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Abstract

Geochemical features of amphiboles, mainly from mantle xenoliths, were investigated for a number of intraplate and
suprasubduction localities, with the aim of fingerprinting the metasomatic signatures for the two different geological settings.
Amphiboles generated in the mantle wedge above subduction zones (suprasubduction amphibole, S-Amph) are depleted in Nb,
with suprachondritic Ti/Nb and Zr/Nb ratios, whereas intraplate amphibole (I-Amph) is enriched in Nb, with subchondritic Ti/Nb
and Zr/Nb ratios. These complementary features can be reconciled by Nb-depleted fluids coming off the subducted oceanic crust,
leaving a rutile-bearing eclogite residuum. Rutile is a major repository for High Field Strength Elements (mainly Nb, Ta and Ti),
with a preference to retain pentavalent elements. During the subduction process, rutile-bearing eclogite will continue its descent
into the lower part of the upper mantle (or even below), generating a subchondritic Ti/Nb or Zr/Nb reservoir. The partial
incorporation of this material in an asthenospheric plume will ultimately contribute to the genesis of intraplate alkaline basalts,
characterized by high Nb contents. The link between the complementary geochemical features of suprasubduction and intraplate
amphiboles suggests a relationship between calc-alkaline and intraplate magmatisms. This is also in agreement with the temporal
sequence of subduction, calc-alkaline volcanism and intraplate magmatism that can be observed in several localities around the
Mediterranean areas and in most subduction zones worldwide.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mantle metasomatism in anorogenic settings has been
widely investigated in the last decades (e.g. Menzies et al.,
1987; Siena et al., 1991;O'Reilly et al., 1991;O'Reilly and
Griffin, 1996; Ionov et al., 1996, 1997; Neumann and
Wulff-Pedersen, 1997; Coltorti et al., 1999; Witt-
Eickschen et al., 2003; Szabo et al., 2004). Processes and
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nature of melts/fluids responsible for mantle metasoma-
tism have been mostly constrained using geochemical
characteristics of clinopyroxene and glass, which are the
main repositories for trace elements in anhydrous mantle
peridotites. Amphibole, when present, represents another
important trace element acceptor and can provide
additional constraints (Ionov and Hofman, 1995; Ionov
et al., 1997; Powell et al., 2004; Coltorti et al., 2004).
Mantle xenoliths are much rarer in calc-alkaline type
magmas from orogenic environments compared with
their common occurrence in highly alkaline, SiO2-
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undersaturated magmas from intraplate settings. Conse-
quently, the nature and processes of fluid metasomatism in
suprasubduction zones are still far from being clearly
understood (Ishimaru et al., 2006 and reference therein). In
addition, the inventory of trace elements such as Rb, Ba
and Nb (Ta) which are not easily hosted in clinopyroxene,
is a critical parameters in interpreting such phenomena in
orogenic mantle domains. Although amphibole composi-
tion cannot be equated to the composition of the meta-
Table 1
Major and trace element analyses (average and standard deviation) of amph

Locality Antarctica Australia

Mean Standard deviation Mean Standard devia

No. of samples 12 22

SiO2 42.14 0.80 44.11 1.14
TiO2 4.31 0.56 1.22 0.95
Al2O3 13.62 0.32 13.45 1.40
FeOtot 4.63 0.81 3.73 0.49
MnO 0.04 0.03 0.05 0.02
MgO 16.61 0.56 17.73 0.53
CaO 11.33 0.26 10.90 0.41
Na2O 2.98 0.14 3.70 0.25
K2O 0.95 0.14 0.71 0.34
NiO 0.04 0.05 0.10 0.02
Cr2O3 0.75 0.47 1.49 0.48

No. of samples 12 21

Rb 6.75 2.51 7.27 9.19
Ba 281 38.6 231 162.2
Th 0.54 0.18 1.54 1.25
U 0.19 0.10 0.34 0.34
Nb 73.8 18.8 51.5 36.6
Ta 3.79 0.80 2.10 1.80
La 13.6 3.19 15.1 7.66
Ce 48.3 12.5 38.0 21.6
Pr 7.41 1.80 4.29 2.54
Sr 656 141 382 239
Nd 35.4 7.35 22.7 14.6
Zr 124 49.2 92.0 64.2
Hf 3.90 1.55 1.78 1.73
Sm 9.44 2.04 5.16 3.25
Eu 3.14 0.63 1.66 0.89
Gd 8.59 1.86 4.81 2.35
Tb 1.14 0.22
Dy 6.25 1.28 4.23 1.41
Y 29.7 5.09 20.4 6.64
Ho 1.10 0.17 0.73 0.21
Er 2.75 0.48 2.07 0.70
Tm 0.33 0.04
Yb 2.09 0.44 1.80 0.72
Lu 0.26 0.04 0.24 0.11

Ti/Zr 208 79.6
Ti/Nb 350 142
Zr/Nb 1.68 1.79

Data from O'Reilly et al. (1991), Yaxley and Kamenetsky (1999), Moine et al
et al. (2004).
somatizing agents, amphiboles represent an ideal tool for
unravelling the nature of melts and fluids migrating in the
mantle wedge above subduction zones and for comparing
the geochemical signatures of these melts/fluids with those
from intraplate settings.

This study compares geochemical signatures of
amphiboles in mantle xenoliths from both intraplate and
subduction settings, in order to characterize melts and
other fluids recorded by mantle metasomatic events in the
iboles used for defining the I-Amph field

West Eifel Kerguelen

tion Mean Standard deviation Mean Standard deviation

44 43

43.57 1.18 42.37 0.53
1.78 1.24 2.57 0.91

13.45 0.83 12.30 0.31
4.99 1.59 5.69 0.30
0.04 0.04 0.05 0.02

17.30 1.26 16.79 0.31
10.95 0.34 11.41 0.14
3.01 0.26 3.21 0.06
1.35 0.29 1.11 0.04
0.08 0.07 0.09 0.05
1.30 0.80 1.03 0.47

37 43

11.1 6.41 10.9 4.23
249 128 165 79.3

2.36 1.75 5.05 0.83
0.44 0.31 0.81 1.33

97.9 69.7 79.4 41.4
4.57 3.53 4.80 4.21

21.8 11.1 42.7 6.28
59.1 24.2 109 14.2
7.59 2.67

457 126 447 82.4
30.9 11.3 46.8 6.38
132 123 182 102

3.20 3.20 4.33 3.22
8.84 18.8 9.24 7.28
1.69 0.54 2.72 0.39
4.83 1.45 6.23 1.01
0.70 0.20
3.55 0.89 4.88 0.83

15.4 4.20 23.6 3.50
0.62 0.13 0.94 0.15
1.62 0.41 2.34 0.38
0.20 0.05
1.24 0.30 2.26 0.31
0.16 0.05 0.31 0.06

80.8 84.9
109 194

1.35 2.29

. (2001), Witt-Eickschen et al. (2003), Coltorti et al. (2004), and Powell
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two environments. It also contributes to the long standing
debate on the origin of High Field Strength Elements
(HFSE) depletion in calc-alkaline magmas and to
recycling models for slab subduction in the upper mantle.

2. Data source

All studied amphiboles vary in composition between
pargasite, edenite and kaersutite, the latter being exclu-
sively present in anorogenic settings. Due to the large
Table 2
Major and trace element analyses (average and standard deviation) of amph

Locality Kamchatka Lihir F

Mean Standard deviation M

No. of samples 30 1

SiO2 47.69 2.69 47.80
TiO2 0.36 0.53 0.19
Al2O3 10.39 1.99 8.20
FeOtot 3.96 2.20 2.98
MnO 0.06 0.03 0.02
MgO 19.58 1.77 20.77
CaO 11.76 0.46 11.76
Na2O 2.09 0.40 2.38
K2O 0.22 0.08 0.61
NiO 0.11 0.04 0.11
Cr2O3 1.07 0.80 1.86

No. of samples 17 1

Rb 0.82 0.41 1.23
Ba 51.3 66.2 5.14
Th 0.18 0.12 1.09
U 0.08 0.04 0.14
Nb 0.56 0.60 1.37
Ta 0.10 0.06 0.07
La 1.97 2.04 19.9
Ce 6.98 7.24 42.7
Pr 1.08 1.01
Sr 83.4 51.9 840 2
Nd 4.88 4.09 16.4
Zr 30.8 31.7 81.2
Hf 0.97 0.97 1.70
Sm 1.25 0.82 2.82
Eu 0.55 0.48 1.06
Gd 1.12 0.93 2.08
Tb 0.22 0.14
Dy 1.16 0.98 1.87
Y 6.75 5.16 12.3
Ho 0.26 0.21 0.40
Er 0.72 0.54 1.32
Tm 0.11 0.07
Yb 0.89 0.50 1.48
Lu 0.14 0.07 0.22

Ti/Zr 69.3 14.0
Ti/Nb 3799 831 6
Zr/Nb 54.8 59.3

Data from Zanetti et al. (1999), Gregoire et al. (2001), Marocchi (2006), Ish
variety of textural occurrences no distinction has been
made between incipient growing, disseminated (amph-
D), veinlet or vein amphiboles (amph-V). All amphiboles
from suprasubduction settings and the great majority of
amphiboles from intraplate settings grow around and at
the expense of cpx. Thus they appear texturally and
geochemically unrelated to the host basalts. When am-
phibole is present as veins, in some cases, it has been
interpreted as the fractionation product of a magmawhose
composition could be similar to the host magma, but
iboles used for defining the S-Amph field

inero Val d'Ultimo

ean Standard deviation Mean Standard deviation

4 32

46.51 0.96 46.15 1.10
0.39 0.09 0.28 0.09

10.50 0.34 11.52 0.84
3.31 0.19 3.30 0.74
0.06 0.02 0.07 0.04

19.58 0.28 19.23 0.67
12.51 0.23 12.76 0.66
2.06 0.13 1.87 0.27
0.67 0.26 0.56 0.22

1.90 0.29 1.13 0.22

4 20

6.50 1.73 8.78 6.76
69.3 20.7 281 245

1.09 0.51
0.49 0.25

3.35 0.72 2.98 1.80
0.15 0.10

17.2 3.03 8.49 4.20
33.5 7.33 18.9 10.0

2.28 1.21
91 15.3 102 52.5
16.6 3.51 9.18 4.87
67.0 5.10 12.0 6.91

0.46 0.33
3.78 1.00 1.65 0.88
0.87 0.21 0.51 0.19
2.55 0.76 1.67 0.74

0.25 0.10
1.48 0.40 1.61 0.76
6.60 2.25 9.53 3.22

0.37 0.13
0.68 0.19 1.13 0.38

0.17 0.06
0.67 0.13 1.26 0.41

0.20 0.06

34.4 138
89 558
20.0 4.03

imaru et al. (2006), and Ishimaru and Arai (in press).



Table 3
Major and trace element analyses of amphiboles from Ichinomegata (Japan)

Sample I908 I873 I883 ING1789

Spot am1–1 am3–1 am4–1 am5–1 am1–1 am3–1 am4–1 am4–2 am1–1 am1–2 am2–1 am3–1 am4–1 am1–1 am2–1 am3–1 am4–1 am5–1

SiO2 43.09 42.83 42.87 42.69 42.24 42.87 42.98 42.45 42.71 42.83 42.89 42.28 42.52 43.08 45.43 44.56 45.05 44.65
TiO2 0.87 1.25 0.71 0.48 1.33 1.18 1.16 1.22 1.28 1.26 1.25 1.04 0.88 0.82 0.63 0.68 0.54 0.60
Al2O3 15.38 15.09 16.39 16.58 13.77 13.58 13.13 13.80 14.59 14.58 14.53 14.92 14.93 12.64 10.91 12.02 11.05 11.22
FeOtot 3.69 3.61 3.61 3.69 5.63 5.63 5.67 5.72 4.67 4.65 4.77 4.77 4.77 4.13 4.07 4.40 4.43 4.45
MnO 0.08 0.05 0.02 0.07 0.04 0.04 0.06 0.08 0.05 0.05 0.07 0.04 0.10 0.05 0.07 0.04 0.05 0.05
MgO 17.98 17.62 17.64 17.76 17.21 17.34 17.45 17.20 17.72 17.65 17.62 17.70 17.68 17.87 18.98 18.43 18.85 18.70
CaO 11.99 11.88 11.70 11.83 11.64 11.60 11.60 11.68 11.84 11.87 11.75 11.93 11.90 11.70 11.61 11.60 11.56 11.59
Na2O 3.58 3.53 3.56 3.54 2.32 2.37 2.31 2.32 2.33 2.40 2.37 2.24 2.27 2.09 2.17 2.25 2.31 2.25
K2O 0.01 0.00 0.02 0.01 0.93 0.84 0.83 0.97 0.98 0.85 0.82 1.19 1.12 1.06 0.69 0.70 0.46 0.45
NiO 0.11 0.17 0.08 0.08 0.12 0.10 0.11 0.15 0.11 0.15 0.12 0.12 0.10 0.14 0.08 0.10 0.12 0.13
Cr2O3 0.92 1.13 0.75 0.42 1.26 1.25 1.33 1.29 0.91 1.11 1.07 1.07 0.73 1.64 1.54 1.57 1.64 1.65
Total 97.69 97.16 97.34 97.15 96.49 96.78 96.63 96.88 97.19 97.38 97.27 97.29 97.00 95.22 96.17 96.35 96.07 95.74

mg# 89.67 89.68 89.69 89.55 84.48 84.57 84.56 84.27 87.10 87.11 86.81 86.87 86.83 88.51 89.25 88.17 88.33 88.21

Rb 0.11 0.15 0.11 0.18 2.91 2.94 2.00 1.85 3.98 4.54 5.22 4.31 4.22 4.67 1.89 11.0 2.76 1.65
Ba 0.26 0.63 0.87 3.25 73.7 60.7 43.1 48.4 158 109 118 136 140 73.4 40.9 219 47.6 33.1
Th 0.002 0.005 0.002 0.003 0.10 0.04 0.02 0.04 0.08 0.11 0.12 0.06 0.04 0.12 0.10 0.38 0.16 0.27
U n.d. 0.002 0.001 0.003 0.02 n.d. 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.03 0.01 0.02 0.01 0.02
Nb 0.05 0.07 0.05 0.06 2.65 2.52 1.59 2.61 1.03 0.69 0.73 0.90 0.81 3.07 5.41 10.4 10.3 11.5
Ta 0.001 0.004 0.002 0.003 0.09 0.08 0.07 0.08 0.04 0.02 0.03 0.04 0.04 0.11 0.17 0.72 0.53 0.79
La 0.25 0.26 0.25 0.26 1.88 1.89 1.28 1.60 2.24 2.11 2.12 1.82 1.80 3.45 3.61 5.79 4.42 5.48
Ce 2.37 2.46 2.30 2.52 5.96 6.30 4.44 5.68 6.93 5.99 5.73 6.17 6.44 12.1 13.4 19.6 17.4 19.0
Pr 0.65 0.69 0.60 0.67 1.17 0.99 0.90 1.06 1.21 1.02 1.00 1.12 1.19 1.78 2.08 3.16 2.85 3.26
Sr 10.8 11.7 9.65 10.3 199 188 133 178 236 195 194 221 227 209 216 250 217 232
Nd 4.45 4.65 4.15 4.56 6.14 4.80 4.72 5.43 7.15 5.84 5.62 6.33 6.87 7.89 8.88 14.7 13.6 16.1
Zr 13.7 16.4 11.6 13.3 17.3 13.7 11.9 14.4 21.78 19.37 20.72 12.17 11.58 37.2 36.6 60.8 56.4 71.5
Hf 0.45 0.63 0.41 0.50 0.57 0.50 0.46 0.48 0.74 0.54 0.62 0.38 0.42 1.16 0.99 1.88 1.38 2.16
Sm 1.97 2.15 1.81 1.96 1.91 1.63 1.51 1.67 2.52 2.15 2.07 1.98 2.26 2.05 2.19 3.83 3.46 4.26
Eu 0.91 0.91 0.83 0.94 0.79 0.68 0.61 0.74 0.94 0.85 0.83 0.82 0.87 0.75 0.81 1.17 1.02 1.19
Gd 3.03 3.12 2.61 2.97 2.58 2.33 2.01 2.14 3.11 2.78 2.72 2.40 2.48 2.07 2.11 3.62 3.19 4.10
Tb 0.56 0.59 0.51 0.57 0.48 0.46 0.35 0.41 0.51 0.50 0.48 0.38 0.39 0.33 0.36 0.57 0.52 0.65
Dy 4.08 4.36 3.70 4.06 3.43 3.40 2.35 2.88 3.59 3.33 3.34 2.45 2.47 2.14 2.2 3.49 3.27 4.26
Y 24.4 26.9 22.5 24.8 19.9 20.5 14.0 17.2 19.4 19.9 19.7 14.1 14.3 11.8 12.6 19.5 19.1 24.8
Ho 0.92 1.01 0.87 0.93 0.79 0.80 0.53 0.63 0.74 0.75 0.74 0.54 0.54 0.47 0.48 0.74 0.70 0.92
Er 2.63 2.90 2.38 2.62 2.15 2.22 1.58 1.79 1.97 1.99 2.05 1.49 1.49 1.20 1.28 1.91 1.92 2.56
Tm 0.38 0.42 0.35 0.38 0.28 0.32 0.21 0.25 0.28 0.30 0.30 0.21 0.21 0.15 0.19 0.27 0.29 0.37
Yb 2.51 2.84 2.47 2.52 1.81 2.00 1.37 1.66 1.66 2.03 2.01 1.47 1.38 1.17 1.24 1.74 2.05 2.63
Lu 0.35 0.39 0.34 0.34 0.26 0.28 0.18 0.25 0.25 0.28 0.28 0.21 0.21 0.16 0.16 0.24 0.31 0.37

For the analytical conditions see Powell et al. (2004) and the analytical methods section of the GEMOC website (http://www.es.mq.edu.au/gemoc/). mg#=[Mg/ (Mg+Fet)⁎100], n.d., not detected. 71
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never as the result of an infiltration from the host basalt.
This is more evident in those minerals analyzed in the
alpine complexes.

All investigated xenoliths are spinel-bearing perido-
tites and garnet has not been observed. No HFSE-bearing
accessory phases such as rutile, ilmenite or zircon were
found. Armalcolite is reported from a few mantle xeno-
liths from Kerguelen (Gregoire et al., 2000), but it is
clearly secondary with respect to the peridotite minerals
(including amphibole) and it cannot have affected the
composition of previously formed amphibole.

In order to screen the origin of the studied mantle
xenoliths, the “suprasubduction” group is confined exclu-
sively to mantle xenoliths brought to the surface by mag-
Fig. 1. mg# (A), Na2O (B) and TiO2 (C) vs SiO2 diagrams for intraplate (
amphiboles. mg#=[Mg/ (Mg+Fet)⁎100]. I-Amph field includes data from
Antarctica (Coltorti et al., 2004), Australia (O'Reilly et al., 1991; Yaxley an
Pannonian Basin (Bali et al., 2002), Ahaggar (Dautria et al., 1987). S-Amph fi
work), Papua New Guinea (Gregoire et al., 2001), Finero (Zanetti et al., 1999)
(Kepezhinskas et al., 1996; Arai et al., 2003; Ishimaru et al., 2006; Ishimaru a
mas with a clear calc-alkaline (sensu lato) affinity, and to
two well-studied and clearly identified subduction-related
peridotite bodies. This material will thus be considered
representative of the lithologies of themantle wedge above
a subduction zone. On the contrary xenoliths brought to the
surface by alkaline intraplate magmatism will be consid-
ered as representative of anorogenic mantle lithologies.

The data refer to well-studied localities and were
chosen on the basis of trace element analyses availabil-
ity. Major and trace element analyses of intraplate am-
phibole (I-Amph) represent a large range of continental
and oceanic settings, including Eifel (Witt-Eickschen
et al., 2003 and reference therein), Kerguelen (Moine
et al., 2001), Antarctica (Coltorti et al., 2004), Australia
I-Amph; open circles) and suprasubduction (S-Amph, grey diamonds)
Eifel (Witt-Eickschen et al., 2003), Kerguelen (Moine et al., 2001),
d Kamenetsky, 1999; Powell et al., 2004; Coltorti, unpublished data),
eld includes data from Japan (Johnson et al., 1996; Abe et al., 1998; this
, Val d'Ultimo (Marocchi, 2006; Marocchi et al., this issue); Kamchatka
nd Arai, in press), Mariana fore arc (Ohara and Ishii, 1998).
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(O'Reilly et al., 1991; Yaxley and Kamenetsky, 1999;
Powell et al., 2004) (Table 1), whereas data for
suprasubduction amphibole (S-Amph) are derived
from Japan (Johnson et al., 1996; Abe et al., 1998),
Kamchatka (Ishimaru et al., 2006; Ishimaru and Arai,
in press) and Papua New Guinea (Gregoire et al.,
2001) (Table 2). Trace element analyses of amphibole
Fig. 2. Chondrite-normalized incompatible element diagrams for intraplate (
from Antarctica (Coltorti et al., 2004), Kerguelen (Moine et al., 2001), Wes
Yaxley and Kamenetsky, 1999: open diamond; Powell et al., 2004: black sq
Coltorti unpublished data: open circles). S-Amph data are from Japan (Johnson
et al., 2001), Kamchatka (Ishimaru et al., 2006; Ishimaru and Arai, in press
(Zanetti et al., 1999). Normalizing values from McDonough and Sun (1995)
from Ichinomegata (Japan) were also carried out at the
Arc National Centre of Geochemical Evolution and
Metallogeny of Continents (GEMOC) (Table 3). To
enlarge the suprasubduction amphibole (S-Amph)
dataset, analyses from the Finero and Val d'Ultimo
(Italian Alps) alpine peridotites, which are considered
as examples of subduction-related metasomatism, are
A, B, C, D) and suprasubduction amphiboles (E, F). I-Amph data are
t Eifel (Witt-Eickschen et al., 2003), Australia (O'Reilly et al., 1991;
uares, Group A; black triangles, Group B; black diamonds, Group C;
et al., 1996; Abe et al., 1998; this work), Papua New Guinea (Gregoire
), Val d'Ultimo (Marocchi, 2006; Marocchi et al., this issue), Finero
.
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also included (Zanetti et al., 1999; Scambelluri et al.,
2006; Marocchi, 2006; Marocchi et al., this issue).

3. Major and trace element data

Several studies have stressed the influence of SiO2

and MgO contents in trace element partitioning behav-
iour in the amphibole (e.g. Tiepolo et al., 2000, 2001,
2003). The higher the degree of polymerization and the
lower the mg# values of the melt, the higher the HFSE
contents which should be expected to be incorporated
within the amphibole. In order to separate crystallo-
graphic constraints from the pristine nature of the
parental metasomatic agents, I-Amph and S-Amph
with relatively restricted ranges of SiO2 (40–48%) and
mg# (80–94) were chosen (Fig. 1). Tiepolo et al. (2001)
noted in fact that a great variation in Amp/LDNb/Zr occurs
for amphibole with mg#b0.8. The variation in Amp/

LDNb/Zr calculated in the present study according to
Tiepolo et al. (2001) and with the above indicated mg#
range is 0.43±0.04, thus it can be assumed that this
parameter does not affect the HFSE distribution. The
same authors also noted that an increase in SiO2 and a
decrease in TiO2 contents of the melts will increase the
HFSE compatibility in amphibole (see also Marks et al.,
2004). Beside the fact that metasomatic processes cannot
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be directly equated to crystallization process, the two
trends described are exactly opposite of those observed
in amphibole from subduction and intraplate settings. It
is well-known that suprasubduction environments are
characterized by metasomatizing agents with higher
degrees of SiO2-saturation and lower TiO2 contents
with respect to their counterpart in intraplate settings, but
S-Amph is characterized by the lowest Nb contents. As
far as I-Amph is concerned no correlations between TiO2

and Nb contents have been observed.
Based only on major elements, the dataset can be ex-

tended to amphiboles from the PannonianBasin (Bali et al.,
2002 and reference therein), Ahaggar (Dautria et al., 1987),
Kamchatka (Kepezhinskas et al., 1996; Arai et al., 2003;
Ishimaru et al., 2006; Ishimaru and Arai, in press) and
Mariana (Ohara and Ishii, 1998). S-Amph generally shows
lower Na2O and TiO2 contents than I-Amph, although a
large overlap exists between the two groups (Fig. 1).
Fig. 3. Ti (A) and Zr (B) vs Nb diagrams for intraplate and suprasubduction a
S-Phl, suprasubduction phlogopite; I-Amph, intraplate amphibole; I-Phl, intr
et al. (2002). MORB and Primordial Mantle (PM) values are from McDono
Chondrite-normalized incompatible trace element
patterns of the selected amphiboles are shown in Fig. 2.
Different patterns can be recognized within the intraplate
amphibole group and, in some cases, these can be related
to their microstructural occurrence. Xenoliths from
Antarctica, Kerguelen and Eifel display both disseminat-
ed and vein amphiboles. In Antarctica both types have
very similar geochemical features (Fig. 2A) (Coltorti
et al., 2004), while at Kerguelen and Eifel they are
geochemically distinctive (Fig. 2B, C) (Moine et al.,
2001; Witt-Eickschen et al., 2003). Ti, Zr and Hf contents
are highly variable: disseminated amphiboles commonly
showTi and Zr negative anomalies, while these are rare in
veined amphibole. Amphiboles from western Victoria
(Australia) are all disseminated and some are character-
ized by prominent Ti, Zr and Nb negative anomalies
(Fig. 2D), which is interpreted as being due to carbonate-
rich silicate or carbonatite metasomatism (Powell et al.,
mphiboles (data set as in Fig. 2). S-Amph, suprasubduction amphibole;
aplate phlogopite. Rutile field is from Zack et al. (2002) and Kalfoun
ugh and Sun (1995).
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2004), possibly related to an old subduction signature
(Griffin et al., 1988). A few samples from East Eifel
present quite low Nb contents due to the effect of subduc-
tion which affected this portion of the lithospheric mantle
during Hercynian (Witt-Eickschen et al., 2003).

The observed compositional variation of these
analyses (not included in the I-Amph group) is not the
result of textural positions, but the effect of older meta-
somatic episodes. Textural position can affect HFSE
distribution but the variation would be orders of magni-
tude lower than that introduced by tectonic imprinting
(see also Coltorti et al., 2007).

On the other hand S-Amph, (mostly disseminated),
shows a less enriched and fractionated pattern, with flat
Heavy Rare Earth Elements (HREE) and well-pro-
nounced Nb (and Ta where analyzed) negative anoma-
lies (Fig. 2E, F).

I-Amph geochemical signatures are clearly discrim-
inated from those for S-Amph by their higher Ba, Nb,
Ta, Zr, Hf and Ti contents (Fig. 2). I-Amph also tends to
Fig. 4. Zr/Nb vs Ti/Nb (A) and Zr/Nb vs Ti/Zr (B) diagrams for intraplate an
Fig. 2.
have higher HREE contents and more fractionated
HREE patterns than S-Amph.

When suprasubduction and intraplate metasomatic
signatures are compared, phlogopite and clinopyroxene
do not show geochemical characteristics as clearly as
amphibole. Phlogopite is rarer than amphibole and, like
clinopyroxene, does not incorporate the large spectrum
of trace elements observed in amphibole. Nevertheless,
phlogopites from the Kerguelen plateau (Moine et al.,
2001) display higher Ba, Nb, Zr and Ti contents than
phlogopites in xenoliths from Lihir (Papua New
Guinea, Gregoire et al., 2001) and in exposed mantle
peridotites from Finero (Northern Italy, Zanetti et al.,
1999) (Fig. 3A, B). Intraplate clinopyroxenes tend to
have higher Ti and Nb contents than orogenic clino-
pyroxenes although Ba and Nb concentrations are near
detection limits and the data are quite scattered.
Clinopyroxenes from Gran Comore, where carbonatitic
metasomatism was recognized by Coltorti et al. (1999),
have comparable Ti and Zr contents to those from Lihir,
d suprasubduction amphiboles. Data set, abbreviations and fields as in



Fig. 5. Chondrite-normalized incompatible element diagrams for amphiboles from Tallante (Spain, this work and Coltorti unpublished data) and
Kapfenstein (Austria, Coltorti et al., 2007). Amph-D, disseminated amphibole; Amph-V, amphibole in vein. Normalizing values from McDonough
and Sun (1995).
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but with much stronger negative anomalies reflecting
higher REE concentrations.

In summary, suprasubduction amphiboles have con-
sistently lower HFSE (and HREE) contents than I-Amph.
In those cases where comparable Ti negative anomalies
occur, intraplate minerals are distinguished by signifi-
cantly higher Nb (and Ta when analyzed) contents. In
addition, trace element analyses of phlogopites and
clinopyroxenes from both intraplate and suprasubduction
Fig. 6. Zr/Nb vs Ti/Nb diagram for amphiboles from Tallante (Spain, this wo
2006; Faccini et al., 2006) and Nunivak (Alaska, this work). Abbreviations
xenoliths indicate similar geochemical differences be-
tween the two tectonic settings.

4. HFSE distribution in orogenic and intraplate
amphiboles

The ranges of Ti and Zr contents significantly
overlap in amphiboles from both suprasubduction and
intraplate settings (Fig. 3A and B). For single points
rk and Coltorti unpublished data), Kapfenstein (Austria, Coltorti et al.,
and fields as in Fig. 4.
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however, there is a trend towards higher Ti, and to a
lesser extent Zr, contents for I-Amph. However, S-
Amph is always characterized by lower Nb contents
for similar Zr and Ti values. Nb in particular represents
the best element for discriminating between the two
fields. It averages 75.7 ppm (±19.7) for the four I-Amph
populations (Table 1), whereas it averages 2.54 ppm
(+2.42) for the five S-Amph groups (Tables 2 and 3).

Notwithstanding the slight overlap, S-Amph has
both Ti/Nb and Zr/Nb ratios straddling the chondritic
Table 4
Representative analyses of S-Amph and I-Amph from Kapfenstein (Austria;

Locality Kapfenstein

Amph-Type I-Amph S-Amph

Sample KAP1 KF2 KF4 KF2 KF6 K

Spot 9 C B B E G

SiO2 42.58 43.38 43.22 43.10 42.74 42
TiO2 3.89 0.98 0.65 1.18 2.04 2.
Al2O3 14.08 14.69 15.28 15.46 15.57 15
FeOtot 5.85 4.06 3.69 4.04 4.04 4.
MnO 0.08 0.05 0.07 0.08 0.08 0.
MgO 16.55 17.62 17.83 17.88 17.91 17
CaO 10.45 10.66 10.71 10.44 10.99 11
Na2O 2.89 3.14 3.24 3.75 3.78 3.
K2O 1.24 1.27 1.30 0.63 0.02 0.
NiO 0.03 0.09 0.06 0.11 0.12 0.
Cr2O3 0.06 1.89 1.80 1.64 0.91 0.
Total 97.70 97.82 97.84 98.31 98.20 98

mg# 83.43 88.55 89.59 88.73 88.76 88

Rb 9.14 10.4 13.8 4.22 1.23 2.
Ba 251 203 181 106 13.0 18
Th 0.00 0.77 1.35 0.63 0.18 0.
U 0.07 0.23 0.44 0.17 0.11 0.
Nb 30.9 24.2 27.0 1.20 0.29 0.
Ta 1.81 0.83 1.35 0.00 0.01 0.
La 7.55 9.29 8.15 7.09 0.92 0.
Ce 27.2 21.5 16.0 14.2 2.89 3.
Pr 3.98 2.92 1.95 1.62 0.50 0.
Sr 516 263 138 290 75.1 70
Nd 21.8 12.2 8.03 7.07 3.64 4.
Zr 64.2 102 167 28.3 31.2 37
Hf 2.89 1.88 3.45 0.77 1.11 1.
Sm 5.85 4.11 1.67 1.81 1.22 1.
Eu 2.26 1.01 0.45 0.63 0.72 0.
Gd 4.76 2.54 1.48 1.86 2.48 2.
Tb 0.72 0.43 0.28 0.36 0.42 0.
Dy 3.78 2.16 1.26 2.34 3.23 3.
Y 14.4 12.5 9.15 14.1 19.2 18
Ho 0.81 0.45 0.30 0.51 0.61 0.
Er 1.53 1.29 1.03 1.42 1.73 2.
Tm 0.21 n.d. n.d. n.d. n.d. n.
Yb 1.30 1.32 0.96 1.33 1.83 2.
Lu 0.15 0.17 0.14 0.17 0.30 0.

mg#=[Mg/(Mg+Fet)⁎100]. n.d., not detected.
values (Ti/NbCh=1823 (McDonough and Sun, 1995),
Ti/NbS-Amph = 118,774–306, average 6967; Zr/NbCh=
15.7 (McDonough and Sun, 1995), Zr/NbS-Amph = 290–
3.07, average 39.4). In addition, the average for both
ratios is suprachondritic for S-Amph. In contrast, I-Amph
clearly shows subchondritic ratios for both Ti/Nb and Zr/
Nb (Ti/NbI-Amph=948–11.3, average 266; Zr/NbI-Amph=
4.43–0.14, average 2.07), due to the higher Nb content.

The distinctive geochemical signatures of S- and
I-Amph can be well illustrated by plotting Zr/Nb ratios
Coltorti et al., 2007) and Tallante (Spain)

Tallante

I-Amph S-Amph

F6 TL42 TL42 TL42 TL23 TL23 TL23

6 7 8 1 2 3

.60 40.81 40.99 42.36 43.29 43.06 43.24
15 5.02 3.79 3.46 0.78 0.34 0.20
.58 13.96 13.90 13.24 14.14 13.89 14.82
04 4.78 5.97 5.83 3.57 3.54 3.22
07 0.13 0.00 0.01 0.00 0.00 0.12
.88 15.99 15.91 16.09 17.67 17.08 17.78
.04 11.95 11.76 11.82 11.78 11.13 11.80
73 2.57 2.56 2.67 3.16 3.24 2.85
02 1.04 1.19 1.19 0.49 0.50 0.92
12 0.08 0.09 0.06 0.14 0.14 0.16
96 0.57 0.86 0.79 1.56 1.54 1.09
.19 96.91 97.02 97.52 96.59 94.46 96.20

.74 85.63 82.60 83.10 89.81 89.58 90.78

11 5.64 5.47 4.93 16.0 5.03 5.01
.9 507 497 547 47.0 26.1 29.8
24 1.49 0.25 0.48 7.33 1.80 5.63
16 0.47 0.16 0.25 1.51 0.49 0.93
46 21.3 20.8 20.1 2.45 0.77 1.02
04 1.05 0.99 0.92 0.05 0.08 0.05
95 10.4 8.07 8.55 14.6 5.47 10.2
77 29.2 26.7 27.4 32.8 15.2 21.3
57 4.95 4.53 4.48 4.54 2.78 2.72
.3 660 640 701 48.9 23.0 29.2
15 27.7 25.2 26.7 31.7 21.9 14.5
.9 58.8 47.6 52.2 110 80 85
18 2.24 1.79 2.04 2.41 3.02 2.86
33 7.32 7.37 7.33 11.8 9.08 5.81
55 2.31 2.04 2.00 1.78 0.73 0.67
23 6.15 6.54 5.33 9.24 6.66 4.89
49 0.77 0.85 0.68 1.16 0.63 0.39
39 3.86 4.19 3.98 4.25 2.94 1.95
.3 18.1 17.5 18.3 20.6 13.1 11.8
75 0.69 0.75 0.68 n.d. 0.52 n.d.
12 1.63 1.35 1.34 n.d. 1.09 n.d.
d. n.d. n.d. n.d. n.d. n.d. n.d.
02 1.41 1.09 1.00 n.d. 0.77 0.63
25 0.09 0.11 n.d. n.d. 0.11 n.d.
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against Ti/Nb and Ti/Zr respectively (Fig. 4A and B). S-
Amph is depleted in Nb as indicated by the suprachon-
dritic values of Zr/Nb ratios, and this is almost perfectly
counterbalanced by the subchondritic values of I-Amph,
due to their Nb enrichment. Ti/Nb is also quite efficient in
separating the two groups, although a small overlap is
evident for Ti/Nb values around 1000. Ti/Zr ratios of the
two groups of amphiboles are almost identical, thus, as
also shown in the spidergram, the Ti/Zr ratio is not able to
discriminate between orogenic and intraplate amphiboles.

5. Multiple metasomatic imprints

The proposed discrimination diagrams can be tested
in those situations where multiple metasomatic episodes
have been recognized. In this respect, two particularly
interesting cases are represented by mantle xenoliths
from Tallante (Southeastern Spain, Beccaluva et al.,
2004; Shimizu et al., 2004) and Kapfenstein (Austria,
Faccini et al., 2006; Coltorti et al., 2007;), where it is
interpreted (based on textural and geochemical fea-
tures), that an intraplate metasomatic event overprinted
an older suprasubduction metasomatic episode.

Accordingly, two groups of amphiboles are clearly
distinct in the Tallante xenoliths: Amphiboles from sam-
ple TL42 present more marked Ti than Nb positive anom-
alies, but they are always distinctly enriched in Nb, Ta and
Ti relative to amphibole from sample TL23 (Fig. 5A,
Table 4). This sample is in fact believed to still preserve
the subduction signature (Beccaluva et al., 2004). In Fig. 6
amphiboles TL23 plot well within the orogenic field,
while amphiboles TL42 tend towards the intraplate field.

Analogously two groups of amphiboles can be dis-
tinguished in Kapfenstein xenoliths (Table 4). Contrary to
what was observed at Tallante, the two kinds of am-
phiboles (always disseminated) may even occur within
the same sample (KF6, Fig. 6). In this case amphibole
geochemical features straddle the I-Amph and S-Amph
fields possibly recording a transition from suprasubduc-
tion to intraplate metasomatism (Figs. 5B and 6) (Coltorti
et al., 2006; Faccini et al., 2006). Amphibole from the
other samples are quite well discriminated by the diagram
of Fig. 6. Depleted disseminated amphibole (Amph-D),
which is believed to record a suprasubduction event, plots
well within the suprasubduction field. Enriched Amph-D,
which records successive intraplate metasomatic imprint-
ing, tends towards lower Zr/Nb and Ti/Nb values and
most of it falls into the intraplate field (Figs. 5B and 6).

Another well-known occurrence is the mantle
xenoliths from Nunivak (Alaska, Francis, 1976; Roden
et al., 1984). Xenoliths are brought to the surface by
alkaline (s.l.) basalts and, notwithstanding the position
of the island behind the Aleutian Arc, most of the
analyzed amphiboles (Table 5) fall well within the I-
Amph field suggesting a strong alkaline intraplate
metasomatic activity.

From Fig. 6, it is noteworthy that amphiboles inferred
to be derived from the two types of mantle tectonic
domains reveal the same geochemical differences, and
are clearly discriminated by the proposed diagrams.

6. The origin of HFSE and Nb depletion in S-Amph

It is well documented that Mid-Ocean Ridge Basalts
(MORB) derive from a depleted mantle source, resulting
in relatively low Nb content, and with suprachondritic
ratios for both Zr/Nb and Ti/Nb. The field for MORB
(McDonough and Sun, 1995) is shown on Figs. 3 and 4. In
both diagrams the S-Amph field plots very close to, or
encloses, the MORB field, emphasising the depleted
character with respect to suprachondritic Zr/Nb and Ti/Nb.

The eclogite compositional field is more difficult to
define and a more precise definition it is out of the scope
of the present work. Eclogites in fact present a large
compositional variation that includes the effects of the
i) protolith composition, ii) element mobility during
alteration, dehydration and transport to the Earth's surface
(Chalot-Prat et al., 2003; Spandler et al., 2004), and
iii) large modal variability. A way of approaching the
question is to consider the analyses of single minerals
constituting eclogitic rocks, namely clinopyroxene and
rutile. According to distribution partitioning coefficients,
Ti and Zr would be preferentially incorporated in
clinopyroxene relative to Nb (GERM data set: http://
earthref.org/GERM/main.htm), while pentavalent HFSE
would be strongly fractionated in rutile (Foley et al., 2000;
Schmidt et al., 2004). In Figs. 3 and 4 rutile analyses plot
in the subchondritic side of the diagram for both Ti/Nb
and Zr/Nb ratios, whereas clinopyroxenes (not reported in
the diagrams) span both the suprachondritic and sub-
chondritic side of the diagram (Kalfoun et al., 2002;
Gregoire et al., 2002). The presence of rutile (or, to a lesser
extent, ilmenite) however dominates the Nb and Ti budget
of eclogitic rocks, as a few percent of this phase will result
in a large increase of the budget of these elements (e.g.
Zack et al., 2002; Kalfoun et al., 2002).

The very large eclogite field (not reported for sake
of clarity in the diagrams) encloses those of MORB and
S-Amph underlining the genetic relationship between
these lithotypes. Accordingly the great majority of
eclogites show suprachondritic Ti/Nb and Zr/Nb ratios,
plotting in a intermediate position between those of
eclogitic cpx and rutile (Rudnick et al., 2000; Barth et al.,
2001; Zack et al., 2002).

http://earthref.org/GERM/main.htm
http://earthref.org/GERM/main.htm


Table 5
Major and trace element analyses of amphiboles from Nunivak Island (Alaska)

Sample ASK12 66AHR63 ASK10 ASK5

Spot am1–1 am1–2 am5–1 am5–2 am1–1 am2–1 am3–1 am4–1 am5–1 am6–1 am7–1 am1–1 am1–2 am2–1 am3–1 am4–1 am5–1 am5–2 am1–1 am1–2 am2–1 am3–1

SiO2 43.47 43.66 42.99 43.20 42.18 43.04 42.25 42.23 42.85 41.87 41.96 43.08 43.04 42.61 43.10 42.83 43.00 43.18 40.88 41.09 41.41 41.21
TiO2 0.17 0.16 0.18 0.19 2.69 2.43 3.23 2.94 3.07 4.68 4.78 0.64 0.67 0.52 0.59 0.54 0.62 0.60 4.02 4.05 3.82 3.82
Al2O3 15.06 14.81 14.75 14.84 14.26 14.27 13.96 14.21 14.51 14.41 14.83 14.15 13.85 14.20 14.24 14.06 14.01 13.99 14.21 14.65 14.02 14.21
FeOtot 4.13 4.01 4.22 4.18 4.48 4.48 4.75 4.59 4.75 5.21 5.21 4.17 4.11 4.13 4.12 4.05 4.20 4.13 7.81 7.71 6.29 6.68
MnO 0.04 0.08 0.07 0.06 0.04 0.05 0.08 0.06 0.05 0.08 0.08 0.07 0.06 0.03 0.05 0.05 0.03 0.07 0.12 0.10 0.03 0.05
MgO 18.36 18.30 18.23 18.18 16.48 17.01 16.74 16.90 16.96 16.31 15.83 17.92 17.73 17.71 17.74 17.69 17.92 17.89 14.51 14.49 15.11 14.90
CaO 10.15 10.09 10.06 10.18 10.02 10.40 9.99 9.94 10.15 10.31 10.52 10.86 10.90 10.91 10.77 10.93 10.91 10.82 9.92 9.95 9.91 9.86
Na2O 3.89 3.79 3.93 3.88 3.45 3.17 3.72 3.39 3.40 3.61 3.60 3.14 3.07 3.13 3.09 3.06 3.16 3.16 3.24 3.22 3.15 3.22
K2O 0.45 0.46 0.44 0.46 1.10 1.53 0.83 1.38 1.35 0.63 0.65 1.26 1.19 1.17 1.19 1.21 1.14 1.16 1.40 1.35 1.54 1.42
NiO 0.17 0.15 0.12 0.16 0.12 0.12 0.11 0.12 0.11 0.08 0.11 0.13 0.14 0.09 0.11 0.13 0.08 0.14 0.09 0.07 0.06 0.07
Cr2O3 0.97 1.05 1.22 1.15 1.41 0.47 1.20 0.33 0.19 0.12 0.08 1.34 1.31 1.84 1.29 1.31 1.34 1.31 0.28 0.28 0.63 0.91
Total 96.87 96.58 96.19 96.47 96.23 96.96 96.87 96.09 97.38 97.32 97.66 96.78 96.08 96.33 96.27 95.85 96.41 96.45 96.48 96.96 95.96 96.35

mg# 88.78 89.04 88.50 88.57 86.77 87.11 86.26 86.78 86.40 84.80 84.41 88.44 88.47 88.42 88.47 88.62 88.38 88.52 76.79 76.98 81.04 79.88

Rb 1.39 1.41 1.43 1.38 8.17 6.02 3.29 5.10 4.56 2.74 2.76 12.4 12.2 13.4 13.8 12.8 12.0 11.3 7.64 8.17 10.1 9.90
Ba 74.1 75.6 75.6 77.2 225 152 157 145 144 113 112 308 343 347 295 283 347 322 219 195 257 252
Th 0.37 0.43 0.38 0.40 0.39 0.40 0.39 0.39 0.41 0.07 0.08 1.74 1.72 1.77 1.68 1.78 1.86 1.76 0.65 0.66 0.75 0.81
U 0.31 0.32 0.30 0.33 0.10 0.12 0.13 0.09 0.11 0.08 0.06 0.58 0.53 0.54 0.55 0.50 0.48 0.48 0.19 0.19 0.23 0.25
Nb 25.2 25.0 24.7 24.6 29.9 97.4 15.8 110 117 9.67 9.38 39.1 69.4 42.7 62.4 46.2 42.1 44.5 35.3 41.5 71.0 55.8
Ta 1.67 1.66 1.68 1.79 0.74 6.19 0.28 5.18 6.17 0.40 0.42 2.19 2.85 2.37 2.64 2.22 2.49 2.46 1.76 1.81 3.51 2.67
La 5.66 5.91 5.65 5.65 9.79 12.7 9.15 11.3 11.2 1.86 1.92 22.0 24.4 25.1 24.3 23.3 24.2 23.4 10.1 10.7 12.3 12.1
Ce 27.5 27.7 27.5 27.2 21.0 30.0 20.2 33.4 31.4 6.98 6.94 41.9 54.9 52.1 56.0 47.0 46.5 44.8 28.0 30.0 35.0 33.2
Pr 5.61 5.59 5.59 5.55 2.81 4.75 2.95 5.90 5.47 1.55 1.55 3.75 6.69 5.45 6.61 4.92 4.94 4.86 4.35 4.65 5.20 4.96
Sr 780 859 785 825 434 429 507 454 461 493 500 881 848 900 870 842 874 868 669 645 650 647
Nd 27.7 27.7 28.1 27.9 11.6 23.3 13.1 30.4 27.8 9.92 10.1 9.53 24.9 16.4 24.1 14.8 14.9 15.4 21.5 22.2 23.9 23.5
Zr 43.5 43.5 43.1 43.6 32.1 135 38.9 184 183 40.7 41.9 37.0 84.8 50.0 72.5 88.0 32.3 31.2 82.0 85.0 104 90.7
Hf 2.86 2.82 2.79 2.80 0.55 5.06 0.90 6.17 6.66 1.42 1.45 0.41 1.02 0.51 0.94 0.77 0.38 0.37 2.35 2.45 2.98 2.46
Sm 5.90 5.77 5.83 5.98 2.56 5.50 3.23 7.86 7.05 3.77 3.89 1.35 4.44 2.15 4.08 1.95 1.92 2.27 6.12 6.13 5.90 5.95
Eu 1.84 1.86 1.86 1.84 0.95 1.64 1.25 2.26 2.12 1.59 1.62 0.68 1.47 0.92 1.34 0.87 0.85 0.87 2.25 2.18 2.12 2.17
Gd 3.94 3.86 3.88 3.93 2.66 5.32 3.13 6.41 6.22 4.28 4.60 1.66 3.62 2.14 3.32 1.98 2.06 2.26 6.20 5.78 5.44 5.71
Tb 0.47 0.46 0.49 0.48 0.39 0.72 0.52 0.88 0.83 0.68 0.72 0.35 0.57 0.39 0.50 0.36 0.40 0.40 0.92 0.87 0.83 0.84
Dy 2.37 2.43 2.51 2.45 2.32 3.89 2.82 4.72 4.64 3.73 3.74 2.74 3.52 3.06 3.26 2.70 2.98 3.00 5.26 5.25 4.86 5.06
Y 11.4 11.4 11.7 11.8 12.5 17.7 14.3 20.9 20.0 15.2 15.9 18.5 20.2 20.0 18.8 18.6 20.3 19.9 24.8 24.6 23.9 23.8
Ho 0.40 0.41 0.41 0.41 0.49 0.68 0.54 0.81 0.82 0.63 0.62 0.71 0.75 0.74 0.68 0.65 0.77 0.71 0.98 0.98 0.94 0.96
Er 0.95 1.02 1.01 1.00 1.16 1.58 1.37 1.89 1.86 1.29 1.38 1.98 2.06 2.14 1.91 1.86 2.23 2.07 2.41 2.29 2.30 2.29
Tm 0.13 0.14 0.14 0.14 0.17 0.20 0.17 0.23 0.21 0.15 0.15 0.34 0.29 0.32 0.26 0.29 0.31 0.30 0.32 0.31 0.30 0.29
Yb 0.87 0.90 0.89 0.92 1.00 1.27 1.11 1.39 1.31 0.84 0.88 1.97 1.87 2.04 1.81 1.89 2.10 1.99 1.74 1.73 1.85 1.78
Lu 0.13 0.13 0.13 0.13 0.15 0.17 0.18 0.18 0.17 0.11 0.12 0.31 0.27 0.30 0.26 0.27 0.31 0.31 0.25 0.25 0.25 0.24

For the analytical conditions see Powell et al. (2004) and the analytical methods section of the GEMOC website (http://www.es.mq.edu.au/gemoc/). mg#=[Mg/(Mg+Fet)⁎100].
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In summary, S-Amph shares geochemical features
similar to MORB, (Nb depletion and suprachondritic Zr/
Nb and Ti/Nb ratios), with the field extending towards
more depleted Nb values, in the opposite position to the
rutile fields (Figs. 3, 4). If rutile (or ilmenite) was present in
mantle xenoliths fromorogenic settings, the distinctive Nb
depletion in S-Amph may be easily explained by rutile
preferentially retaining Nb with respect to Ti and Zr, as
well as the overall HFSEdepletion in S-Amph. Thiswould
in turn also explain the HFSE negative anomalies in calc-
alkalinemagmas. However there is no evidence for a large
presence of rutile (or ilmenite) in orogenicmantle settings.
Ayers et al. (1997) use experimental results to argue that
rutile is not even stable in the mantle wedge above a
subduction zone. As a consequence we have to consider
that amphibole (as well as phlogopite and clinopyroxene)
inherited its signature from the fluids extracted from the
downgoing slab. This means that these fluids were origi-
nally relatively depleted inHFSE,with greater depletion in
Nb than in Ti and Zr. During high pressure metamorphism
rutile may form by reaction from ilmenite and/or titanite
and, as testified by its wide presence in eclogites, it is a
restitic product of slab melting or dehydration (Zack et
al., 2002). This is a viable mechanism for generating
HFSE-depleted fluids coming off the downgoing slab, and
would result in the geochemical features observed in S-
Amph. As evident in Fig. 4, rutile has exactly the
complementary Zr/Nb and Ti/Nb ratios with respect to
MORB, while having comparable Ti/Zr ratios. The
eclogitic counterpart after MORB dehydration or melting
will be thus enriched in HFSE and represent the best
candidate for a Nb reservoir (Rudnick et al., 2000).

7. The origin of HFSE andNb enrichment in I-Amph

The subchondritic Ti/Nb and Zr/Nb ratios in I-Amph
must also be considered. The more incompatible
behaviour of Nb with respect to Ti and Zr during mantle
melting is not sufficient to explain the larger Nb
enrichment observed in I-Amph, irrespective of their
origin as products of metasomatic reaction (Coltorti et al.,
2004) or as crystallization from amelt (Moine et al., 2001;
Witt-Eickschen et al., 2003). Nor can the enrichment be
attributed to different crystallochemical-structural
arrangements, as the considered amphiboles share very
similar major element compositions. Alkaline and highly
alkaline basalts, from which I-Amph is considered to be
ultimately derived, also tend to be enriched in Nb, leading
to Ti/Nb and Zr/Nb subchondritic ratios.

The I-Amph field is located between primitive mantle
(PM) and rutile compositions (Fig. 4A and B), with the
eclogite field lying in between. Thus the role of rutile-
bearing eclogite lenses in the genesis of Nb-rich alkaline
basalts and eventually of I-Amph has to be taken into
account. The link between a Nb-depleted component
flushing the suprasubduction mantle wedge as recorded
by S-Amph and a Nb-rich subducted component
(eclogite) recorded ultimately in I-Amph is a feasible
explanation. Rutile-bearing eclogite may be recycled as
lenses and/or layers within the lower part of the upper
mantle, providing a Nb-rich reservoir which will
contribute to the genesis of alkaline magmas (McDo-
nough, 1991; Fitton, 1995;Rudnick et al., 2000) and to the
HFSE enrichment which has been observed in the deep
lithosphere (Aulbach et al., 2004 and references therein).
Silicate melt metasomatism could attain its HFSE budget
by scavenging deep-seated rutile-bearing eclogitic lenses.

In this context it is also interesting to note that in
several areas around the Mediterranean (Sardinia, Spain,
Pannonian Basin, Serbia, Morocco, Algeria; Wilson and
Downes, 2006 and reference therein) as well as in many
subduction zones worldwide (New Zealand, Cook et al.,
2005; Antarctic Peninsula, Hole, 1990; Patagonia,
D'Orazio et al., 2001 and reference therein) alkaline
volcanism commonly follows calc-alkaline (s.l.) magma-
tism on a timescale of a few to tens of millions of years.
This evidence lends support to the link between sub-
duction and generation of intraplate magmas. Physically
the introduction of cold lithosphere could alone create
instability within the upper mantle, but chemically a Nb-
rich reservoir is necessary to take into account the en-
richment of the alkaline magmas mantle source.

8. Conclusions

Our results demonstrate that Nb and Ti contents of
amphiboles in mantle-derived peridotite xenoliths repre-
sent a robust new tool to constrain the tectonic nature of
different mantle domains. Mantle amphiboles from
intraplate domains have relatively high Nb within a rather
restricted range of about 10–1000 ppm compared with
those from suprasubduction domains, where Nb is gen-
erally below 10 ppm and with very little overlap. Thus the
Ti/Nb ratios of mantle amphiboles provide an excellent
discriminant for suprasubduction or intraplate tectonic
environments and for the metasomatic episode that pro-
duced the amphibole. The S-AmphTi/Nb and Zr/Nb ratios
range from chondritic to slightly suprachondritic while
those for I-Amph are subchondritic with very little over-
lap. Further discrimination is provided by the Zr/Nb ratio
and plots of Zr/Nb against Ti/Nb and Zr/Nb against Ti/Zr.
These discriminants are sufficiently sensitive to identify
mantle domains that underwent multiple episodes of
metasomatism related to different tectonic environments.
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Metasomatic fluids coming off the subducting slab
will be HFSE-depleted as a result of melting and/or
dehydration of the oceanic crust and sediments, while
HFSE-enriched fluids which infiltrate intraplate litho-
spheric mantle will be derived from Ti-rich-eclogites.

The model proposed by Ionov and Hoffman (1995)
where two populations of Nb-rich and Nb-poor amphi-
boles should be present in the mantle wedge does not
seem to be supported by the data reported in this work.
All analyzed S-Amph appears in fact homogeneously
depleted in Nb.
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