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Carbonate
tite-rich peridotite layers (AP-layer) occur in the Finero phlogopite–peridotite
massif (western Italian Alps). The AP-layer and the host peridotite are characterized by higher concentration of
REE (total REE N 80ppm), especially LILE, and lower HFSE, than those of the other rocks in the Fineromassif. The
AP-layers and their host peridotites have bulk silicate Earth-like Sr andNd-isotope compositions except for one
sample containing rare carbonate aggregates. The carbonate aggregates occur in a late serpentine-talc veinlet
and show relatively high d13C and d18O, high 87Sr/86Sr and lower ɛNd than the other samples. These results,
combined with the previous data, indicate that the carbonates formed late at relatively low temperatures. The
petrochemical results along with the literature suggest that the AP-layer was locally formed from a
metasomatic agent geochemically distinct from that formerly producing phlogopite-bearing harzburgite
widely distributed throughout the massif. We propose that the metasomatic agent for the AP-layer was an
orthopyroxene-saturated, CO2-bearing hydrous fluid/melt that evolved through the crystallization of
metasomatic minerals upon reactions with peridotites. Sensitive high-resolution ion microprobe (SHRIMP)
analyses of apatite grains yielded a Tera-Wasserburg concordia three-dimensional isochron age of 215 ± 35Ma
in the 238U/206Pb–207Pb/206Pb–204Pb/207Pb diagram. The age is similar to intrusions in the Finero area,
suggesting that the carbonate- and apatite-metasomatism was synchronous with Triassic magmatic activity.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Mantle metasomatism is caused by the infiltration of metasomatic
fluids or melts in diverse tectonic settings under a wide range of P–T
conditions (e.g., Zinngrebe and Foley 1995; Vannucci et al., 1998;
Wulff-Pedersen et al., 1999; Arai et al., 2003; Morishita et al., 2003a;
Arai et al., 2004). Apatite in mantle xenoliths has been reported from
intraplate or continental rift settings (e.g., Griffin et al., 1988; O'Reilly
and Griffin, 1988; Yaxley et al., 1991; Hauri et al., 1993; Rudnick et al.,
1993; Ionov et al., 1996; Bedini and Bodinier, 1999; Kaliwoda et al.,
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2007; Kaeser et al., 2007), mantle wedges (e.g., McInnes and Cameron,
1994; Laurora et al., 2001; Demény et al., 2004) and backarc litho-
sphere (Rivalenti et al., 2004). Apatite contains high concentrations of
rare earth elements (REE), Cl, F, U, Th, Sr and hence, plays an important
role in the behavior of these elements in the upper mantle (e.g.,
Watson, 1980; Exley and Smith, 1982; Griffin et al., 1988; O'Reilly and
Griffin, 1988, 2000; Ionov et al., 2006). The study of the formation of
mantle-derived apatite helps in understanding not only the metaso-
matic processes that locally modify the mantle compositions but also
the behaviour of incompatible elements in the upper mantle.

The Finero phlogopite–peridotitemassif in thewestern Italian Alps
is well known as a highly metasomatized peridotite massif, which has
abundant metasomatic minerals, particularly phlogopite and amphi-
bole (Exley and Smith, 1982; Cumming et al., 1987; Voshage et al.,
1987; Hartmann & Wedepohl, 1993; Zanetti et al., 1999; Grieco et al.,
2001, 2004; Prouteau et al., 2001; Morishita et al., 2003b; Zaccarini
et al., 2004; Raffone et al., 2006). The apatite- and carbonate-bearing
rocks in the Finero massif were first documented by Zanetti et al.
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Fig. 2. Microtexture of apatite-rich layer. (a) X-ray intensity maps in Si of the thin
apatite-rich layer showing inhomogeneous distributions of apatite and amphibole in
the thin layer. Note that apatite and amphibole are more abundant in the right hand
than in the left hand. (b) Back-scattered electron image of a part of (a) showing
occurrences of minor minerals. Note that carbonate minerals are locally distributed in
the sample. amph=amphibole, ap=apatite, cpx=clinopyroxene, FeNiS=Fe-Ni-sulfide,
ol=olivine, opx=orthopyroxene, phl=phlogopite, spl=spinel.
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(1999) around the pyroxenite layers (wehrlite in modal compositions)
whereas Morishita et al. (2003b) further reported an apatite-rich
peridotite layer (AP-layer) from this area. The origin of the metaso-
matic agent and nature of metasomatic processes that operated in the
Finero massif are still in debate. This paper presents the compositions
and isotope data of whole-rock samples and metasomatic minerals,
as well as the in-situ U–Pb ages of apatite in order to discuss the
evolution of the metasomatic agent responsible for the formation of
the AP-layer in the Finero massif.

2. Geological background

The Finero mafic–ultramafic complex represents the northwestern
basal portion of the Ivrea zone, a slice of lower crustal rocks of the
African plate accreted onto the European plate during the Alpine
orogenesis (Nicolas et al., 1990), at the western end of the Southern-
Alpine domain. The entire complex has been folded into a tight antiform
and divided into fourmain units: (1) uppermetagabbro, (2) amphibole–
peridotite, (3) lowermetagabbro, and (4) phlogopite–peridotite (Lensch,
1968; Hunziker, 1974; Cawthorn, 1975; Coltorti and Siena, 1984; Siena
and Coltorti, 1989; Voshage et al., 1987; Hartmann and Wedepohl,
1993). The phlogopite–peridotite unit (unit 4) consists of dunite and
harzburgite with minor clinopyroxenites and chromitites. Platinum-
groupminerals, zircon, zirconolite and Zr–Th–Umineralswere reported
from chromitites by Ferrario and Garuti (1990), Grieco et al. (2001,
2004), and Zaccarini et al. (2004).

Previously reported ages of the massif include zircon ages of the
chromitites, 204–208 Ma (Von Quadt et al., 1993, Grieco et al., 2001)
and K–Ar ages of phlogopite and amphiboles, 206 ± 9Ma and 1290 ±
75Ma, respectively (Hunziker, 1974): the latter unrealistic old age of
amphibole was explained by excess 40Ar in the sample. Hunziker
(1974) also obtained a 40K–40Ar isochron age of 180 Ma from the
phlogopite and amphibole samples. Hartmann and Wedepohl
(1993) obtained Rb–Sr ages varying from 226 to 163Ma based on
four amphibole–phlogopite pairs. They also cited a 39Ar/40Ar plateau
age of 220 ± 3Ma for phlogopite from the unpublished data of V. H.
Friedrichsen.

Peressini et al. (2007) summarized the available geochronological
data from the Ivrea–Verbano Zone. Magmatic and/or thermal
activities at around 220 Ma were extensively documented in and
around the Finero complex (Peressini et al., 2007 and references
therein). Stähle et al. (1990, 2001) reported alkaline dykes (carbonate-
bearing hornblendites and zircon-bearing syenite pegmatite) of
Triassic age (220–225Ma). They interpreted that the alkaline magma-
Fig. 1. Sawed surface of the studied phlogopite–peridotite with an apatite-rich layer.
Boxes with label show samples which were analyzed for both major- and trace-element
compositions.
tism was originated by the partial melting of a metasomatized
peridotite of upwelling asthenosphere, whereas Vavra et al. (1999)
suggested that these dykes crystallized from alkaline fluids. Oppizzi
and Schaltegger (1999) reported a U–Pb zircon age of 212.5 ± 0.5Ma
from a plagioclase lens in a layered gabbro near the Finero peridotite
massif and interpreted it as a result of the thermal/hydrothermal
activity in the lower and middle crustal levels. Voshage et al. (1987)
reported a Sm–Nd whole-rock age of 270 ± 57Ma for phlogopite-free
peridotite (amphibole–peridotite and also gabbro) in the Finero. Lu
et al. (1997) reported a Sm–Nd mineral isochron age of 230 and
210 Ma from the Internal Gabbro Unit in the Finero Complex and
interpreted this as a result of a regional heating event. On the contrary,
Boriani and Villa (1997) inferred the age as an alteration age.

Triassic geodynamic setting in the Southern Alps including the
Ivrea Zone is still in debate (Castellarin et al., 1988; Stähle et al., 2001).
On the basis of the correlation of radiometric thermal history with
microstructures of the metamorphic rocks, Handy and Zingg (1991)
suggested that the extension (crustal rifting) event might have
occurred at around Middle Triassic to Early Jurassic stage. The alkaline
Triassic magmatic event documented by Stähle et al. (1990, 2001) also
supports a rifting event. On the other hand, Castellarin et al. (1988)
reported that Triassic magmas with orogenic character are present in
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the Southern Alps. These coupled with the compressional tectonic
structures recognized in the eastern part of the Southern Alps (Pisa
et al., 1980; Doglioni, 1987) favor a subduction setting rather than a
rifting model (Castellarin et al., 1980, 1988; Pisa et al., 1980).

3. Sample description

A large boulder of amphibole-rich harzburgite, 0.8m × 0.4m × 0.3m
in size, was collected from the Cannobino river at the Finero village
(GPS coordinate: 46°06′15.3″N, 8°37′03.7″E) The harzburgite contains
disseminated grains of phlogopite in associationwith coarse (~ 2 mm)
amphibole (Fig. 1). It also contains several AP-layers (b 1 cm in width)
that consist of fine-grained (b 100 µm in most cases) olivine,
orthopyroxene, spinel, amphibole, apatite, sulfide minerals with
minor phlogopite, carbonate and clinopyroxene (Fig. 2). Each AP-
layer is divided into apatite-rich part (up to 10 modal% apatite) and
volumetrically major apatite-poor part (b 1 modal% apatite) (Fig. 2).
The apatite-rich part contains abundant amphibole and carbonate
minerals (Fig. 2a). Apatite (10–100 µm in size) is Cl-rich (N 2wt.%;
Morishita et al., 2003b). The AP-layer is also characterized by the
presence of olivine grains rimmed by orthopyroxene (b 10 µm
wide) (Fig. 2a). The orthopyroxene contains small amounts of Al2O3

(b 0.2wt.%), Cr2O3 (b 0.05wt.%) and CaO (b 0.2wt.%) (Morishita et al.,
2003b). Apatite and carbonate also rarely appear in the host
harzburgite adjacent to the AP-layer.

Two types of carbonates are recognized. The first type is fine-
grained (usually b 10 µm in size) dolomite closely associated with
apatite along the grain boundaries of olivine in AP-layers (Fig. 2b;
Morishita et al., 2003b). The second type rarely occurs as carbonate
aggregates (N 100 µm in size) associated with Mg-poor olivine (Fo =
86) in late serpentine-talc veinlets that cut both the AP-layer and its
host rock (Fig. 3).

Clinopyroxene, b 10 µm in size, is rare (less than 1 modal%) in the
AP-layer (Fig. 2b). Two types of phlogopites (K-phlogopite and Na-
phlogopite) are present in the AP-layer. K-phlogopite (1wt.% Na2O) is
commonly associated with amphibole, whereas rare Na-phlogopite
(5wt.% Na2O) is present in the apatite-rich part of the AP-layer.

4. Chemical compositions

4.1. Analytical methods

For the analyses of whole-rockmajor- and trace-element composi-
tions, the rock sample containing an AP-layer was cut into ~ 1 cm thick
slices perpendicular to the AP-layer, and the slab was further divided
into ~ 1 cmwideparallel to theAP-rich layer. A sample, ~ 1 cm×~ 1 cm×
1 cm, containing the AP-layer in the first slice was named A1, whereas
the other pieces of the country rock were named B1, C1, D1 and E1
(Fig. 1). The whole-rock major-element compositions (Table 1) were
determined on fused disks with an X-ray fluorescence spectrometer
(Shimadzu SXF-1200 with a Rh anode tube) at Nagoya University
following the method of Yamamoto and Morishita (1997) and Takebe
and Yamamoto (2003). For calibration, JA-, JB- and JP-series reference
rock samples distributed from the Geological Survey of Japan (GSJ)
were used following the method of Sugisaki et al. (1977). Analytical
precisionwas estimated to be b 1% for SiO2, b 3% for TiO2 at the level of
b 0.1 wt.% and 3% for other elements. Accuracy was b 5% based on the
repeated analyses of selected reference rock standards distributed by
the GSJ (Appendix). The whole-rock trace-element concentrations
Fig. 3. Occurrence of large carbonate grains in an altered vein. (a) Back-scattered
electron image of the altered vein containing large carbonate grains. (b) Back-scattered
electron image showing occurrence of carbonate grains in a part of (a). Carbonate grains
are partly in contact with Fe-rich olivine (brighter grains). (c) X-ray intensity maps in Ca
of (b). Bright part means high content of Ca. AP-layer=apatite-rich layer, Fo=forsterite
component, Dol=dolomite, Ol=olivine, Serp=serpentine, Spl=spinel.



Table 1
Whole-rock major- and trace-element compositions of the apatite-rich layer (A1) and
the host rock (B1, C1, D1 and E1)

wt.% A1 B1 C1 D1 E1

SiO2 39.40 40.37 37.58 41.63 40.41
TiO2 0.01 0.00 0.00 0.01 0.00
Al2O3 1.26 1.09 0.96 1.34 1.10
Fe2O3 7.41 7.98 8.09 7.79 8.05
MnO 0.11 0.12 0.11 0.11 0.11
MgO 42.58 44.44 44.80 43.53 45.18
CaO 1.70 1.11 1.48 1.36 1.27
Na2O 0.19 0.14 0.16 0.20 0.16
K2O 0.10 0.08 0.08 0.10 0.09
P2O5 0.43 0.01 0.01 0.01 0.01
Total 93.19 95.34 93.27 96.09 96.38
Mg/(Mg+Fe⁎) 0.891 0.888 0.887 0.888 0.888
Si/(Mg+Fe⁎) ppm 0.772 0.756 0.697 0.796 0.745
Sc 9.80 n.d. 10.01 10.16 11.72
Sr 235 n.d. 81.0 64.8 44.7
Y 2.78 0.88 0.63 0.57 0.40
Ba 30.8 n.d. 23.7 27.2 9.79
La 30.2 3.24 2.41 2.37 1.64
Ce 36.1 5.12 3.59 3.24 2.14
Pr 2.79 0.47 0.32 0.28 0.19
Nd 8.30 1.55 1.11 0.98 0.67
Sm 0.95 0.23 0.18 0.17 0.12
Eu 0.23 0.06 0.05 0.04 0.03
Gd 0.64 0.18 0.13 0.13 0.10
Tb 0.08 0.02 0.02 0.02 0.01
Dy 0.46 0.14 0.11 0.10 0.08
Ho 0.09 0.03 0.02 0.02 0.02
Er 0.26 0.10 0.07 0.07 0.05
Tm 0.04 0.02 0.01 0.01 0.01
Yb 0.25 0.11 0.08 0.08 0.06
Lu 0.04 0.02 0.01 0.01 0.01
Th 5.24 n.d. 0.36 0.46 0.35
U 1.24 n.d. 0.51 0.06 0.06

See Fig. 1 and text for details. Mg/(Mg+Fe⁎) and Si/(Mg+Fe⁎) are atomic ratios (Fe⁎ is
total iron).
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(Table 1) were determined by an Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS) (Yokogawa HP 4500) at Nagoya University
following the methods described by Takayanagi et al. (2000) and
Takebe and Yamamoto (2003). About 50mg samples were digested
withHF (1ml)-HClO4 (0.5ml)mixture on a hot plate at 180 °C andwere
subsequently dissolved in 1.7M HCl. Chromian spinel did not
completely dissolve in the solution, but this does not affect the
concentrations of elements discussed in this paper because spinel is
low in abundance (usually b 1modal%) and does not incorporatemuch
of these elements (e.g., Takazawa et al., 2003). The sample solutionwas
subjected to cation chromatographic separation (Dowex 50WX8) of
REEs from major elements and Ba. Finally, the sample solution was
dissolved in 2% HNO3 for ICP-MS analyses. Mixed standard solutions
made from the individual REE oxides were used as external calibration
standards for REE analyses. Standard solutions for trace elements other
than REEs were made from a standard composite glass prepared by
Yamamoto and Morishita (1997) for trace-element determinations by
XRF. Interference of light REEs oxides on heavy REEs masses was
corrected applying respective oxide factors of LREEs determined by the
measurement of 20ppb LREE solutions. Both In and Bi were employed
as internal standards. Analytical errors were estimated to be b 10% for
Ba, Th and U, and b 3% for other elements including REEs. Precision
and accuracy of GSJ JB-1 and USGS BCR-1 with the same analytical
conditions appear in Yamamoto et al. (2005).

Major-element compositions of amphibole (Table 2) were deter-
mined by the Electron Microprobe analysis (EMPA: JEOL-JXA8800) at
the Center for Cooperative Research of Kanazawa University following
the procedure described in Morishita et al. (2003a,b). The analytical
conditions were as follows: 20kV accelerating voltage, 20nA beam
current and 3 µm beam diameter. Natural and synthetic minerals were
used as calibration standards. The raw data were converted to wt.%
with the JEOL software using ZAF corrections. Trace-element com-
positions (Li, Sc, Ti, V, Rb, Sr, Y, Zr, Nb, Cs, Ba, REE, Hf, Ta, Pb, Th, U) of
amphiboles (Table 2) and apatites (Table 3) were determined using an
ICP-MS (Agilent 7500S) equipped with an ArF excimer laser ablation
system (193 nm, 5 Hz: MicroLas GeoLas Q-plus) at the Incubation
Business Laboratory Center of Kanazawa University (Ishida et al.,
2004). Ablation of an area with a diameter of 50 µm and 10 µm was
required for amphibole and apatite, respectively. The peak of 42Ca was
monitored as internal standard, as described in Longerich et al. (1996),
and the NIST SRM 612 and 610 glasses were used as the calibration
standards for amphibole and apatite, respectively. These glasses were
analyzed at the beginning of each batch of analyses (within 8 analyses)
with a linear drift correction of standard intensities applied between
each calibration. The element concentrations of glasses were taken
from Pearce et al. (1997). Detailed analytical procedures, and the
precision and accuracy of the data on NIST SRM 614 and BCR-2g
reference standard glasses with the same analytical conditions appear
in Morishita et al. (2005a,b).

For Sr- and Nd-isotope analyses (Table 4), three small pieces were
selected. Two samples (T-X and T-1) containing AP-layer, similar to A1
of Fig. 1, and one peridotite (T-2) adjacent to the T-1, similar to B1 of
Fig. 1. Note that the T-2 (host peridotite) contains fine-grained part
where apatite and carbonate are found (Morishita et al., 2003b).
Samples were subjected to sequential leaching using 0.15N HCl and
2.5N HCl, which dissolve carbonate and apatite, respectively (Griffin
et al., 1988). This is confirmed by qualitative analyses of leachates
using ICP-MS, which showed Ca, Mg, Sr with no P in 0.15N HCl and P in
2.5 HCl. Onewhole-rock sample containing AP-layer (T-1) andmineral
separates (amphibole and apatite) by handpicking were also prepared
for conventional chemical digestion procedures. It should be noted
that it was impossible to eliminate the contamination of other
minerals for the apatite fraction because of tiny grains. However other
transparent minerals (mainly olivine and minor orthopyroxene) are
very low in trace-element concentrations. Thus elemental contamina-
tions from these minerals are neglected. For isotope analysis, Sr and
Nd were separated using the cation resin and orthophosphaoric acid-
coated Teflon beads. Isotopic measurements were made on a multi-
collector thermal ionization mass spectrometer (Finnigan MAT 261)
at the Ottawa-Carleton Geoscience Centre. The ratios for the Sr- and
Nd-isotopes were normalized to 86Sr/88Sr of 0.1194 and 146Nd/144Nd
of 0.7219. During the course of isotopic analysis, measurements of
NBS987 and LaJolla gave 87Sr/88Sr of 0.710257 ± 22 (2σ, N = 8) and
143Nd/144Nd of 0.511880 ± 13 (2σ, N = 8).

Carbon and oxygen isotope compositions of dolomite were deter-
mined on the whole-rock powder mixed with 100% orthophosphoric
acid. The sample was kept in vacuum at 25 °C for 24h to allow the
removal of calcite, but no CO2 was released during the period,
confirming the absence of calcite in the sample. This is followed by
the reaction of themixture for 48h at 50 °C for the extractionof CO2 from
dolomite. The isotopic measurement of CO2 was performed on a Delta
XP and a Gas Bench II, both from Thermo Finnigan at the University of
Ottawa.

In-situ isotope analyses of apatite were carried out on a polished
section using a SHRIMP at the HiroshimaUniversity. A ~ 5nAO2

− primary
beam at an energy of 10 keV was focused to a 10 µm-diameter area and
the secondary ionswere extractedwith an acceleration voltage of 10 kV.
The mass resolutionwas 5800 at 1% peak height of 208Pb. Experimental
details and the calibration of data using a reference apatite, “PRAP”, from
1156Ma Prairie Lake complex in Canada are described in Sano et al.
(1999a,b; 2000). Thirteen areaswere analyzed from theapatite-richpart
in one section. Uranium concentration, 238U/206Pb, 207Pb/206Pb, 206Pb/
204Pb and 208Pb/204Pb ratios of apatite in the apatite-rich layer are listed
in Table 5. Uncertainties of these concentrations are ± 30% based on the
repeatedmeasurements of the reference apatite. An isochronmethod is
used, because of the generally lower ratio of radiogenic to commonPb in
apatite.



Table 2
Major- and trace-element compositions of amphiboles

Host Toward to Apatite-rich layer Apatite-rich layer

Anal. no. wt.% #6 #8 #11 #13 #15 #17 #18 #24 #29 #34 #38 #39

SiO2 45.62 45.45 45.61 45.51 45.57 45.42 45.54 45.75 45.04 45.28 44.56 45.29
TiO2 0.41 0.35 0.39 0.37 0.37 0.40 0.36 0.35 0.36 0.42 0.35 0.33
Al2O3 11.07 11.66 11.21 11.18 11.46 11.15 11.27 11.21 10.81 11.06 11.13 10.90
Cr2O3 1.99 1.99 2.03 2.02 1.96 1.80 1.80 1.81 1.94 1.93 1.88 1.86
FeO 3.40 3.51 3.55 3.42 3.52 3.51 3.47 3.44 3.46 3.60 3.50 3.39
MnO 0.00 0.07 0.03 0.05 0.05 0.04 0.04 0.07 0.05 0.04 0.03 0.05
MgO 18.99 18.78 18.86 19.01 19.00 19.09 19.09 19.03 19.09 19.00 18.86 18.93
CaO 11.99 11.97 12.02 11.88 11.95 12.10 12.12 12.16 12.24 12.31 12.58 12.56
Na2O 2.23 2.51 2.29 2.42 2.40 2.48 2.51 2.39 2.27 2.36 2.45 2.46
K2O 0.90 0.87 0.90 0.88 0.75 0.69 0.72 0.76 0.74 0.74 0.72 0.69
total 96.62 97.17 96.89 96.73 97.00 96.67 96.91 96.96 96.02 96.73 96.05 96.46
Mg# 0.909 0.905 0.904 0.908 0.906 0.906 0.907 0.908 0.908 0.904 0.906 0.909
K# ppm 0.210 0.186 0.206 0.194 0.170 0.155 0.159 0.173 0.177 0.172 0.162 0.157
Li 0.54 0.83 0.53 b0.6 0.71 b0.6 b0.5 b0.6 b0.6 b0.5 b0.6 b0.5
Sc 75 83 73 74 75 80 80 79 77 82 84 79
Ti 2584 2714 2496 2490 2607 2571 2610 2617 2584 2672 2730 2624
V 338 357 328 328 329 345 350 347 349 368 364 352
Rb 17 15 18 15 11 3.8 4.3 6.0 5.7 6.2 5.3 5.8
Sr 602 686 691 748 839 875 907 933 888 977 930 890
Y 6.0 7.9 7.8 9.8 12 22 21 22 22 25 24 23
Zr 29 32 29 29 29 30 30 31 30 32 32 30
Nb 2.2 2.9 2.5 3.7 4.2 7.3 7.4 8.5 8.5 11 8.7 8.5
Cs 0.04 0.02 0.03 0.02 0.02 b0.02 b0.02 b0.02 b0.02 b0.02 b0.02 b0.02
Ba 183 247 238 290 190 198 227 239 228 276 237 231
La 28 33 33 38 47 57 55 57 57 57 61 56
Ce 44 53 52 62 88 121 116 121 122 126 128 122
Pr 3.6 4.6 4.3 5.5 7.8 12 12 12 12 13 13 12
Nd 11 15 13 18 25 42 39 41 42 47 45 43
Sm 1.7 2.2 2.1 2.6 3.3 6.1 5.9 6.2 6.2 7.2 6.6 6.3
Eu 0.49 0.59 0.57 0.72 0.92 1.7 1.6 1.7 1.8 1.9 1.8 1.7
Gd 1.2 1.5 1.4 1.8 2.5 4.4 4.3 4.5 4.5 5.5 5.0 4.9
Dy 0.93 1.2 1.1 1.5 2.0 3.5 3.3 3.5 3.6 4.3 4.0 3.7
Er 0.59 0.76 0.76 0.86 1.1 2.1 2.0 2.0 2.0 2.3 2.2 2.1
Yb 0.74 0.95 0.86 0.97 1.4 2.0 2.0 2.1 2.2 2.2 2.2 2.2
Lu 0.11 0.14 0.13 0.18 0.20 0.28 0.29 0.32 0.31 0.32 0.32 0.30
Hf 0.68 0.81 0.75 0.66 0.71 0.81 0.82 0.77 0.74 0.85 0.87 0.81
Ta 0.09 0.12 0.11 0.11 0.13 0.14 0.16 0.16 0.16 0.18 0.17 0.17
Pb 3.0 3.0 2.9 3.0 3.2 3.0 3.3 3.4 3.2 3.5 3.3 3.3
Th 2.3 2.1 2.4 2.2 2.1 2.4 2.6 2.7 2.6 2.9 3.0 2.5
U 0.32 0.29 0.30 0.31 0.27 0.25 0.32 0.41 0.35 0.42 0.39 0.32

FeO⁎ is total iron. Mg#=Mg/(Mg+Fe2+) atomic ratio, K#=K/(K+Na) atomic ratio. Anal. No.=name of analyzed point. Detection limit was calculated for each analysis.
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4.2. Whole-rock chemical compositions

The slice containing AP-layer (A1) is higher in CaO and P2O5

contents than the surrounding peridotitic ones (Table 1). Whole-rock
major-element compositions of peridotite samples are controlled by
modal mineralogy, because of the large grain size of minerals, in
particularly, orthopyroxene (~ 2 mm) and amphibole (~ 2 mm). For
example, the D1 slice contains high Al2O3 and CaO contents because of
the abundant amphibole in the slice.

All samples show high LREE relative to HREE and a positive Sr
anomaly in chondrite-normalized patterns (Fig. 4). The A1 slice
contains high concentrations of REE, U, Th and Sr than the other slices.
The A1 slice shows higher LREE/HREE ratio ((La/Yb) n = 82) than the
other ones ((La/Yb) n = 18–19). The whole-rock REE concentrations
increase toward the AP-layer, but chondrite- and primitive mantle-
normalized REE and trace-element patterns are similarly fractionated
among the different samples.

4.3. Mineral compositions

Amphibole is pargasite following the classification of Leake et al.
(1997). All amphibole grains contain high LREE relative to HREE
(Fig. 5) and show a positive Sr anomaly with low concentrations of
HFSE (Fig. 6). The total REE concentrations in amphiboles increase
closer to the AP-layer whereas the HFSE concentrations do not
show any change (Fig. 5). Amphiboles in the AP-layer show lower K/
(K + Na) ratios than those in the host peridotite. Zanetti et al. (1999)
found Nb-enriched edenite in their apatite-bearing samples (Fig. 6),
but we did not find high Nb contents (b 11ppm) in amphibole during
our study.

Apatite grains show extremely high LREE relative to HREEwith low
concentrations of HFSE relative to REE (Fig. 7). The HREE concentra-
tions are positively correlated with Th (50–250ppm) and U (25–
75ppm). Trace-element characteristics of apatite in the AP-layer are
similar to those associated with the metasomatized wall-rock
peridotites, “Apatite A”, of O'Reilly and Griffin (2000).

4.4. Isotopic compositions

Strontium and Nd-isotope compositions are calculated at 215Ma
(Fig. 8), the apatite age obtained in this study (see below). The initial
isotope compositions for the samples, particularly carbonates and
apatite, are assumed to be similar to the present values because of
high Sr/Rb and Nd/Sm (e.g., Tsuboi, 2005). Carbonates in an AP-layer
sample (T-X) that contains carbonate aggregate show high 87Sr/86Sr
(0.70893) and low 143Nd/144Nd (0.51235) compared to whole-rock
(0.70505 and 0.51264) and metasomatic minerals from AP-layer T-1
and its host peridotite T-2 (0.705 and 0.5125–0.5126) (Table 4).

Carbon isotope composition and δ18O values of the carbonate in
the sample T-X are − 3.5‰ and + 16.7‰, respectively (Fig. 9).



Table 3
Trace-element compositions of apatites

No.
ppm

This study Durango NIST612

1–1 2–7 3–29 4–10 5–14 6–15 6–19 (N=5) STD (N=4) STD

Li b8 b6 b6 b9 b5 b6 b6 b6 43
Si b2000 b3000 b3000 b2000 b3000 b3000 b3000 b3000 340000 9600
Sc b0.6 b0.8 b0.9 b0.7 b0.9 b0.9 b0.9 b1 38 3
Ti b4 b7 1.68 b6 b7 b7 b8 b11 40 12
V 3.1 8.7 3.4 10 6.9 6.1 3.4 35 2 37 3
Rb b0.3 b0.4 b0.4 b0.3 b0.4 b0.4 b0.4 b0.6 32 2
Sr 9700 9300 10500 10500 9600 8800 9300 485 14 77 6
Y 34 57 35 40 42 61 41 521 28 37 2
Zr b0.1 0.93 b0.1 0.18 b0.1 0.97 0.26 0.48 0.09 37 3
Nb b0.04 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 35 2
Cs b0.2 b0.2 b0.2 b0.2 b0.2 b0.2 b0.02 b0.2 42 4
Ba 0.86 1.20 0.62 1.08 0.81 0.85 1.21 b0.5 39 5
La 1400 2300 2100 2000 1800 1600 1700 3530 120 38 3
Ce 1600 2400 2100 2100 2000 2000 1900 4200 130 39 3
Pr 103 158 135 134 125 140 118 343 11 37 3
Nd 262 398 325 325 322 369 301 1080 30 36 3
Sm 22 34 26 28 28 33 27 144 8 36 3
Eu 4.6 7.3 5.7 6.2 6.4 7.9 5.5 16 1 37 2
Gd 12 20 13 15 15 19 13 119 7 36 3
Dy 5.0 10 6.0 7.0 7.4 11 7.1 86 5 34 2
Er 2.4 4.9 3.2 3.6 3.4 5.4 3.5 44 1 36 3
Yb 2.4 4.6 1.8 2.5 3.0 4.2 2.9 34 1 39 3
Lu 0.30 0.77 0.46 0.27 0.29 0.51 0.42 4.0 0.3 37 2
Hf b0.3 b0.3 b0.2 b0.3 b0.3 b0.2 b0.2 b0.5 36 4
Ta b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 32 2
Pb 12 14 16 11 12 11 9 1.1 0.4 38 4
Th 62 257 57 58 57 200 57 228 17 37 3
U 32 76 23 25 25 75 37 11.4 0.5 38 3

Detection limit was calculated for each analysis. The values of NIST 612 and the Durango apatite, widely used as a standard for fission-track and (U–Th)/He dating (e.g., McDowell
et al., 2005), are also shown.
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4.5. Apatite U–Pb–Th data

A three-dimensional linear regression of the data on the 238U/206Pb–
207Pb/206Pb projection (Fig. 10a; Wendt, 1989) intersects the Tera-
Wasserburg Concordia, yielding an age of 215 ± 35Ma (MSWD = 2.4).
Fig.10b shows a correlation between 232Th/204Pb and 208Pb/204Pb ratios of
apatite. A least-squares fit (York, 1969) gives the 232Th–208Pb⁎ (decay
product) isochron age of 254 ± 78Ma (MSWD= 2.3). This age is consistent
with the Tera-Wasserburg concordia-constrained linear three-dimen-
sional isochron age. Uranium concentrations determined with a SHRIMP
show a significant range from 30ppm to 200ppm, in agreement with LA-
ICP-MS data, and show a negative correlationwith 204Pb/206Pb and 204Pb/
207Pb rations (Table 5), suggesting a variable contribution of common
Pb to the sample and/or a supply of variable U/Pb. Irrespective of the
contribution of common Pb, the age of apatite obtained using a SHRIMP
(215 ± 35Ma and 254 ± 78Ma) is comparable to the K–Ar age (240 ± 41Ma)
obtained for the sample studied by Matsumoto et al. (2005).

5. Discussion

5.1. Late carbonate formation/recrystallization

Initial 87Sr/86Sr value forcarbonate (0.7089) in thecarbonateaggregate-
bearing sample (T-X) is distinctly higher than the metasomatic minerals
Table 4
Sr- and Nd-isotope compositions of the samples

Sample no. Phase 87Sr/86Sr (present) 87Rb/86Sr 87Sr/86

AP-layer
T-X Leachate (carbonate) 0.708930
T-1 Whole rock 0.705051

Amphibole⁎ 0.704704 0.0327 0.7046
Apatite⁎ 0.704952 b0.001 0.7046

Host peridotite
T-2 Leachate (carbonate) 0.705022 0.7050

T2–2.5N Leachate (apatite) 0.705289 0.7052
andwhole-rock (these arearound0.705) inT-1 (AP-layer) andT-2 (thehost
rock adjacent T-1) (Fig. 8). In particular, 87Sr/86Sr value for carbonate form
T-2 (the host) is similar to the other data. The carbonate aggregate-bearing
sample (T-X) yielded the carbon isotope composition of − 3.5‰, which is
higher than the so-called mantle value of − 6‰ and typical carbonatite
values (which span fromof−4 to−8‰; Keller andHoefs,1995) (Fig. 9), and
lower than the marine carbonate value of ~ 0‰. The carbon isotope
composition of graphite intergrowth within phlogopite from the Finero is
higher (16.1 to − 10.4‰) than the studied values (Ferraris et al., 2004). The
δ18O value of + 16.7 for the T-X sample is high compared to the mantle
carbonates and carbonatite of + 5 to + 10‰ (Keller and Hoefs, 1995). The
carbonate in the T-Xmay be formed or equilibratedwith aqueous fluids at
low temperatures because carbonates would easily exchange oxygen
isotopes with aqueous fluids at low temperatures (Keller and Hoefs, 1995)
(Fig. 9). This interpretation is supported with its close association with
serpentine and talc. We, therefore, conclude that the carbonate aggregate
crystallized later at low temperatures, whereas dolomite coexisting with
olivine was formed at the same time of formation of the apatite.

5.2. Relationships between the AP-layer and “nominally” apatite-free
peridotites in the Finero massif

Major-element compositions of the Finero peridotites indicate
an origin for most peridotites as residue after partial melting
Sr (215 Ma) 143Nd/144Nd (present) 147Sm/144Nd 143Nd/144Nd (215 Ma)

0.512346
0.512623

04 0.512642 0.1004 0.5125
8⁎ 0.51257 0.04858 0.512501

22
89



Table 5
U concentrations, 238U/206Pb, 207Pb/206Pb, 204Pb/206Pb, 204Pb/208Pb and 232Th/208Pb ratios of apatites within the apatite-rich layer

Sample no. U (ppm) 238U/206Pb 207Pb/206Pb 204Pb/206Pb 204Pb/208Pb 232Th/208Pb

Finero01.01 34 2.51 (0.32) 0.656 (0.047) 0.0442 (0.0058) 0.0216 (0.0036) 30.6 (10)
Finero01.02 53 5.02 (0.69) 0.665 (0.032) 0.0392 (0.0039) 0.0216 (0.0024) 10.7 (2.2)
Finero01.03 74 5.80 (0.47) 0.689 (0.015) 0.0428 (0.0033) 0.0242 (0.0020) 12.4 (1.7)
Finero17.01 189 10.59 (0.52) 0.555 (0.018) 0.0278 (0.0016) 0.0154 (0.0010) 39.9 (3.1)
Finero19.1 202 11.80 (0.43) 0.509 (0.010) 0.0196 (0.0027) 0.0112 (0.0016) 42.5 (2.6)
Finero19.2 86 9.21 (0.93) 0.549 (0.010) 0.0317 (0.0021) 0.0203 (0.0014) 6.8 (1.1)
Finero19.3 132 8.00 (0.71) 0.558 (0.015) 0.0354 (0.0025) 0.0221 (0.0017) 23.7 (3.1)
Finero23.1.1 180 14.7 (1.2) 0.499 (0.010) 0.0270 (0.0023) 0.0171 (0.0015) 46.0 (6.5)
Finero23.1.2 183 12.0 (1.3) 0.523 (0.020) 0.0284 (0.0027) 0.0185 (0.0019) 31.1 (5.3)
Finero23.1.3 160 10.67 (0.81) 0.568 (0.017) 0.0273 (0.0021) 0.0173 (0.0014) 25.7 (2.8)
Finero23.2.1 31 2.34 (0.24) 0.731 (0.017) 0.0491 (0.0020) 0.0265 (0.0012) 4.83 (0.75)
Finero23.2.2 167 9.36 (0.49) 0.563 (0.017) 0.0334 (0.0018) 0.0199 (0.0012) 25.0 (2.2)
Finero23.2.3 155 8.60 (0.87) 0.647 (0.029) 0.0295 (0.0020) 0.0145 (0.0011) 28.3 (4.4)

Numbers next to each isotope ratio is error (one sigma) estimated by counting statistics and calibration.
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(Hartmann and Wedepohl, 1993). Then the Finero peridotite
subsequently suffered intense metasomatic modifications by the
infiltration of a melt or fluid enriched in highly incompatible ele-
ments, resulting in the formation of amphibole and phlogopite
(Exley et al., 1982; Voshage et al., 1987; Hartmann and Wedepohl,
1993; Zanetti et al., 1999; Prouteau et al., 2001). Whether the AP-
layer was formed in a single metasomatic event for most meta-
Fig. 4. Primitivemantle-normalized trace-element variation diagrams for whole-rock compos
(1995). (a) This study. See Fig. 1 for the sample positions (A1 containing the apatite-rich laye
(2) “Nominally” apatite- and carbonate-free peridotites of Hartmann and Wedepohl (1993).
dykes intruded in the Finero massif (Stähle et al., 2001). ap-r and ap-rich=apatite-rich laye
somatized, phlogopite–amphibole-rich peridotites remains to be
established.

Radiogenic isotopes are useful tools to constrain the sources of
metasomatic agents. The Finero phlogopite-rich peridotites are char-
acterized by high contents of Sr, Rb and Ba (Hunziker and Zingg,
1982), and high 87Sr/86Sr ratios (Voshage et al., 1987; Hartmann and
Wedepohl, 1993) (Fig. 8). Voshage et al. (1987) show a negative
itions of the Fineromassifs. The value of the primitivemantle is fromMcDonough & Sun
r and the host B1, C1, D1 and E1) analyzed for whole-rock compositions in the sample.
(3) Zircon-bearing chromitite and related peridotites of Grieco et al. (2001). (4) Alkaline
r.



Fig. 5. Chondrite-normalized REE patterns for amphiboles in the Finero massif. The
chondrite value is from McDonough and Sun (1995). (a) This study and composition-
al range from “apatite- and carbonate-bearing lithologies” of Zanetti et al. (1999).
(b) Zircon-bearing chromitite and related rocks of Grieco et al. (2001). Data of apatite-
rich layer and compositional ranges of “apatite- and carbonatite-bearing lithologies of
Zanetti et al. (1999) are also shown. ap-r=apatite-rich layer.

Fig. 6. Primitivemantle-normalized trace-element variation diagrams for amphiboles in
this study (a), and other apatite and/or carbonate-bearing xenoliths in continent and
oceanic settings (b) and arc setting (c). Compositional range of amphibole from the
apatite- and carbonate-bearing lithologies of Zanetti et al. (1999) are also shown. Data
of continent and oceanic settings are from Yaxley et al. (1991) (Yaxley 91), Ionov et al.
(1996) (Ionov 96) and Moine et al. (2004) (Moine 04). Data of arc setting from Laurora
et al. (2001) (Laurora 01).
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correlation between 143Nd/144Nd and 87Sr/86Sr and proposed mixing
between phlogopite-free peridotites and paragneiss in the Ivrea Zone.
Previous isotopic data from phlogopite-rich peridotites suggest a
contribution of an isotopically evolved metasomatic agent, probably
derived from the slab-derived components (Voshage et al., 1987;
Cumming et al., 1987; Hartmann andWedepohl, 1993). Hartmann and
Wedepohl (1993) suggested that amphibole separates in the Finero
peridotites show two types of Sr-isotopic signatures. One type has
relatively low (87Sr/86Sr) i, around 0.7030 (at 215Ma), whereas the
second one contains radiogenic Sr isotope signature, 0.706–0.708 (at
215Ma) (Fig. 8). Although rocks in both types contain phlogopite, high
87Sr samples contain high K2O content and LREE/HREE ratios in the
whole rocks compared to low 87Sr samples. The Sr and Nd-isotope
compositions in both AP-layer and its host rock (T-1 and T-2) have a
bulk Earth-like signature (Zindler and Hart, 1986), and are, therefore,
different from the values for “nominally” apatite-free phlogopite-rich
peridotites (Voshage et al., 1987; Hartmann andWedepohl, 1993). It is
concluded that the metasomatic agent for apatite and carbonate
formation was different from that for phlogopite formation. A distinct
agent for apatite-carbonate formation is further supported by the
recent geochemical data reported by Matsumoto et al. (2005) and
Raffone et al. (2006). Matsumoto et al. (2005) reported distinct noble
gas isotope compositions from a sample containing AP-layer (similar
to sample T-1 in Fig. 1). Raffone et al. (2006) recently investigated the
concentrations of Li and B in clinopyroxene grains of “apatite-bearing
domains” of Zanetti et al. (1999), and suggested that clinopyroxene
data plot in the field of non-metasomatized Sub-Continental Depleted
Mantle of Ottolini et al. (2004), whereas the data from phlogopite–
peridotites plot in the field for arc or crust.

5.3. Relationships between the Ap-layer and other apatite-bearing
lithologies in the Finero massif

As suggested above, there have been several studies on apatite-
and carbonate-bearing samples from the Finero phlogopite–perido-
tites, such as the “apatite- and carbonate-bearing regions” (wehrlitic
in modal composition: Zanetti et al., 1999; Raffone et al., 2006), the
“apatites and/or carbonates-bearing chromitites (Ferrario & Garuti,



Fig. 7. Chondrite-normalized REE patterns and primitive mantle-normalized trace-element variation diagrams of apatite in the Finero (a, b), carbonatite (c) and other apatite-bearing
peridotites (d). Zanetti 99=Zanetti et al. (1999), Stähle 01=Stähle et al. (2001), Belousova 02=Belousova et al. (2002), Yaxley 99=Yaxley and Kamenetsky (1999), Laurora 01=Laurora
et al. (2001).

Fig. 8. 143Nd/144Nd vs 87Sr/86Sr at 215 Ma. The data for phlogopite-rich peridotites and
alkaline dykes intruded in the Finero massif are from Voshage et al. (1987) and Stähle
et al. (2001), respectively. Strontium isotopic data of amphibole in “nominally” apatite-
and carbonate-free peridotites (Hartmann and Wedepohl, 1993) are also shown in the
upper part of the diagram. The data indicated by X have no age corrections. ap=apatite,
amph=amphibole, carb=carbonate, WR=whole-rock, Phl=phlogopite.
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1990; Zaccarini et al., 2004), and the studied sample (Morishita et al.,
2003a,b; Matsumoto et al., 2005). The chromitite contains Zr–Th–U-
rich minerals including zircon (Zaccarini et al., 2004). In addition to
these peridotitic samples, alkaline dykes in the massif contain apatite
and/or carbonate (Stähle et al., 1990, 2001).

Zanetti et al. (1999) and Morishita et al. (2003b) suggested that
apatite- and carbonate-bearing rocks were metasomatized by carbo-
natitic agents that formed through immiscible separation from SiO2-
rich fluids/melts possibly during active subduction. Zaccarini et al.
(2004) proposed that apatites and/or carbonates associated with
zircon, zirconolite and Zr–Th–U minerals in some chromitites were
formed from metasomatic agents related to carbonatites during the
upwelling of a mantle plume in a continental rift. However, the ge-
netic relationships between apatite- and carbonate-bearing rocks in
the Finero massif have never been, however, discussed before.

Whole-rock trace-element compositions of the AP-layers and the
host peridotites are characterized by high LILE contents and low
HFSE concentrations. Extremely high concentration of REE and high
LREE/HREE ratio with depletion of HFSE of the whole-rock com-
positions (Fig. 4) and minerals (Figs. 5, 6 and 7) in the AP-layer are
different from those of other lithologies in the Finero phlogopite–
peridotites. The whole-rock trace-element compositions are, how-
ever, strongly controlled by the local concentration of apatite in the
case of the studied samples. Mineral compositions are suitable for
further discussions on the relationships between apatite-bearing
lithologies in the Finero massif.

Minerals in the apatite-bearing lithologies are generally character-
ized by high REE contents with high LREE/HREE ratio, which are the
same as those in other apatite-bearing lithologies. The LREE/HREE
ratio of minerals is, however, much higher in the AP-layer than other
apatite-bearing lithologies (Figs. 5 and 7). Furthermore, Nb–Ta-rich
amphibole (Zanetti et al., 1999) and HFSE-rich minerals (Grieco et al.,
2001; Zaccarini et al., 2004) have never been found in the AP-layer.
These differences between samples may be explained by either an
introduction of a distinct metasomatic agent to each lithology, or a



Fig. 9. Carbon and oxygen isotopic compositions of the carbonate-aggregate bearing sample (T-X), and carbonate in alkaline dykes intruded in the Finero massif (Stähle et al., 2001).
See the text for more detailed explanations. Compositional range of fresh natrocarbonatite lava from Oldoinyo Lengai and arrows leading to data of altered natrocarbonatites are also
shown (Keller and Hoefs, 1995).

Fig. 10. U–Th–Pb isotope systematics in apatites. (a) Three-dimensional linear regressions of
apatite for the total Pb/U isochron. All data are projected on the 238U/206Pb–207Pb/206Pb plane.
The linear regressions were conducted as constrained to intersect the Tera-Wasserburg
concordia by using Isoplot/Ex (Ludwig, 1998). (b) Correlation of 232Th/208Pb and 204Pb/208Pb
ratios of apatite in the apatite-rich layer. A dotted line shows the best fit by the Yorkmethod.

108 T. Morishita et al. / Chemical Geology 251 (2008) 99–111
distinct stage of the same metasomatic event. The apatite age (215 ±
35Ma) obtained in this study is comparable to the zircon ages for
chromitites (204 and 207Ma of Von Quadt et al., 1993; 208 Ma of
Grieco et al., 2001) and to the age for alkaline dykes (220–225Ma)
(Stähle et al., 1990, 2001). Similar ages reported from the related rocks
indicate that the apatite–carbonate-bearing lithologies were formed
during a single metasomatic event, probably related to the Triassic
magmatic activity reported in and around the Finero mafic–ultramafic
complex.

Many studies of metasomatized peridotites have revealed that me-
tasomatic agents drastically change their compositions during interac-
tions with the rocks, as a result of chromatographic effects (Navon and
Stolper, 1987; Zanetti et al., 1996) and precipitation of accessory
minerals (e.g., Bodinier et al., 1990; Vannucci et al., 1995; Bedini et al.,
1997; Laurora et al., 2001; Ionov et al., 2002; Bodinier et al., 2004;
Rivalenti et al., 2004; Ionov et al., 2006; Kaeser et al., 2007). Relatively
high LREE/HREE ratio in metasomatic minerals in the AP-layer can be
explained by chromatographic fractionation. During reaction with the
host rock, a metasomatic agent will become progressively enriched in
incompatible elements as a function of distance from the source (e.g.,
Navon and Stolper, 1987; Zanetti et al., 1996). In addition to this, HFSEs-
rich minerals and Th–U minerals are found in chromitites containing
apatite in the Finero (Zaccarini et al., 2004). These minerals produce a
significant elemental fractionation in the residual metasomatic agent
(Bodinier et al.,1996). For example, if zircon,whichwould preferentially
incorporate HFSE and HREE (Rubatto, 2002 and references therein), is
formed during the reaction between host peridotites and a metaso-
matic agent, the fractionated metasomatic agent will be depleted in
HFSEs and have high LREE /HREE ratio. These geochemical signatures,
high-HREE/HREE ratio with depletion of HFSEs, are qualitatively
consistent with those expected for the metasomatic agent for the
formation of the AP-layer. Variable contents of HFSE in amphibole can
be also explained by the evolution of metasomatic agents during the
precipitation of metasomatic minerals and reaction with the host rock
as discussed above. It is now well known that amphibole is relatively
high in DNb

amph/melt values, particularly in Ti-depleted systems (Tiepolo
et al., 2001). An evolved metasomatic agent will thus progressively be
deplete in HFSEs during the formation of metasomatic amphibole,
resulting in the formation of Nb-depleted amphiboles further far from
the source (Zanetti et al., 1996; Ionov et al., 2002; Kaeser et al., 2007).
Elimination of Sr positive anomaly in amphiboles of the AP-layer is also
likely consistent with the calculatedmodel of Ionov et al. (2002), which
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predicted the elimination of Sr positive anomaly in the sample far from
the metasomatic agent.

In conclusion, we suggest that the metasomatic processes starting
from one initial metasomatic agent might locally generate a compo-
sitionally distinct apatite-bearing lithology at a different stage during
a single metasomatic event. The studied AP-rich layer therefore was
a later product from such an evolved metasomatic agent after the
formation of other apatite–carbonate-bearing lithologies with HFSE-
rich minerals.

5.4. Implications for metasomatic agent for the formation of apatite-
bearing lithologies in the Finero massif

Strong enrichments of LILEs and significant depletions in HFSEs of
the whole-rock samples have been considered as a possible evidence
for chemical interaction between peridotite and carbonatitic melts
(Dautria et al., 1992; Hauri et al., 1993; Rudnick et al., 1993). The AP-
layer has similar trace-element characteristics as that of the
carbonatite and/or peridotites metasomatized by carbonatitic melts
(Figs. 4, 6 and 7). However, there are notable differences in both
petrology and geochemistry between carbonatite metasomatized
peridotites and the studied AP-layer. Peridotites metasomatized by
carbonatites contain high CaO/Al2O3 (N 2) and Na2O/Al2O3 (N 0.2)
ratios due to the formation of secondary clinopyroxene at the ex-
pense of orthopyroxene (e.g., Yaxley et al., 1991; Dautria et al., 1992;
Hauri et al., 1993; Rudnick et al., 1993; Yaxley et al., 1998). The AP-
layer, however, show low CaO/ Al2O3 (1.3), and Na2O/Al2O3 (0.15).
The close association of secondary orthopyroxene and amphiboles
with apatite and carbonate in the AP-layer (Fig. 2) \suggest that the
metasomatic agent was saturated with orthopyroxene component
and was high in H2O. Moreover, Cl content of apatite in carbonatite
(e.g., Seifert et al., 2000; Bühn et al., 2001; Ahijado et al., 2005;
Brassinnes et al., 2005) as well as carbonatite metasomatized peri-
dotite (Hauri et al., 1993; Rudnick et al., 1994; Chalot-Prat and Arnold,
1999; Rosatelli et al., 2007) is usually very low. High Cl concentration
of apatite in the studied sample seems to be of slab origin, because
subducted slabs, in generally, will be rich in chloride during the
hydrothermal alteration of the seafloor before subduction (Philippot
and Selverstone, 1991; Scambelluri et al., 1997; Philippot et al., 1998).
We, however, emphasize that the high-Cl apatite in the metasoma-
tized peridotites cannot provide definite evidence of slab-derived
origin because the chemical signatures of the metasomatic agent
for the formation of the AP-layer had been extensively modified
from those of the parent metasomatic agents due to interaction
with the host peridotites. Fluorine and chlorine contents of apatite
in metasomatized peridotites vary probably due to the reflecting
metasomatic stages even in a single metasomatic event (Kaeser et al.,
2007).

It is difficult to constrain the geochemical features of the “parent”
metasomatic agent for the apatite-bearing lithologies because the
metasomatic agents responsible for the formation of the apatite-
bearing lithologies in Finero probably evolved with time, as discussed
above. We suggest that the lithologies with relatively HFSE-rich min-
eralswere formedby the interactionwith an earliermetasomatic agent
than with the AP-layer. It should be noted that the trace-element
characteristics of apatite in the “alkaline dykes” (Fig. 4d), are similar to
those in the apatite- and carbonate-bearing regions of Zanetti et al.
(1999). Furthermore, the Sr–Nd-isotopic compositions of these “alka-
line dykes” are similar to those of the studied samples (Fig. 8). How-
ever, the alkaline dykes (hornblendites) have unique geochemical
characteristics with a wide range of chemical compositions, e.g., 27–
45 wt.% SiO2, 1–11 wt.% CO2, probably in accord with a cumulus origin
rather than melt compositions. Despite these difficulties, Sr-isotopic
compositions of the AP-layer and the alkaline dikes indicate that slab-
derived componentswere less abundant in themetasomatic agent that
formed these rocks compared to that of the apatite-free phlogopite–
peridotite, as already suggested by Stähle et al. (1990, 2001) and
Raffone et al. (2006). Further studies on careful comparisons of the
studied rocks with these “alkaline dykes” are warranted to constraint
the origin and the tectonic setting responsible for the formation of the
metasomatic agent of the apatite-bearing lithologies in the Finero
massif.

6. Conclusions

We determined the geochemical characteristics (major, trace and
isotopic compositions) of apatite-rich peridotite layer (AP-layer) and
compared them with the “nominally” apatite-free lithologies and
other apatite-bearing lithologies in the Finero peridotite massif. The
results are summarized below.

(1) Strontium and Nd-isotopic compositions of minerals in an AP-
layer and its host peridotites show bulk silicate Earth-like sig-
nature which is different from the ancient crustal signature for
phlogopite-rich peridotites.

(2) Sr, Nd, C, and O isotope compositions for carbonate indicate that
carbonate aggregates in serpentine-talc veinlets were likely
formed late at low-temperatures after the formation of the AP-
layers.

(3) The AP-layer is characterized by high LILE contents with high
LREE/HREE ratios, and low HFSE concentrations. Further-
more, they show low CaO/Al2O and Na2O/Al2O3 ratios, which
are different from the peridotites metasomatized by carbona-
tite melt. The metasomatic agents for the formation of the AP-
layer was highly evolved orthopyroxene-saturated hydrous
fluids/melts after the formation of other apatite- bearing rocks
previously reported in the Finero massif where HFSE-rich min-
erals were formed due to the interaction with surrounding
peridotites.

(4) The in-situ apatite SHRIMP ages (215±35 Ma) of the studied
sample imply that the metasomatism is synchronous with the
Triassic magmatic activity around the Finero massif.
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Appendix A. Major-element analyses of whole-rock compositions
of standard materials distributed from GSJ

In Appendix A, we report whole-rock analyses of selected stan-
dard materials (one peridotite JP-1, one gabbro JGb-2, two basalts JB-2
and JB-3, two andesites JA-1 and JA-2, two granites JG-1a and JG-2,
and one rhyolite JR-1) determined by XRF at Nagoya University
(Table A).



Table A
Analytical values (XRF) and recommended values (Recom.) of GSJ standard rocks

GSJ JP-1 peridotite JGb-2 gabbro JB-2 basalt JB-3 basalt JA-1 andesite JA-2 andesite JG-1a granite JG-2 granite JR-1 rhyolite

XRF Recom. XRF Recom. XRF Recom. XRF Recom. XRF Recom. XRF Recom. XRF Recom. XRF Recom. XRF Recom.

SiO2 42.17 42.38 46.93 46.47 52.86 53.25 51.28 50.96 64.12 63.97 56.52 56.42 72.24 72.30 76.78 76.83 75.18 75.45
TiO2 tr. 0.006⁎ 0.54 0.56 1.17 1.19 1.46 1.44 0.88 0.85 0.69 0.66 0.27 0.25 0.03 0.04 0.11 0.11
Al2O3 0.71 0.66 23.63 23.48 14.50 14.64 17.30 17.20 15.17 15.22 15.25 15.41 14.20 14.30 12.53 12.47 12.90 12.83
Fe2O3 8.48 8.37 6.58 6.69 14.37 14.25 11.46 11.82 6.91 7.07 6.22 6.21 1.96 2.00 0.99 0.97 0.95 0.89
MnO 0.110 0.099 0.129 0.130 0.202 0.218 0.182 0.177 0.151 0.157 0.103 0.108 0.06 0.06 0.02 0.016 0.098 0.099
MgO 44.66 44.60 6.16 6.18 4.60 4.62 5.16 5.19 1.54 1.57 7.78 7.60 0.68 0.69 0.04 0.04 0.12 0.12
CaO 0.53 0.55 14.18 14.10 9.90 9.82 9.75 9.79 5.62 5.70 6.29 6.29 2.07 2.13 0.71 0.70 0.73 0.67
Na2O 0.03 0.02 0.95 0.92 1.97 2.04 2.79 2.73 4.06 3.84 2.84 3.11 3.36 3.39 3.59 3.54 4.23 4.02
K2O tr. 0.003 0.04 0.06 0.44 0.44 0.80 0.78 0.79 0.77 1.81 1.81 3.99 3.96 4.73 4.71 4.43 4.41
P2O5 0.004 0.002⁎ 0.013 0.017 0.098 0.101 0.292 0.294 0.160 0.165 0.149 0.146 0.08 0.08 0.01 0.00 0.018 0.021

Recommended values are from Imai et al. (1995). Numbers with a star (⁎) are preferable data. tr.= lower than detection limit.
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