melt of the
pocket had to be more enriched in K, Rb, Th, U, Pb and
Sr, but relatively depleted in Na, Nb, Ta, Ti and MREE-
HREE with respect to the melt that produced the band
(see the comparison of the composition of amphibole and
phlogopite in Figures 3, 4a,b and 5, Tables 2 and 3). The
parent melt of the pocket had also to be enriched in Si
compared to the band melt, as attested by the abundant
orthopyroxene within the pocket.
The differences in terms of field and petrochemical fea-
tures of the two occurrences suggest that the formation
of the phlogopite-bearing lithologies in the Amph-Pd was
potentially related to two distinct intrusive events related
to the migration of different parent melts under different
rheological and/or stress conditions.
On the other hand, Tiepolo et al. [31] demonstrated that in
Si enriched conditions and at high pressure HREE partition
coefficients between amphibole and alkaline melts become
compatible (> 1), while LREE still behave incompatibly.
Thus, an amphibole-dominated fractional crystallization
of Si enriched melts can induce strong LREE/HREE frac-
tionation in the residual melts (see Fig. 11 in Tiepolo
et al. [31]), with an increase of LREE accompanied by
decreasing HREE. Such a fractionation trend matches the
REE variations displayed by the amphiboles of the studied
samples, assuming that the parental melt of the band was
more primitive than the pocket melt. This process could
also explain the relative depletion of HFSE5+ and Ti in
the pocket amphiboles, because they can be compatible in
amphiboles precipitated from Si enriched liquids [32].
Thus, although the field and petrochemical features doc-
umented in this study point to pronounced differences in
terms of rheological and stress conditions of melt intru-
sion and parent melt composition between the phlogopite-
bearing rocks in the Finero Mafic Complex, a genetic link
through amphibole-dominated fractional crystallization un-
der Si enriched condition similar to that described by
Tiepolo et al. [31, 32] cannot be ruled out.

6.2. Constraints on the relationships among
different units of the Finero Mafic Complex
Siena & Coltorti [3] interpreted the Finero Mafic Complex
as the result of fractionation of a single hydrous basaltic
liquid of transitional affinity. In their model, based on
bulk rock analyses, the formation of the Mafic Complex
is attributed to a fractional crystallization process, with
amphibole as an early liquidus phase after the segregation
of plagioclase. Based on trace-element and isotopic data,
Lu et al. [5, 6] proposed a tholeiitic MORB affinity for the
parent melts, which possibly formed in depleted to slightly
enriched mantle domains. Considering the correlation
between 87Sr/86Sr ratio and K2O and the very low bulk-
rock U and Th contents, Lu et al [5, 6] suggested that the
parent melts of the Finero Mafic Complex did not undergo
contamination by crustal rocks.
However, petrographic evidence suggests that amphibole
and phlogopite crystallized in these rocks during late
processes of melt/fluid intrusions associated with the de-
formation of the cumulate sequence.
Very few data on the mineral chemistry of the Finero Mafic
Complex are available in literature for comparison with
our data. Lu et al. [5] report analyses for bulk rocks,
while Siena & Coltorti [3] present only the average of
major-element analyses for the mineral phases of each
unit. Zanetti et al. [8] give the mineral chemistry of some
EG gabbros composed of plagioclase, clinopyroxene, brown
amphibole, orthopyroxene, ilmenite, magnetite and garnet.
Although the differences in mineralogical associations
can possibly exclude a direct relationship among the
phlogopite-bearing samples studied and the EG rocks
reported by Zanetti et al. [8], the latter are the only avail-
able compositional data of mineral phases from the Finero
Mafic Complex.
Taken together, the EG mineral compositions of Zanetti et
al. [8] differ from those of the pocket and band mainly in
their lower Mg# and Cr2O3 content (Figure 3, Tables 1,
3 and 4). Conversely, the TiO2 content of amphibole is
higher (Figure 3, Tables 1, 3 and 4). The trace-element
composition of amphibole shows a different geochemical
affinity between the rocks studied here and those from the
EG unit (Figure 4a,b). In particular, the EG amphiboles
[8] have lower abundances for the highly incompatible
elements (Th, U, Ba, Nb and Ta) and a negative anomaly for
Sr (Figure 4b). Their REE patterns are depleted for LREE
and flat from MREE to HREE for garnet-free samples,
while garnet-bearing gabbros show fractionated patterns
with depletion in HREE compared to MREE. Instead, the
amphiboles studied here show patterns enriched in LREE
and slightly fractionated from MREE to HREE (Figure 4a).
Thus, the mineralogical, petrographic and geochemical
differences between the phlogopite-bearing rocks and the
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EG samples suggest that the parental melt of the former
is unrelated to the EG intrusion.

6.3. Comparison with the lithologies of the
Ph-Pd unit

Presently, there is no evidence of a direct relationship
between the parent melt of the Finero Mafic Complex and
the melts that metasomatized the Ph-Pd unit. In particular,
the parent melt of the Finero Mafic Complex has been
assumed to be a hydrous MORB with tholeiitic-transitional
affinity [3, 5, 8], whereas the metasomatism of the mantle
unit occurred due to the migration of melt/fluid having a
strong crustal slab-derived component [4, 7, 16–22, 33]. A
possible genetic mismatch between the metasomatism of
the mantle and the magmatic intrusion into the lower crust
is also supported by the tectonic nature of the contact
between the LIZ and Ph-Pd units.
However, ages reported in the literature for the Finero
Mafic Complex intrusion event and the metasomatism of
the Ph-Pd unit largely overlap. According to Zanetti et
al. [8] and Gebauer [34] the intrusion of the EG unit
occurred between 238–232 Ma (U-Pb SHRIMP zircon
ages). Consistently, Lu et al. [6] determined ages ranging
from 231 ± 23 Ma to 203 ± 13 Ma for the LIZ three- and
two-point Sm/Nd internal isochrons. The LIZ three-point
isochrons are closer to the older Triassic ages of the EG
zircons, while the two-point Sm/Nd internal isochron from
LIZ [6] shows younger ages (214 ± 17 Ma and 203 ±
13 Ma). Interestingly, Zanetti et al. [8] analyzed some
recrystallized ‘white pest’ rims on magmatic zircons from
the EG unit that provided younger discordant ages between
219 ± 3 and 205 ± 3 Ma, comparable with the younger
ages reported by Lu et al. [6] for the LIZ. Zanetti et al.
[8] suggested that the younger rim ages are the result of
a fluid-assisted recrystallization event. This event was
roughly associated with the injection of alkaline melts
forming discordant dykes and pods within both the mantle
and crustal Finero lithologies [35–40]. U-Pb analysis of
zircons dates the intrusion of pegmatoid, nepheline-bearing
alkaline dykes crosscutting the Mafic Complex at 226 ±
1.2 Ma [37, 38] and between 214–212 Ma [39].
For the mantle lithologies, ages obtained with different
methods span between 240–163 Ma [4, 17, 21, 41–43].
In particular, Morishita et al. [21] determined a three-
dimensional concordia isochron age of 215 ± 35 Ma (U-Pb
SHRIMP data) in apatite from a vein within the Ph-Pd
rocks, while Matsumoto et al. [42] obtained a 4-point
isochron Ar/Ar age at 240 ± 41 Ma for the peridotite
hosting the apatite-bearing vein. U-Pb zircon ages were
performed to determine the crystallization age of the mas-
sive chromitites within dunite bodies inside the Ph-Pd

unit [17, 43]. Conventional multigrain dating has been per-
formed by von Quadt et al. [43], resulting in a concordant
age of 204 ± 4 Ma with intercepts at 208 ± 4 to 207 ± 5
Ma. Analogous determinations by Grieco et al. [17] define
an intercept age of 208 ± 2 Ma, but reveal the presence
of an inherited component that plots, reverse discordant,
at about 225 Ma.
In summary, both mantle and crustal rocks of the Finero Se-
quence show crystallization-recrystallization age intervals
that strongly overlap and a possible relationship between
them cannot be excluded.
The mineralogical assemblages of both the band and the
pocket (amphibole + phlogopite ± orthopyroxene) would
suggest a possible relationship with the metasomatizing
melts/fluids that pervasively flowed through the Finero
mantle unit. Metasomatism involved the extensive recrys-
tallization and formation of new hydrous phases (amphi-
bole + phlogopite). In fact, the metasomatic mineralogical
association within the Ph-Pd, formed by pervasive crystal-
lization of amphibole + phlogopite ± orthopyroxene in a
depleted harzburgite [4, 7], is comparable to that one of
the band and pocket in the Amph-Pd unit. Mineral com-
positions of the phlogopite-bearing amphibole harzburgite
and associated phlogopite-bearing amphibole websterites
of the Ph-Pd unit [7] show higher Mg#, SiO2 and Cr2O3

contents compared to the minerals from the Amph-Pd unit
(Figure 3, Tables 1, 3 and 4). The latter commonly has
higher Al2O3 content than the Ph-Pd unit minerals, while
only the pocket amphibole and phlogopite show high K2O
(Figure 3, Tables 1, 3 and 4).
The REE patterns of amphibole from the Ph-Pd unit [7]
show similarities with those from the band and pocket
(Figure 4a), but with lower element concentrations: they
are enriched in LREE and fractionated to almost flat for
the HREE. In particular, amphibole from Ph-Pd unit coex-
isting with apatite has REE patterns similar to those of
the band amphibole, with almost-flat trends for LREE and
HREE (Figure 4a), while amphibole from the apatite-free
portions of the Ph-Pd unit shows similar highly LREE-
MREE fractionated trends to the pocket amphibole (Fig-
ure 4a, LaN/SmN = 2.42–3.36 and 9.44–10.07, respectively)
and the same slightly negative Eu anomaly (EuN/EuN* =
0.78–1.02 and 0.80–0.88, respectively). Trace-element
concentrations reflect the REE similarities (Figure 4a,b).
Amphibole from apatite-bearing Ph-Pd [7] shows similar
positive Nb and negative Zr and Ti anomalies as the band
amphibole. They differ for the Rb absolute concentration
(higher in the band amphibole) and for Sr, which is slightly
enriched in the Ph-Pd compared to the Amph-Pd band.
The band amphibole also shows higher abundance for
other trace-elements, possibly related to melt fractionation.
Similarly, but more pronounced, the trace-element concen-
trations in pocket amphibole are higher than the amphibole
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from the apatite-free Ph-Pd unit [7]. Both minerals have
negative Nb, Zr and Ti anomalies: Nb and Zr are less
pronounced in the pocket amphibole while Ti is higher
compared to the amphibole from the apatite-free Ph-Pd
unit.
Similarities between the lithologies of the phlogopite-
bearing Amph-Pd and the Ph-Pd units provide a possible
relationship between the two events of (re)crystallization.
In particular, the major- and trace-element mineral compo-
sitions suggest that the late melts intruding the Amph-Pd
peridotites are similar to the metasomatizing melts/fluids
in the Ph-Pd mantle unit, but more fractionated. The frac-
tionation must have induced a depletion of SiO2, Cr2O3

and MgO and enrichment of Al2O3, FeO and K2O as re-
vealed by major-element mineral composition (Figure 3,
Tables 1 and 3).
The depletion in SiO2 of the parent melt of the phlogopite-
bearing Amph-Pd rocks provide for the absence of orthopy-
roxene in the early stage of crystallization (orthopyroxene
does not occur in the band and is only present in the pocket
but not in the parental hornblendite vein). Melt fractiona-
tion induced an enrichment of trace-element composition,
which is higher in the phlogopite-bearing Amph-Pd rocks
compared to those of the Ph-Pd mantle unit. This is mainly
evident for the amphibole from the apatite-free Ph-Pd unit
[7] and the pocket amphibole, while the band amphibole
shows lower abundances for Rb and Sr compared to the
apatite-bearing mantle samples. Although, the mineralogi-
cal and geochemical evidences suggest a possible relation-
ship between the phlogopite-bearing Amph-Pd rocks and
the metasomatized lithologies of the Ph-Pd unit, further
isotopic analyses are required to constrain the origin of
the Amph-Pd rocks.

7. Conclusions
This work presents new data on the Finero Mafic Complex.
The occurrence of phlogopite, previously reported as ‘rare’
[2], is described in detail in two distinct occurrences within
the Amph-Pd unit. The first of them represents a spatially
uncertain band or lens, where phlogopite occurs as a sec-
ondary accessory phase mainly associated with amphibole.
In this rock, based on petrographic and geochemical evi-
dence, the amphibole-phlogopite association appears to be
related to a late pervasive melt intrusion within a dunitic
protolith. Phlogopite also occurs in a vein and pocket
crosscutting the foliation in the peridotite of the Amph-Pd
unit at a high angle. The vein and pocket are developed
along a deformation zone within the peridotite. Within
the vein, phlogopite is mainly associated with amphibole,
while in the pocket the amphibole modal content decreases
and orthopyroxene becomes the main mafic phase.

The mineral chemistry of these phlogopite-bearing litholo-
gies within the Amph-Pd unit is different from other rocks
of the Finero Mafic Complex and shares many similar-
ities with the metasomatic mineralogical assemblage of
the Finero mantle massif (i.e. the Ph-Pd unit). There-
fore, we suggest a possible direct genetic relationship
between the metasomatizing melts/fluids that recrystal-
lized the Finero mantle massif and the parental melts of
the phlogopite-bearing rocks in the Mafic Complex. We
emphasize, however, that isotopic analyses are needed to
verify this hypothesis, which, if confirmed, will provide new
important constraints on the geodynamic evolution of the
Finero area.
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