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Abstract

New partition coefficients between liquid and pargasitic/kaersutitic amphiboles (Amph=LDNb,Ta) experimentally
determined for Nb and Ta at upper-mantle conditions, combined with single-crystal structure refinement of the
synthesised amphiboles, show that Amph=LDNb;Ta are strongly dependent on the structure and composition of both
amphibole and melt. The correlation of the Amph=LDNb;Ta with the amphibole oxy-component is explained by the
ordering of Nb and Ta at the M1 site, contributing with the fraction of Ti at M1 to locally balance the
O3O23HO3(OH)3 substitution. In our set of dehydrogenated amphiboles, variations in the SiO2 content of the melt
from 41.5 to 54.6 correspond to a six-fold increase of the Amph=LDNb;Ta, in which Amph=LDNb varies from 0.14 to 0.71 and
Amph=LDTa from 0.11 to 0.54. Partition coefficients for Nb and Ta abruptly increase in Ti-depleted compositions
(Amph=LDNb up to 1.63 and Amph=LDTa to 1.00). The ratio of DNb to DTa (Amph=LDNb=Ta) varies from 0.71 to 1.63, and is a
function of the M1 site dimension, which in turn depends on its Fe, Mg and Ti contents. The observed variations can be
explained by assuming that the ionic radius of Nb is (V0.01^0.02 Aî ) larger than that of Ta, contrary to the common
assumption that they are both equal to 0.64 Aî . We calibrated a simplified model for the prediction of Amph=LDNb=Ta

values shown to be negatively related mainly to mg# [Mg/(Mg+Fe)] and to Ti content. High-mg# amphiboles have
Amph=LDNb=Ta close to unity, so the low Nb/Ta found in convergent margin volcanics and in the continental crust cannot
be explained by the involvement of amphibole in the mantle wedge. Amphibole in the subducting slab may have lower
mg# and consequently high Nb/Ta values, and thus may give rise to subchondritic Nb/Ta values in coexisting melts.
Nb/La is also negatively correlated with mg#, and strongly increases in Ti-depleted compositions. ß 2000 Elsevier
Science B.V. All rights reserved.

Keywords: trace elements; partitioning; amphibole group; niobium; tantalum; experimental studies; island arcs; volcanic rocks

1. Introduction

Advances in analytical techniques have led to
increased geochemical importance of Nb and Ta
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PII: S 0 0 1 2 - 8 2 1 X ( 0 0 ) 0 0 0 0 4 - 2

* Corresponding author. Tel. : +39-382-505867;
Fax: +39-382-505890; E-mail: tiepolo@crystal.unipv.it

EPSL 5364 18-2-00

Earth and Planetary Science Letters 176 (2000) 185^201

www.elsevier.com/locate/epsl



during the last few years, both in terms of the
internal Nb/Ta ratio and of the fractionation of
these elements from other nominally strongly in-
compatible trace elements. It has long been rec-
ognised that the degree of incompatibility of Nb
and Ta is close to that of Th, U, La and Ce in
most oceanic basalts [1,2], whereas they have
anomalously low concentrations and consequently
show negative anomalies in trace-element patterns
(and low Nb/U and Nb/La) for igneous rocks of
convergent margins and for the bulk continental
crust [3,4]. Furthermore, the Nb/Ta ratio has
near-chondritic values (around 18) only in
MORB and OIB (although signi¢cantly lower val-
ues were also documented [5]), considerably lower
values in convergent margins and in the continen-
tal crust (12^14; [4,6,7], Eggins, personal commu-
nication) and even higher values in some island-
arc volcanics [8]. Although these characteristics
have been commonly used as diagnostic for a sub-
duction environment and thus applied as tectonic
indicators for rocks in earlier parts of the Earth's
history, there is increasing recognition that they
occur `out-of-place' as components in the genesis
of intra-plate continental [9,10] and some oceanic
[11,12] basalts.

However, the underlying mechanism control-
ling the behaviour of Nb and Ta is poorly under-
stood. Although the fractionation of Nb and Ta
from Th, U, La and Ce appears to indicate the
involvement of a phase which selectively incorpo-
rates Nb and Ta, current data exclude all the
common mantle minerals (Cpx, Opx, Ol, Gt,
Sp) as the Nb and Ta hosts. The presence of Ti-
bearing phases (e.g., rutile or sphene) is com-
monly invoked in the intra-plate and sub-arc
mantle or in the subducting slab to explain Nb
and Ta fractionation and depletion. Partition co-
e¤cients for Nb and Ta are very high (100^3500)
for rutile/£uid and rutile/melt pairs [13^16], but
the low modal abundance of these phases may
nevertheless preclude their controlling the Nb^
Ta signature [17]. Mantle peridotites commonly
do not contain rutile due to a reaction with oli-
vine to form ilmenite and orthopyroxene [18], and
Ti is highly soluble in ma¢c melts, so that Ti
minerals are unlikely to remain stable after the
onset of melting [19].

Ionov and Hofmann [20] described amphibole
from mantle xenoliths that are both highly en-
riched in Nb and Ta relative to Th, U, La and
Ce, and highly variable in Nb/Ta (11^90). These
authors suggested that amphibole may be an im-
portant phase controlling Nb and Ta in the sub-
arc mantle. However, all experimentally deter-
mined values reported so far for the partition co-
e¤cients of Nb and Ta in amphibole [21^23] are
too low to favour the interpretation that amphi-
bole can act as a retentive phase during partial
melting or subsequent element-¢ltering processes.

We present and discuss an extensive new exper-

Table 1
Experimental conditions and compositions for the samples of
this work

Sample Code Tsl

(³C)
Teq

(³C)

1 A-N-melt* 1245 1015
2 A-N-melt 1245 1015
3 A-N-synth 1245 1015
4 A-K-1.00 1245 1015
5 A-K-0.81 1245 1015
6 A-K-0.71 1245 1015
7 A-M-0.45 1245 950
8 B-N-melt 1245 1015
9 B-T-0.89 1245 975
10 B-T-0.89 1245 1015
11 B-T-0.89 1245 1035
12 B-T-0.89 1245 1055
13 B-T-0.94 1245 1015
14 B-T-0.94 1245 1035
15 B-T-0.94 1245 1055
16 B-T-0.94 1245 1075
17 B-T-0.97 1245 975
18 B-T-0.97 1245 1015
19 B-M-0.45 1245 1045
20 B-M-0.75 1245 1050
21 B-M-0.90 1245 1050
22 B-M-1.00 1255 1070
23 B-K-1.00 1245 1030
24 B-K-0.50 1245 1030
25 B-K-0.81 1245 1030

The code is a combination of (1) the composition of the
starting material (A = olivine alkali-basalt 472213a, B = ba-
sanite WR13-141); (2) the vector along which the composi-
tion was varied (N = natural composition, K = K2O/(K2O+
Na2O), M = MgO/(MgO+FeO*), T = SiO2/(SiO2+TiO2); (3)
the value of the A/(A+B) ratio between the two oxides that
were varied. Tsl is the initial temperature from which the ex-
periments were cooled slowly to the equilibrium run tempera-
ture (Teq) ; duration = 13 h.
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imental data set on the partitioning of Nb and Ta
between pargasitic and kaersutitic amphiboles and
melts from basanitic and alkali-basaltic systems
under upper-mantle conditions [24]. We also
present data for La, which enable assessment of
Nb depletion relative to elements of similar in-
compatibility. By combining current knowledge
on amphibole crystal-chemistry and the results
of single-crystal structure re¢nement, we suggest
that amphibole may determine the Nb and Ta
signature of magmas during mineral/melt frac-
tionation processes in the upper mantle.

2. Experimental and analytical procedures

2.1. Synthesis

An alkali-olivine basalt from Hessen, Germany,
[[25] ; sample 472213a] and a basanite from Mt.

Melbourne Volcanic Field, Victoria Land, Antar-
tica ([26]; sample WR13^141) were selected as
starting materials. These compositions were re-
produced by mixing oxides and carbonates of Si,
Mg, Fe, Al, Ti, Ca, Na, and K. All carbonates
were reduced to oxides by sintering before the
experiment, and a mixture of Fe0 and Fe2O3

was used in order to obtain appropriate Fe2�

and Fe3� proportions. The ratios K/(Na+Ca),
Mg/(Mg+Fe) and Ti/(Ti+Si) were varied system-
atically in the starting mixtures by adding the ap-
propriate proportions of the relevant oxides so as
to maximise the compositional and structural
range of amphiboles to encompass a broad range
of partitioning behaviour. The starting materials
were doped with a mixture of trace elements
added in solid form at abundances designed to
achieve optimal analytical conditions with count-
ing statistics on both amphibole and glass of bet-
ter than 2% during secondary ion mass spectrom-

Table 2
Unit-cell parameters and selected re¢nement results for the synthesised amphibole of this work

Sample SEQ* Robs Rall a b c L V GM13Of GM23Of GM33Of GM43Of

1 834 1.4 2.5 9.861 (3) 18.023 (7) 5.307 (3) 105.21 (4) 910.1 2.079 2.054 2.072 2.487
2 888 1.9 4.5 9.846 (5) 18.042 (10) 5.316 (2) 105.10 (3) 911.7 2.081 2.048 2.087 2.486
3 835 1.4 3.5 9.858 (2) 18.031 (4) 5.307 (2) 105.13 (2) 910.5 2.080 2.053 2.075 2.487
4 935 2.0 7.9 9.806 (8) 18.026 (15) 5.308 (2) 104.91 (4) 906.7 2.077 2.053 2.079 2.483
5 934 1.9 5.5 9.838 (8) 18.025 (21) 5.308 (5) 105.01 (6) 909.2 2.082 2.052 2.074 2.486
6 933 1.9 5.9 9.850 (4) 18.046 (11) 5.316 (2) 105.10 (3) 912.2 2.083 2.050 2.082 2.487
7 837 1.6 2.7 9.880 (4) 18.095 (6) 5.322 (2) 105.13 (3) 918.5 2.090 2.050 2.094 2.492
8 842 2.1 4.7 9.836 (4) 18.043 (10) 5.320 (2) 105.02 (2) 911.9 2.081 2.043 2.090 2.489
9 884 1.7 3.0 9.853 (7) 18.060 (13) 5.314 (7) 105.07 (7) 913.0 2.083 2.051 2.088 2.490
10 863 2.0 3.8 9.872 (4) 18.070 (7) 5.321 (4) 105.16 (4) 916.1 2.081 2.052 2.086 2.494
11 862 1.5 2.8 9.880 (6) 18.073 (11) 5.318 (3) 105.19 (4) 916.4 2.082 2.058 2.085 2.496
12 861 1.6 2.7 9.873 (4) 18.060 (7) 5.315 (2) 105.17 (3) 914.8 2.079 2.056 2.083 2.496
13 893 1.8 4.4 9.865 (5) 18.072 (7) 5.313 (3) 105.04 (4) 914.8 2.083 2.062 2.082 2.497
15 894 1.5 2.9 9.856 (3) 18.057 (6) 5.316 (3) 105.07 (3) 913.6 2.080 2.054 2.085 2.492
16 902 1.4 3.0 9.893 (2) 18.036 (4) 5.303 (2) 105.20 (2) 913.1 2.075 2.066 2.064 2.499
17 889 1.7 4.3 9.862 (4) 18.063 (6) 5.319 (3) 105.06 (3) 915.0 2.088 2.046 2.092 2.492
18 877 2.0 4.4 9.857 (6) 18.037 (12) 5.310 (4) 105.09 (4) 911.5 2.086 2.047 2.087 2.488
19 878 1.6 3.4 9.862 (3) 18.067 (6) 5.316 (3) 105.11 (3) 914.5 2.082 2.056 2.086 2.494
20 879 2.2 5.4 9.871 (4) 18.028 (8) 5.307 (2) 105.24 (2) 911.1 2.075 2.055 2.074 2.494
21 890 1.5 3.1 9.888 (3) 18.023 (5) 5.308 (2) 105.31 (2) 912.4 2.072 2.056 2.068 2.496
22 864 1.4 2.9 9.903 (4) 17.995 (8) 5.304 (3) 105.44 (3) 911.3 2.071 2.055 2.062 2.496
23 887 1.9 5.7 9.839 (3) 18.060 (5) 5.314 (2) 105.03 (2) 912.0 2.078 2.059 2.082 2.491
24 885 1.7 3.5 9.869 (3) 18.049 (7) 5.310 (3) 105.16 (3) 912.9 2.080 2.059 2.078 2.494
25 903 1.3 1.8 9.919 (2) 18.080 (4) 5.313 (1) 105.26 (2) 919.2 2.084 2.069 2.080 2.502

R = disagreement indices (%) at convergence for all the re£ections (Rall) and for those used in the least-square procedure (Robs ;
Is 5cI)
*Sequence number in the CSCC database.
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Table 3
Amphibole compositions, unit formulas calculated on the basis of 24 (O, OH, F, Cl) and site partitioning for Ti (apfu)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

SiO2 40.72 38.06 40.63 39.36 39.86 39.64 38.71 40.26 38.73 38.06 38.87 39.89 40.08 39.55 39.24
TiO2 4.06 4.98 3.98 5.33 5.44 5.19 3.66 5.99 4.94 5.78 5.71 5.72 5.03 4.39 5.59
Al2O3 15.02 15.53 14.69 14.80 15.53 15.44 15.40 13.63 14.94 15.00 15.94 14.53 13.87 13.66 15.22
Cr2O3 0.01 0.01 0.02 0.01 ^ 0.01 ^ 0.04 0.01 ^ ^ ^ 0.01 0.03 0.01
FeOT 8.62 15.29 9.02 12.88 11.78 13.80 19.72 14.46 16.35 14.26 13.84 12.94 15.33 15.27 13.75
MnO 0.12 ^ 0.13 0.01 ^ 0.01 0.01 0.22 0.01 ^ ^ 0.01 ^ ^ 0.01
MgO 14.48 9.13 14.11 11.67 11.18 10.36 6.35 9.96 8.93 9.04 9.92 11.02 10.50 9.30 10.62
CaO 10.51 9.71 10.08 8.84 9.20 9.91 9.95 9.42 9.66 9.86 10.37 10.28 9.56 10.09 9.62
Na2O 2.59 2.46 2.85 3.73 3.39 2.80 2.55 3.16 2.93 3.04 3.00 2.75 2.85 3.15 2.68
K2O 1.33 1.55 1.14 0.03 0.747 1.20 1.66 1.30 1.19 1.37 1.38 1.44 1.18 1.27 1.42
H2O 1.00 0.95 1.26 1.01 1.04 0.89 1.02 1.00 0.99 0.95 0.97 0.99 0.85 0.91 0.90
F 0.02 0.01 0.01 0.03 0.04 0.03 0.21 ^ 0.04 0.07 0.07 0.04 0.08 0.03 0.04
-O = F ^ ^ ^ 30.01 30.02 30.01 30.09 ^ 30.02 30.02 30.02 30.02 30.02 30.04 30.01
Total 98.48 97.68 97.92 97.68 98.19 99.27 99.15 99.44 98.70 97.41 100.05 99.59 99.32 97.61 99.08

Si 6.01 5.88 6.05 5.96 6.01 5.97 6.00 6.08 5.93 5.87 5.81 5.98 6.05 6.08 5.92
Al 1.99 2.12 1.95 2.04 1.99 2.03 2.00 1.92 2.07 2.13 2.19 2.02 1.95 1.92 2.08
4 T 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

Al 0.63 0.70 0.64 0.60 0.77 0.71 0.81 0.51 0.62 0.60 0.62 0.55 0.52 0.55 0.63
Fe3�+Cr 0.46 0.33 0.20 0.27 0.05 0.28 0.27 0.21 0.38 0.36 0.42 0.24 0.46 0.59 0.31
Ti 0.45 0.58 0.45 0.61 0.62 0.59 0.43 0.68 0.57 0.67 0.64 0.65 0.57 0.51 0.64
Mg 3.01 2.02 2.96 2.47 2.40 2.16 1.47 2.25 1.95 2.08 2.21 2.38 2.26 2.13 2.26
Fe2� 0.45 1.37 0.75 1.05 1.16 1.26 2.02 1.35 1.48 1.29 1.11 1.18 1.19 1.22 1.16
4 M(1.2.3) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

Mg 0.18 0.08 0.17 0.16 0.11 0.15 ^ ^ 0.08 ^ ^ 0.07 0.10 ^ 0.12
Fe2�+Mn 0.17 0.28 0.19 0.31 0.27 0.20 0.26 0.30 0.24 0.19 0.20 0.21 0.29 0.15 0.26
Ca 1.65 1.60 1.60 1.43 1.49 1.60 1.65 1.52 1.58 1.63 1.67 1.65 1.55 1.67 1.56
Na ^ 0.04 0.04 0.10 0.13 0.05 0.09 0.18 0.10 0.18 0.13 0.07 0.06 0.18 0.06
4 M4 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Na 0.75 0.70 0.75 0.99 0.86 0.77 0.67 0.75 0.77 0.73 0.74 0.72 0.77 0.76 0.73
K 0.25 0.30 0.25 0.01 0.14 0.23 0.33 0.25 0.23 0.27 0.26 0.28 0.23 0.25 0.27
4 A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.01 1.00

OH 0.98 0.97 1.25 1.04 1.04 0.90 1.05 1.01 1.01 0.98 0.97 0.99 0.86 0.93 0.90
F 0.01 0.01 0.01 0.02 0.03 0.02 0.11 ^ 0.03 0.03 0.03 0.03 0.03 0.03 0.03
O 1.01 1.02 0.74 0.94 0.93 1.08 0.84 0.99 0.96 0.99 1.00 0.98 1.11 1.04 1.07
4 X 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

vssM�1;2;3� 30.06 1.20 1.69 1.00 1.25 2.12 4.91 0.02 1.86 1.77 1.02 0.52 0.64 ^ 1.09
vssM�4� 30.03 0.54 0.85 0.47 0.59 0.95 0.70 30.13 0.80 0.30 0.17 0.24 0.29 ^ 0.50
vssA 0.37 0.29 0.71 30.08 30.09 0.34 0.25 0.60 0.49 0.64 0.60 0.48 0.62 ^ 0.28

mg# 0.75 0.52 0.74 0.62 0.63 0.57 0.36 0.55 0.49 0.53 0.56 0.60 0.55 0.52 0.58
na# 0.75 0.71 0.76 0.99 0.88 0.78 0.70 0.79 0.79 0.77 0.77 0.74 0.78 0.79 0.75
M1Ti 0.33 0.43 0.36 0.47 0.44 0.46 0.31 0.50 0.48 0.52 0.49 0.49 0.49 0.44 0.53
M2Ti 0.12 0.15 0.08 0.13 0.17 0.12 0.12 0.18 0.09 0.15 0.15 0.15 0.08 0.07 0.10
M3Ti ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^

The di¡erences between the group-site scatterings obtained from the structure re¢nement and those calculated from the unit for-
mulas (vss, electrons pfu) testify the quality of the crystal^chemical characterisation. Sample sequence as in Table 1. The clino-
pyroxene from sample 2 is also included.
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16 17 18 19 20 21 22 23 24 25 Cpx 2

SiO2 43.44 38.70 38.60 37.97 39.75 40.44 40.40 39.82 39.45 40.40 SiO2 51.98
TiO2 3.86 2.94 3.84 5.41 6.35 6.11 6.17 6.04 5.10 4.20 TiO2 1.03
Al2O3 12.35 15.16 15.56 14.53 14.29 14.36 15.27 14.27 14.74 13.41 Al2O3 6.60
Cr2O3 0.01 ^ 0.01 ^ ^ 0.02 ^ ^ 0.01 0.03 Cr2O3 0.04
FeOT 4.82 19.06 16.56 15.96 7.93 3.77 ^ 14.27 13.70 12.25 FeOT 6.02
MnO 0.01 0.02 0.01 ^ ^ ^ ^ 0.02 ^ 0.01 MnO ^
MgO 18.17 8.14 9.34 9.14 13.89 16.39 18.39 10.47 10.91 12.64 MgO 15.23
CaO 11.32 9.57 9.71 9.92 10.71 11.01 11.51 10.05 10.40 11.19 CaO 20.21
Na2O 2.62 2.96 2.79 2.74 2.87 3.16 3.21 4.04 3.22 2.36 Na2O 0.94
K2O 1.55 1.27 1.36 1.53 1.47 1.14 1.16 0.05 0.94 1.77
H2O 1.06 1.23 1.25 0.88 1.08 1.16 1.42 1.00 0.99 1.23
F 1.66 0.06 0.03 0.06 0.02 0.02 0.03 0.03 0.03 0.02
-O = F 30.06 30.03 30.01 30.03 30.01 30.01 30.01 30.01 30.01 30.01
Total 100.81 99.08 99.05 98.12 98.35 97.57 97.55 100.05 99.48 99.50 Total 102.05

Si 6.23 5.93 5.87 5.84 5.91 5.94 5.86 5.93 5.90 6.03 Si 1.86
Al 1.77 2.07 2.13 2.16 2.09 2.06 2.14 2.07 2.10 1.97 Al 0.14
4 T 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 4 T 2.00

Al 0.31 0.66 0.67 0.47 0.42 0.43 0.47 0.44 0.50 0.38 Al 0.14
Fe3�+Cr ^ 0.56 0.38 0.61 0.27 0.25 ^ 0.44 0.57 0.43 Fe3�+Cr 0.01
Ti 0.42 0.34 0.44 0.63 0.71 0.67 0.67 0.68 0.57 0.47 Ti 0.03
Mg 3.75 1.86 2.11 2.09 2.98 3.49 3.86 2.30 2.41 2.73 Mg 0.81
Fe2� 0.51 1.58 1.41 1.20 0.62 0.16 ^ 1.14 0.96 0.99 Fe2� 0.01
4 M(1.2.3) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 4 M1 1.00

Mg 0.12 ^ ^ ^ 0.10 0.10 0.12 0.02 0.03 0.08 Mg ^
Fe2�+Mn 0.07 0.30 0.33 0.25 0.09 0.06 ^ 0.19 0.19 0.11 Fe2�+Mn 0.16
Ca 1.74 1.57 1.58 1.63 1.70 1.73 1.79 1.61 1.67 1.79 Ca 0.77
Na 0.07 0.13 0.09 0.12 0.11 0.11 0.09 0.18 0.11 0.02 Na 0.07
4 M4 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 4 M2 1.00

Na 0.65 0.75 0.74 0.70 0.72 0.79 0.79 0.99 0.82 0.66
K 0.28 0.25 0.26 0.30 0.28 0.21 0.21 0.01 0.18 0.34
4 A 0.93 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

OH 1.01 1.26 1.27 0.91 1.07 1.14 1.38 0.99 0.99 1.22
F 0.75 0.04 0.03 0.04 0.01 0.01 0.02 0.01 0.01 0.01
O 0.24 0.70 0.70 1.05 0.92 0.85 0.61 1.00 1.00 0.77
4 X 2.00 2.00 2.00 2.00 2.00 2.00 2.01 2.00 2.00 2.00

vssM�1;2;3� 0.84 1.59 1.99 1.15 30.80 0.50 0.19 0.33 30.04 0.41
vssM�4� 0.46 0.71 0.09 0.21 30.39 0.26 0.43 0.14 30.02 0.19
vssA 0.82 0.15 1.16 0.58 0.65 0.67 0.40 0.22 0.69 0.12

mg# 0.87 0.43 0.50 0.50 0.76 0.89 1.00 0.57 0.59 0.65
na# 0.72 0.78 0.76 0.73 0.75 0.81 0.81 0.99 0.84 0.67
M1Ti 0.12 0.24 0.31 0.53 0.45 0.42 0.32 0.45 0.41 0.38
M2Ti 0.30 0.10 0.13 0.10 0.15 0.11 0.25 0.23 0.16 0.09
M3Ti ^ ^ ^ ^ 0.11 0.14 0.10 ^ ^ ^
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etry (SIMS) analyses performed in reasonable in-
tegration times (9200 s per peak). Niobium oxide
(Nb2O5), metallic tantalum and lanthanum oxide
(La2O3) were used as spikes for Nb, Ta and La at
abundances of approximately 140, 700 and 70
ppm, respectively, and 20 wt% water was added
to the starting material in order to promote am-
phibole crystallisation.

Experiments were done at the Mineralogisch-
Petrologisches Institut of the University of Go«t-
tingen, in a 22-mm piston-cylinder apparatus
(graphite furnace and CaF2 as pressure media)
by the hot-piston-out technique at a pressure of
1.4 GPa; no correction for friction was applied.
Pt capsules were used, and oxygen fugacity was
bu¡ered using an inner graphite capsule to f O2

conditions about 2 log units below FMQ. Tem-
perature was measured with a Pt^Pt90Rh10 ther-
mocouple, and its accuracy is estimated to be
within þ 10³C. The system was ¢rst brought to
super-liquid conditions (Tsl = 1245^1255³C) for
1 h to homogenise the melt. It was then slowly

cooled at a rate of 0.5^1³C/min to the equilibrium
run temperature (Teq = 850^1075³C) and kept at
Teq for 13 h. Quenching was obtained by switch-
ing the power o¡ and the quenching rate was
estimated to be around 900³C/min, meaning that
subsolidus conditions were reached in a few sec-
onds. A summary of the relevant parameters con-
cerning charge compositions and synthesis condi-
tions is reported in Table 1.

2.2. Chemical and structural characterisation

Major elements were analysed on polished
mounts of the experimental charges with a
JEOL JXA-840A electron microprobe (EMP) at
the Centro Grandi Strumenti of the University of
Pavia. Trace-element and H-, F- and Cl-contents
of both glass and amphibole were determined by
Cameca IMS 4f SIMS using analytical procedures
developed at the CNR-CSCC [27,28]. Accuracy of
Ti La, and H2O data is 5, 10 and 15%, respec-
tively, whereas that of Nb and Ta is estimated to

Table 4
Average compositions of glasses in the experimental charges obtained by EMP analyses and SIMS (H2O)

Sample SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O H2O Tot

1 46.26 þ 1.52 2.48 þ 0.05 15.96 þ 0.52 9.37 þ 0.31 4.39 þ 0.58 6.37 þ 0.24 1.37 þ 0.27 1.93 þ 0.11 6.15 97.86
2 52.25 þ 0.72 1.71 þ 0.24 18.91 þ 0.07 9.80 þ 0.40 1.98 þ 0.17 4.60 þ 0.21 3.81 þ 0.05 3.48 þ 0.12 3.31 þ 0.14 101.84
3 44.93 þ 1.43 2.77 þ 0.13 15.19 þ 0.29 10.11 þ 0.13 5.15 þ 0.53 6.61 þ 0.19 1.79 þ 0.44 1.59 þ 0.18 4.69 þ 1.17 96.15
4 50.40 þ 0.48 2.07 þ 0.04 18.62 þ 0.24 9.92 þ 0.04 2.25 þ 0.13 4.88 þ 0.12 4.05 þ 0.65 0.06 þ 0.02 ^ 93.96
5 52.37 þ 0.20 1.63 þ 0.34 18.68 þ 0.04 8.86 þ 0.01 2.16 þ 0.04 4.79 þ 0.02 3.01 þ 0.19 1.70 þ 0.02 ^ 94.06
6 53.02 þ 0.51 1.54 þ 0.03 18.61 þ 0.10 9.20 þ 0.05 1.75 þ 0.21 4.37 þ 0.08 3.18 þ 0.22 2.70 þ 0.06 ^ 95.63
7 51.88 þ 2.00 1.27 þ 0.13 17.09 þ 0.22 11.36 þ 0.18 1.02 þ 0.07 4.33 þ 0.16 2.78 þ 0.07 3.53 þ 0.07 ^ 96.15
8 52.22 þ 0.41 1.17 þ 0.10 19.38 þ 0.25 8.43 þ 0.08 1.83 þ 0.11 2.54 þ 0.16 5.39 þ 0.08 4.12 þ 0.09 ^ 96.26
9 54.60 þ 1.37 1.42 þ 0.14 17.96 þ 0.93 7.69 þ 0.50 1.50 þ 0.35 2.93 þ 0.14 3.89 þ 0.16 3.51 þ 0.16 ^ 97.24
10 48.15 þ 0.83 2.54 þ 0.56 15.65 þ 0.84 9.40 þ 0.60 2.20 þ 0.90 3.47 þ 0.58 7.56 þ 0.60 3.37 þ 0.20 3.27 þ 0.76 100.71
11 47.00 þ 0.94 2.96 þ 0.26 15.12 þ 0.44 10.83 þ 0.36 3.12 þ 0.94 4.30 þ 0.52 6.85 þ 0.57 3.08 þ 0.17 3.58 þ 0.29 101.04
12 45.74 þ 2.04 4.17 þ 1.83 14.74 þ 0.90 12.19 þ 0.99 3.39 þ 1.53 4.37 þ 0.80 6.73 þ 0.95 2.82 þ 0.35 ^ 103.54
13 48.55 þ 1.40 2.55 þ 0.08 18.09 þ 0.05 12.09 þ 0.29 2.65 þ 0.16 4.53 þ 0.14 4.12 þ 0.21 2.77 þ 0.36 2.76 þ 0.01 100.79
14 54.64 þ 0.39 1.43 þ 0.05 17.50 þ 0.26 7.03 þ 0.13 1.31 þ 0.03 2.87 þ 0.05 4.46 þ 0.27 3.56 þ 0.05 4.46 þ 0.12 98.49
15 50.40 þ 2.13 2.11 þ 0.04 15.50 þ 0.54 11.11 þ 0.42 2.48 þ 0.19 3.90 þ 0.17 3.49 þ 0.26 2.84 þ 0.17 3.03 þ 0.06 98.75
16 41.53 þ 0.30 5.39 þ 0.08 13.22 þ 0.10 8.01 þ 0.18 7.98 þ 0.09 9.54 þ 0.13 2.99 þ 0.33 1.38 þ 0.06 3.65 þ 0.04 94.95
17 53.20 þ 1.85 0.44 þ 0.04 19.42 þ 0.19 9.25 þ 0.28 1.36 þ 0.06 2.76 þ 0.07 5.15 þ 0.33 3.42 þ 0.23 3.03 þ 0.08 101.06
18 50.47 þ 1.79 0.75 þ 0.08 18.52 þ 0.28 11.62 þ 0.27 1.93 þ 0.09 3.67 þ 0.13 4.17 þ 0.20 3.27 þ 0.11 3.53 þ 0.09 100.88
19 48.10 þ 0.61 2.35 þ 0.10 16.55 þ 0.38 14.97 þ 0.23 2.24 þ 0.05 4.64 þ 0.17 3.94 þ 0.11 2.84 þ 0.22 2.40 þ 0.06 99.89
20 48.52 þ 0.79 2.93 þ 0.16 17.89 þ 0.41 7.42 þ 0.38 3.38 þ 0.60 5.69 þ 0.20 3.96 þ 0.15 2.60 þ 0.28 3.57 þ 0.09 98.92
21 48.37 þ 0.32 2.46 þ 0.13 19.62 þ 0.21 3.56 þ 0.13 3.83 þ 0.65 5.21 þ 0.28 5.38 þ 0.90 3.03 þ 0.16 3.27 þ 0.62 97.52
22 46.56 þ 0.80 3.69 þ 0.28 18.98 þ 0.48 0.02 þ 0.01 4.21 þ 1.92 8.13 þ 0.80 4.07 þ 0.50 2.10 þ 0.59 4.85 þ 0.01 98.01
23 49.69 þ 0.80 2.65 þ 0.06 18.08 þ 0.28 13.18 þ 0.07 2.76 þ 0.29 4.13 þ 0.08 4.35 þ 0.67 0.06 þ 0.01 3.05 þ 0.14 100.25
24 48.52 þ 1.59 2.74 þ 0.21 16.81 þ 0.84 12.52 þ 0.30 2.94 þ 0.35 4.38 þ 0.30 3.29 þ 0.78 1.52 þ 0.25 3.97 þ 0.20 101.30
25 43.35 þ 0.21 3.15 þ 0.12 13.79 þ 0.16 13.14 þ 0.38 3.32 þ 0.13 7.02 þ 0.09 3.22 þ 0.13 2.18 þ 0.16 ^ 90.54
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be about 15% for Nb and 25% for Ta. Systematic
errors in the calibration of ion currents versus
concentrations are cancelled when calculating
the partition coe¤cients (D), and matrix e¡ects
are small because of the narrow compositional
di¡erence between amphibole and glass. Thus
the accuracy of D is estimated in the order of a
few percent for all three elements.

Amphibole single-crystals of dimensions suit-
able for structure re¢nements (SREF, for details
on the adopted procedures the reader is referred
to [29]) were obtained in nearly all experimental
runs. Selected results relevant to the present dis-
cussion are reported in Table 2; further details
can be obtained from the authors upon request.
The re¢ned crystals were subsequently embedded
in epoxy resins, polished and analysed for major
and trace element as well as for H, Cl and F.

The combination of EMP and SREF results
shows complete A-site occupancy for all the se-

lected crystals except sample 16. Unit formulas
were calculated on the basis of 24 (O, OH, F)
and changing the Fe2�/Fe3� ratio to obtain the
correct number of cations. The amounts of oxy-
component (O3O23) were con¢rmed by diagnostic
SREF results [30,31]. Group-site populations and
octahedral site-populations were obtained by min-
imising the di¡erences between the re¢ned site-
scatterings and mean bond-lengths and those cal-
culated from the unit formulas (Table 3). O3O23 is
balanced mainly by M1Ti4�, with sporadic contri-
butions from subordinate amounts of M1;3Fe3�.

3. Results

The run products are amphibole as the domi-
nant crystalline phase (plus subordinate olivine
and clinopyroxene) and glass. Chemical data for
amphibole and glass are reported in Tables 3^6.

Table 5
Average Ti, Nb, Ta and La contents (in ppm) in amphiboles and glasses from SIMS analyses

Sample Ti Nb Ta La

Amph Glass Amph Glass Amph Glass Amph Glass

1 28684 þ 503 13661 þ 176 20.1 þ 0.1 144 þ 2 ^ ^ 11.5 þ 2.4 119 þ 0.1
2 33642 þ 1144 11759 þ 18 120 þ 11 233 þ 6 499 þ 28 1266 þ 51 25.5 þ 3.4 122 þ 1
3 24318 þ 1630 15541 þ 1238 51.0 þ 4.8 367 þ 53 161 þ 19 1401 þ 161 19.7 þ 3.9 231 þ 28
4 32435 þ 276 11931 þ 15 74.3 þ 4.1 205 þ 8 392 þ 8 1226 þ 85 15.5 þ 1.8 105 þ 2
5 31390 þ 2672 10814 þ 131 78.2 þ 8.5 227 þ 5 420 þ 23 1334 þ 60 20.5 þ 0.8 114 þ 1
6 33724 þ 1012 8975 þ 61 100 þ 0.1 224 þ 8 539 þ 8 1544 þ 5 27.2 þ 2.8 120 þ 0.1
7 26950 þ 919 6642 þ 32 135 þ 12 190 þ 7 565 þ 75 1167 þ 50 27.8 þ 4.2 105 þ 4
8 30949 þ 1334 6069 111 þ 27 97.4 ^ ^ 30.9 þ 1.9 62.0
9 25569 þ 427 9044 þ 1217 150 þ 27 214 þ 13 594 þ 97 1217 þ 60 36.4 þ 2.7 153 þ 9
10 34148 þ 1048 13087 þ 582 114 þ 12 219 þ 32 524 þ 80 1254 þ 223 43.3 þ 8.1 144 þ 6
11 32898 þ 188 16637 þ 1343 87.3 þ 5.1 227 þ 12 396 þ 17 1180 þ 55 32.5 þ 1.9 148 þ 8
12 37204 þ 1496 17617 þ 419 91.0 þ 1.6 226 þ 2 417 þ 25 1143 þ 1 31.7 þ 3.7 137 þ 3
13 35830 þ 2600 15645 þ 590 104 þ 0.3 236 þ 13 450 þ 6 1264 þ 112 30.0 þ 2.9 117 þ 2
14 29772 þ 147 9427 þ 147 141 þ 4 234 þ 4 568 þ 10 1387 þ 10 46.7 þ 2.5 135 þ 2
15 33604 þ 2860 14585 þ 443 90.9 þ 17.1 232 þ 22 401 þ 83 1226 þ 174 26.2 þ 5.8 137 þ 10
16 19621 þ 26 33831 þ 23 8.56 þ 0.4 137 þ 2 44.2 þ 2 713 þ 6 3.95 þ 0.04 69.7 þ 0.1
17 20548 þ 604 2521 þ 17 319 þ 14 196 þ 13 1283 þ 86 1286 þ 111 38.1 þ 0.6 154 þ 5
18 24106 þ 1219 4432 þ 200 151 þ 5 218 þ 13 716 þ 62 1318 þ 57 35.4 þ 10.6 131 þ 5
19 35652 þ 666 14806 þ 103 99.7 þ 17.3 214 þ 7 449 þ 36 1246 þ 53 25.2 þ 0.4 119 þ 2
20 38794 þ 2115 18071 þ 539 71.3 þ 4.1 268 þ 3 367 þ 35 1298 þ 32 28.0 þ 0.7 155 þ 4
21 33796 þ 2008 16333 þ 823 67.5 þ 7.9 387 þ 39 375 þ 38 1622 þ 185 31.4 þ 1.1 178 þ 21
22 29810 þ 1025 24868 þ 4108 46.9 þ 7.9 369 þ 10 271 þ 40 1508 þ 63 23.8 þ 1.6 170 þ 24
23 33948 þ 692 17707 þ 298 96.6 þ 20.7 256 þ 1 409 þ 15 1206 þ 27 24.1 þ 0.1 154 þ 3
24 31944 þ 242 17961 þ 1318 68.1 þ 3.9 236 þ 5 295 þ 2 1190 þ 7 22.4 þ 0.1 135 þ 1
25 23064 þ 778 20078 þ 237 51.9 þ 3.8 287 þ 2 250 þ 20 1505 þ 26 15.3 þ 1.0 131 þ 2

Standard deviations are calculated considering at least two di¡erent points within each experimental charge.
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The degree of crystallisation is less than 50% in all
experiments, and no quench crystals were found
in the glass. Textural relations between minerals
indicate that amphibole is the last phase in the
crystallisation sequence. The absence of signi¢-
cant major-element zoning in both amphibole
and glass, as determined by EMP traverses, and
the euhedral habitus of the amphibole crystals
(Fig. 1) indicate conditions close to equilibrium.
The low standard deviations (S.D.) obtained for
major and trace elements (Tables 3^5) indicate
that both amphibole and glass are essentially ho-
mogeneous within single experimental charges.

Amphiboles are titanian pargasite and kaersu-
tite according to the nomenclature scheme in
force [32], and are characterised by �4�Al contents
around two atoms per formula unit (apfu) and by
O3O23contents ranging between 0.61 and 1.11
apfu (Table 3). The Mg/(Mg+Fe*) ratio (mg#)
and the Na/(Na+K) ratio (na#) closely resemble

those of the starting material, and range from
0.36 to 1.0, and from 0.67 to 1, respectively. In
one case (sample 16), a higher F content was
added to the mixture, and caused the crystallisa-
tion of a F-rich (0.75 apfu), poorly dehydrogen-
ated (O3O23 = 0.24 apfu) pargasite. Dehydrogen-
ation is a common feature of upper-mantle and
magmatic amphiboles because: (1) it enhances the
stability of the amphibole structure at high T
avoiding the need for the weak O3^H bonds;
(2) it allows amphibole crystallisation at low
fH2O conditions. The values of dehydrogenation
obtained in this set of experiments are similar to
those reported in previous work of the CSCC
[33,34] for naturally occurring mantle amphiboles.

The glasses range from picrobasalt through tra-
chyandesite to trachyite (Table 4), and the mg#
(0.08^1) of the glass re£ects that of the starting
material. Analysed H2O contents are between 2.4
and 6.1 wt%. The concentrations of Nb, Ta and

Table 6
Amphibole/melt partition coe¤cients for TiTot, TiM1, TiM2, Nb, Ta, La and Nb/Ta and Nb/La ratios

Sample TiTot
M2Ti M1Ti Nb Ta La Nb/Ta Nb/La

1 2.08 þ 0.05 0.541 1.540 0.138 þ 0.002 ^ 0.10 þ 0.02 ^ 1.42 þ 0.30
2 2.86 þ 0.10 0.744 2.117 0.51 þ 0.05 0.39 þ 0.03 0.21 þ 0.03 1.30 þ 0.15 2.47 þ 0.40
3 1.57 þ 0.16 0.297 1.268 0.14 þ 0.02 0.12 þ 0.02 0.09 þ 0.02 1.21 þ 0.29 1.64 þ 0.47
4 2.72 þ 0.02 0.598 2.120 0.36 þ 0.03 0.32 þ 0.02 0.15 þ 0.02 1.13 þ 0.11 2.46 þ 0.33
5 2.90 þ 0.25 0.813 2.091 0.34 þ 0.04 0.32 þ 0.02 0.18 þ 0.01 1.09 þ 0.14 1.91 þ 0.23
6 3.76 þ 0.12 0.789 2.969 0.45 þ 0.02 0.35 þ 0.01 0.23 þ 0.02 1.28 þ 0.05 1.98 þ 0.22
7 4.06 þ 0.14 1.095 2.962 0.71 þ 0.07 0.48 þ 0.07 0.26 þ 0.04 1.47 þ 0.25 2.67 þ 0.49
8 5.10 1.377 3.723 1.14 ö 0.50 ö 2.28
9 2.86 þ 0.39 0.458 2.402 0.70 þ 0.13 0.49 þ 0.08 0.24 þ 0.02 1.44 þ 0.37 2.93 þ 0.62
10 2.61 þ 0.14 0.601 2.013 0.52 þ 0.09 0.42 þ 0.10 0.30 þ 0.06 1.25 þ 0.37 1.75 þ 0.46
11 1.99 þ 0.16 0.476 1.509 0.39 þ 0.03 0.34 þ 0.02 0.22 þ 0.02 1.15 þ 0.12 1.76 þ 0.20
12 2.11 þ 0.10 0.507 1.605 0.40 þ 0.01 0.36 þ 0.02 0.23 þ 0.03 1.10 þ 0.07 1.74 þ 0.21
13 2.29 þ 0.19 0.320 1.968 0.44 þ 0.02 0.36 þ 0.03 0.26 þ 0.03 1.23 þ 0.13 1.71 þ 0.19
14 3.16 þ 0.05 0.442 2.716 0.60 þ 0.02 0.41 þ 0.01 0.35 þ 0.02 1.48 þ 0.06 1.74 þ 0.12
15 2.30 þ 0.01 0.368 1.934 0.39 þ 0.08 0.33 þ 0.08 0.19 þ 0.04 1.20 þ 0.39 2.06 þ 0.64
16 0.580 þ 0.001 0.418 0.162 0.062 þ 0.003 0.062 þ 0.003 0.057 þ 0.001 1.01 þ 0.06 1.10 þ 0.05
17 8.15 þ 0.25 1.793 6.357 1.63 þ 0.13 1.00 þ 0.11 0.25 þ 0.01 1.63 þ 0.22 6.60 þ 0.57
18 5.45 þ 0.37 1.582 3.873 0.69 þ 0.05 0.54 þ 0.05 0.27 þ 0.08 1.27 þ 0.15 2.58 þ 0.80
19 2.41 þ 0.05 0.385 2.023 0.47 þ 0.08 0.36 þ 0.03 0.212 þ 0.005 1.29 þ 0.26 2.21 þ 0.39
20 2.15 þ 0.13 0.774 1.376 0.27 þ 0.02 0.28 þ 0.03 0.18 þ 0.01 0.94 þ 0.11 1.47 þ 0.10
21 2.07 þ 0.16 0.766 1.304 0.17 þ 0.03 0.23 þ 0.04 0.18 þ 0.02 0.75 þ 0.16 0.99 þ 0.20
22 1.21 þ 0.20 0.606 0.606 0.13 þ 0.02 0.18 þ 0.03 0.14 þ 0.02 0.71 þ 0.16 0.91 þ 0.21
23 1.92 þ 0.05 0.652 1.266 0.38 þ 0.08 0.34 þ 0.01 0.157 þ 0.003 1.11 þ 0.24 2.40 þ 0.52
24 1.78 þ 0.13 0.499 1.284 0.29 þ 0.02 0.248 þ 0.002 0.166 þ 0.001 1.16 þ 0.07 1.74 þ 0.11
25 1.15 þ 0.04 0.218 0.930 0.18 þ 0.01 0.17 þ 0.01 0.12 þ 0.01 1.09 þ 0.12 1.55 þ 0.15

Values are averaged in all experiments. The Amph=LD for M1Ti and M2Ti were calculated by multiplying the Amph=LDTiTot for the
ratios TiTot/ M1Ti and TiTot/ M2Ti, respectively.
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La are all below 1700 ppm (Table 5), and no
deviation from the Henry's law behaviour is ex-
pected at such concentrations [35].

Two to four sets of amphibole/liquid partition
coe¤cients were calculated for each experimental
charge from analyses of adjacent points in am-
phibole and glass. Table 6 lists the average
Amph=LDs for Nb, Ta and La together with their
standard deviations.

Amph=LDNb ranges from 0.14 to 1.63, and
Amph=LDTa from 0.12 to 1.00. In the F-rich am-
phibole (sample 16) Amph=LDNb;Ta are much lower
and both equal to 0.06. Amph=LDNb and Amph=LDTa

are strongly correlated (Fig. 2), but the
Amph=LDNb=Ta ratio exhibit a wide range (from
0.71^1.63). Amph=LDLa ranges from 0.09 to 0.50
in F-poor partially dehydrogenated amphiboles,
but is only 0.06 in the F-rich amphibole. The
DNb/DLa ratio is also highly variable (0.91^6.60).
This new set of Amph=LDNb and Amph=LDTa encom-
passes the whole range so far reported in the lit-
erature [21^23,36^38] (Fig. 2).

4. Discussion

4.1. Site preference of Nb and Ta in titanian
pargasite and kaersutite

On the basis of their valence and ionic radius

(0.64 Aî [39] is commonly used for both elements
in six-fold co-ordination), Nb and Ta are ex-
pected to be incorporated into one or more of
the three independent octahedral sites of the am-
phibole structure (namely, M1, M2 and M3). Due
to the very low concentrations, their site prefer-
ence cannot be detected directly by SREF; it can
neither be inferred by comparing the re¢ned geo-
metrical parameters with those obtained by mod-
elling on the basis of the elastic-strain theory [40],
because this procedure requires at least three ho-
movalent substituents at the same site.

Information about Nb and Ta site preference in
titanian pargasite and kaersutite can be derived
by considering partition coe¤cients between am-
phibole and clinopyroxene (Amph=CpxD). Whereas
couples of sites are crystal-chemically analogous
in the two mineral structures (M1CpxHM2Amph,
M2CpxHM4Amph), some other sites (and thus
some substitution mechanisms) are speci¢c to am-
phibole, and do not occur in clinopyroxene. If we
compare Amph=CpxDs calculated for selected trace-
elements for run no. 2 (Fig. 3), in which equilib-
rium conditions are well documented by chemical
homogeneity and euhedral texture of coexisting
crystals, we see that REE, Y, Hf and Zr have
Amph=CpxD values around 3^5, whereas Ba, K,
Nb and Ta have Amph=CpxD one to two orders of
magnitude higher (Fig. 3). Noticeably, these re-

Fig. 1. Back-scattered image of an amphibole grain in sam-
ple 1, showing regular crystal morphology and a clean well-
quenched glass.

Fig. 2. Amph=LDNb and Amph=LDTa for the samples of this
work (¢lled symbols) and for the data available in the litera-
ture (open symbols and cross). The ¢lled square refers to the
F-rich sample.
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sults are consistent with similar ¢ndings from
studies of natural clinopyroxene/amphibole pairs
from mantle xenoliths and peridotite massifs [34],
thus providing an important evidence to solve ap-
parent inconsistency between Amph/Cpx parti-
tioning of Nb and Ta obtained for natural and
experimental systems [41]. These distinct features
can be explained by assuming that the ¢rst set of
elements is incorporated into analogous sites ac-
cording to the same crystal^chemical mechanisms,
and hence have a similar compatibility in the two
minerals, whereas the second set is incorporated
according to mechanisms which are present solely
in amphibole. REE are mainly incorporated in the
analogous M2Cpx and M4Amph sites in pargasite
[42], and Zr and Hf enter the analogous M1Cpx

and M2Amph in calcic amphibole together with the
fraction of Ti which is involved in the local bal-
ance of tetrahedral Al [40].

The high values of the Amph=CpxD observed for
Ba and K are due to the presence of the 12-fold
co-ordinated A site in the amphibole structure;
those for Nb and Ta also require that these ele-
ments participate in crystal^chemical mechanisms
involving octahedral sites, which are not possible
in clinopyroxene. The only signi¢cant di¡erence
in the crystal-chemistry of the octahedral sites in
the two mineral phases is the presence of the O3
site in amphibole, which may be occupied by
monovalent anions (OH, F, Cl), but also by
O23 (after dehydrogenation). Dehydrogenation
causes dramatic changes in the local charge-distri-

bution, and charge balancing is accomplished
mainly by the incorporation of M1Ti4� and/or
M1;M3Fe3� (cf. [31] for further details on Ti distri-
bution and on dehydrogenation in amphibole).
Given the signi¢cant dehydrogenation observed
in the high-T calcic amphiboles of this study,
Ti4� is mainly ordered at M1, with only subordi-
nate and negligible amounts at M2 and M3, re-
spectively (Table 3). Qualitative information
about the site preference of Nb and Ta can be
obtained by comparing Amph=LDNb;Ta with site-
speci¢c partition coe¤cients for titanium, namely
those calculated by considering only the fraction
of Ti in a speci¢c site. In the following, we refer to
these site-speci¢c partition coe¤cients using the
notation Amph=LDM1Ti and Amph=LDM2Ti. Fig. 4
shows that Amph=LDNb signi¢cantly correlates to
Amph=LDM1Ti, and very poorly to Amph=LDM2Ti, es-
pecially at low values of Amph=LDNb ; the same
behaviour is observed for Amph=LDTa. These trends
are consistent with predominant Nb and Ta in-
corporation into M1. Thus Nb and Ta participate

Fig. 3. Selected trace-element partition coe¤cients between
amphibole and clinopyroxene from sample 2. Nb and Ta
abundances are much higher in amphibole, indicating incor-
poration into non-analogous sites in the two minerals.

Fig. 4. The relation between Amph=LDNb and the site-speci¢c
partial partition coe¤cients for Ti. The good correlation
with M1Ti indicates preferential Nb incorporation into M1,
and involvement in the balancing of dehydrogenation. The
¢lled square refers to the F-rich sample.
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actively in the local charge-balance of dehydro-
genation, providing three additional positive
charges (with respect to Mg and Fe2�) without
causing signi¢cant shrinking of the octahedral
site and consequent deformation of the octahedral
strip.

In the case of amphibole with scarce or null
oxy-component, Nb and Ta are expected to be
incorporated into the M2 site, together with the
other high-charge cations (e.g., Hf and Zr) in or-
der to balance the presence of �4�Al. Obviously, it
cannot be excluded that this mechanism is parti-
ally active also in dehydrogenated amphiboles
(and in particular in samples 8 and 17, where
some correlation with Amph=LDTiM2 is apparent),
but it is most likely subordinated as suggested
by the very low D observed in clinopyroxene
and in sample 16, which has O3O23 = 0.24 apfu.

4.2. Factors a¡ecting Nb and Ta incorporation in
amphiboles

Mineral/liquid partition coe¤cients are depen-
dent on the composition and the structure of both
melt and crystal. The e¡ect of melt polymerisation
on Amph=LD is related to both the ionic charge and
the ionic radius of the elements [43], and hence is
expected to severely a¡ect the compatibility of
pentavalent cations. Owing to the lack of knowl-
edge of Fe3�/Fe2� ratio and of H speciation in the
melt, which are needed to correctly calculate the
NBO/T ratio, we tried a comparison simply on
the basis of the silica content. Fig. 5 shows that
Amph=LD values for Nb and Ta increase more than
six times in the observed SiO2 range of the melt
(41.5^54.6 wt%). At high SiO2 contents, two sam-
ples (8 and 17) diverge from the main trend to
Amph=LDNb values above unity. These samples rep-
resent Ti-depleted systems, in which Amph=LDM1Ti,
as well as the D of all high-charge cations, in-
crease to allow incorporation of su¤cient Ti to
balance dehydrogenation. Dehydrogenation is
the main factor controlling Amph=LD for Nb and
Ta. In the only two amphiboles crystallised in
equilibrium with liquids with similar SiO2 content
(16 and 25; SiO2 = 41.5 wt% and 43.3 wt%) a
three-fold increase in the oxy-component (from
0.24 to 0.76 apfu) causes a threefold variation in

Amph=LDNb;Ta (from 0.062 to 0.181). The very low
values for Amph=LDNb reported in [21] for F-rich
amphiboles with low oxy-component also con¢rm
this evidence.

4.3. Factors a¡ecting Nb/Ta fractionation in
amphiboles

Amph=LDNb=Ta values range from 0.71 to 1.63 in
the amphiboles of this work; they should be close
to 1 if the ionic radii of Nb and Ta were both
equal to 0.64 Aî , as it is commonly assumed [39].
Fractionation of elements between mineral and
melt or between couples of mineral phases is
due either to their ionic charges or their ionic
radii. Cations with di¡erent charges may be in-
volved in di¡erent crystal^chemical substitution
mechanisms or in the same mechanism but in
di¡erent extents, and may also be fractionated
by the melt structure [43]. Cations with the
same charge may be discriminated on the basis
of their ionic radius by the crystal structure, i.e.,
by the size and the compliance of the relevant
sites.

No direct method is available to unambigu-
ously verify the actual valence of Nb and Ta in
these complex compositions, however, the corre-
lation of Amph=LDNb=Ta with the dimension of the

Fig. 5. Amph=LDNb, Amph=LDTa and the SiO2 content of the
melt. The samples deviating from the main trend are from
Ti-depleted systems (runs 8 and 17). Numbers are sample
codes referring to experiments in Table 1.
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M1 site and the inversion in the preference at
GM13Of around 2.077 Aî (Fig. 6) are most likely
related to a di¡erence in the ionic radii. We can
explain this inversion if Nb and Ta lie close to the
apex of an Onuma curve (Fig. 6, inset). In the
frame of the elastic-strain theory [44] the inversion
point of 0.697 Aî (2.077 Aî 31.38 Aî , where 1.38 Aî

is the ionic radius of �4�O23 [39]) corresponds ap-
proximately to the average of the two ionic radii.
The higher compatibility of Nb at longer GM13Of
implies that Nb is larger than Ta. Given the
ranges of variations observed for GM13Of
(2.071^2.090 Aî ) and for Amph=LDNb=Ta (0.71^
1.63), and ¢xing the temperature at 1000³C, we
can derive the di¡erence between the ionic radii of
Nb and Ta as a function of the Young's modulus
(E) and of the ideal-cation radius of the site
(equation # 3 in [44]). We assumed E values in
the range 5000^4000 GPa, slightly higher than
those calculated for tetravalent elements at the
M2 site for the same amphiboles [40], and ob-
tained a di¡erence between the ionic radii of Nb
and Ta in the range 0.01^0.02 Aî . Noticeably, it is
close to that reported for the twin elements Zr
and Hf, that also similarly di¡er in their electronic
con¢guration.

The large discrepancy between the average of
the ionic radii from Fig. 6 (0.697 Aî ) and the tabu-
lated ionic radii of 0.64 Aî [39] can be explained by

the high Ti contents at M1. Ti orders at an o¡-
centre position (M1P) shifted towards the O3^O3
edge, with more distorted co-ordination and
shorter cation-oxygen distances than those of
the central position ([40], and references therein).
Nb and Ta are also likely to order at an o¡-centre
position, more suitable for providing the maxi-
mum bond valence on the O3 oxygens where de-
hydrogenation occurs. Thus the local mean bond-
length would be shorter than the long-range aver-
aged value obtained by SREF. Noticeably, the
ionic radii of Nb and Ta may increase with site
distortion [39].

5. Applications

5.1. The prediction of the Amph=LDNb=Ta in natural
systems

We have shown that Amph=LDNb=Ta values are
related to the UM1^Of distance in the titanian
pargasites and kaersutites of the present work.
GM13Of can be measured only by structure re-
¢nement, which is not of common use in petro-
logical studies ; we provide here a simpli¢ed model
to predict Nb/Ta fractionation in amphiboles that
can be applied on major-element composition de-
termined by the electron probe.

In dehydrogenated titanian pargasite and kaer-
sutite, GM13Of depends on M1mg#, M1Ti, M1Fe3�

and F content, so that all these parameters are in
principle needed to predict site dimension. How-
ever, some simplifying assumptions can be done:
(1) the mg# at M1 can be reasonably approxi-
mated to a constant proportion of the bulk
mg#, as comparative crystal^chemical studies at
CSCC have shown that the M1 and M3 sites do
not fractionate Mg and Fe2� at high temperatures
(s 900³C); (2) the amount of Ti at the M1 site is
a nearly constant fraction (V70^80%) of the total
Ti in dehydrogenated titanian pargasite and
kaersutite; (3) Fe3� at M1 is rare in amphiboles
where dehydrogenation was present since crystal-
lisation, and the F contents are low in mantle
amphiboles.

Scaling by a constant value does not a¡ect the
slope of a relation, and thus the reliability of our

Fig. 6. The relation between Amph=LDNb=Ta and the dimension
of the M1 site. The preference for Ta and Nb incorporation
inverts at around 2.077 Aî . The inset schematically shows a
model for Nb,Ta fractionation as a function of the site di-
mension assuming an ionic radius of Nb greater than that of
Ta. The ¢lled square refers to the F-rich sample.
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predictive model. The regression equation relating
the total mg# and Ti contents to GM13Of :

GM13Of � 2:1030:023 mg#30:014 TiTot

�R2 � 0:83� �1�

has an average error in the estimate of GM13Of
around 0.003 Aî .

The dependence of Amph=LDNb=Ta on the site
dimension has an exponential form, but the di¡er-
ence with linear dependence is smaller than the
spread in the data; given the reasonable correla-
tion factor in Eq. 1, we expressed GM13Of in
terms of mg# and TiTot and calculated the follow-
ing linear regression equation, in which the data
were weighted according to 1/c2 :

Amph=LDNb=Ta � 2:4531:26 mg#30:84 TiTot

�R2 � 0:84� �2�
A plot of predicted vs. observed values is

shown in Fig. 7. The average error of the pre-
dicted values in our data set is 7%, and the max-
imum error (for sample 21) is 20%. The applica-
tion of this equation to amphiboles should be
restricted to titanian pargasites and kaersutites
with a signi¢cant oxy-component and crystallised

at similar temperature and pressure. Signi¢cant
changes in the crystal chemistry of amphibole
(particularly in �4�Al or in dehydrogenation) may
either invalidate the assumptions underlying Eq.
1, or imply di¡erent crystal^chemical mechanisms
for the incorporation of Nb and Ta. Data from
previous studies on Nb and Ta partitioning in
hornblende were not included in the formulation
of this model.

5.2. Constraints on the fractionation of Nb relative
to REE

The fractionation of Nb and Ta from trace el-
ements of nominally similar incompatibility is
also of considerable geochemical interest. The dif-
fering valencies and site preferences of Nb (and
Ta) with respect to the light rare earth elements
(LREE) preclude the development of a quantita-
tive predictive model on the basis of the current
data set. Nevertheless, some qualitative consider-
ations can constrain the behaviour of Nb and Ta
relative to other incompatible elements during
mineral/melt processes involving titanian parga-
site and kaersutite. We have shown that high
Amph=LDNb;Ta values may occur only in amphi-
boles with signi¢cant oxy-component (O23 s 0.6
apfu), and that at constant oxy-component
Amph=LDNb;Ta values depend on the SiO2 and
TiO2 contents of the melt. Both these factors af-
fect the fractionation of the Amph=LD of Nb rela-
tive to those of the other incompatible elements.
The higher charge of Nb makes it less compatible
to the melt than REE with increasing SiO2.

The Ti content of the melt a¡ects the degree of
dehydrogenation of the amphiboles through f O2

and f H2O, but does not a¡ect Amph=LDREE ; thus
it further fractionates the Nb/REE ratio. If we
consider a di¡erentiation process from a basanite
or an alkali basalt driven mainly by fractional
crystallisation of an amphibole-dominated assem-
blage, the residual melts will be depleted in TiO2

and MgO and enriched in SiO2 as crystallisation
proceeds. The chemical evolution of the melt is
approximated by the mg# of the amphibole,
which is related to that of the melt [23]. The
Amph=LDNb=La values correlate negatively with
mg# (Fig. 8), and thus positively with the degree

Fig. 7. The comparison between observed Amph=LDNb=Ta and
those calculated according to Eq. 2. The ¢lled square refers
to the F-rich sample.
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of crystal fractionation. At high values of mg#
(0.9) there is little or no fractionation of Nb
from La, whereas Nb is three times more compat-
ible than La at mg# of about 0.4. This behaviour
is partly a consequence of Ti-depletion in the
melt, a prerequisite for attaining the highest val-
ues of Amph=LDNb=La. Unfortunately, our experi-
mental data-set does not include results for
high-mg# and Ti-poor systems, and therefore is
not able to unravel the competing e¡ects of
TiO2 and SiO2 on partition coe¤cients. However
it is expected that the Ti content of the melt exerts
a strong control on Amph=LDNb also at high mg#
due to the need of incorporating high-charge cat-
ions to increase the amphibole stability.

5.3. Implications for trace-element control by
melting and crystallisation in natural systems

The above model for Nb/Ta and Nb/La frac-
tionation can be rigorously applied only to the
amphibole compositional range of this work
(�4�Al = 1.9^2.2 apfu; Tis 0.34 apfu; O23 = 0.61^
1.11 apfu), as distinct incorporation mechanisms
for high-¢eld strength elements may be active
under other conditions; however, this composi-
tional range includes amphiboles with signi¢cant
amounts of dehydrogenation crystallised at high
pressures and temperatures, and thus the model
should apply to mantle peridotites and amphibo-
lites under conditions of partial melting. Both
these amphibole-bearing parageneses are relevant
to magma genesis in subduction zones, and are
probably important for the generation of conver-
gent margin igneous rocks and of the bulk con-
tinental crust.

The main di¡erence between amphibole perido-
tite and amphibolite with regard to the predictive
model for Nb/Ta and Nb/La fractionation con-
cerns mg#. In amphibole peridotite the mg# is
bu¡ered at close to 0.9 by the other silicate min-
erals [45] ; for these pargasite compositions, the
Nb/La ratio should be approximately 1 or even
lower (Fig. 8). This suggests that amphiboles in
equilibrium with mantle peridotite cannot gener-
ate negative anomalies for Nb and Ta, nor low
Nb/Ta ratios in coexisting melts. Accordingly, ex-
ceptionally high Nb and Ta concentrations have

been commonly documented in vein amphiboles
relative to amphiboles disseminated through the
peridotite, in keeping with the ¢ndings in nearby
[46] and other [34] areas. Thus, although amphib-
ole peridotite does not appear to be a major con-
trolling factor on the Nb^Ta budget of conver-
gent margin magmas, particularly in view of the
low modal abundance of amphibole, it may play a
role for vein parageneses [47]. The considerations
reported above hold in the case of amphibole/sil-
icate-melt equilibrium. It is plausible that the in-
teraction of a silica-rich aqueous £uid with ambi-
ent peridotite may also lead to the crystallisation
of disseminated low-mg# amphiboles capable to
signi¢cantly fractionate Nb.

Partial melting of amphibolites is not thought
to be a major factor in present-day subduction-
zone magma genesis, being limited to the produc-
tion of adakitic magmas in areas of anomalously
high geothermal gradient [48,49]. However, these
conditions may have been much more common in
the late Archean corresponding to a major growth
episode of continental crust. The generally lower
mg# of amphiboles (0.5^0.6) in amphibolites
undergoing melting should lead to high
Amph=LDNb=Ta and Amph=LDNb=La values, and their
high modal abundance enables production of a

Fig. 8. The relation between Amph=LDNb=La and mg#. Num-
bers are sample codes referring to experiments in Table 1.
Fractionation of Nb from LREE due to amphibole crystalli-
sation or melting should only occur where the mg# is rela-
tively low.
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low Nb/Ta and low Nb/La signature in coexisting
melts. Amphibole in the subducting slab during
melting thus appears to be a possible explanation
for negative Nb^Ta anomalies and low Nb/Ta
ratios in melts, whereas amphibole disseminated
throughout peridotite in the mantle wedge does
not.

Amphibole may also occur as a phenocryst
phase early in the fractionation series of water-
rich convergent margin volcanics. The relations
derived from our experimental data indicate that
Nb is not expected to fractionate from La, at least
until high degrees of fractionation and SiO2-rich
melt compositions are achieved. Low TiO2 con-
tents in these residual melts will enhance the re-
sultant Nb^Ta anomalies.
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