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Abstract New experimental amphibole/melt partition
coe�cients from a variety of geologically relevant am-
phibole (pargasite, kaersutite, and K-richterite) and melt
compositions obtained under conditions of interest to
upper-mantle studies are combined with the results of
X-ray single-crystal structure re®nement. The ideal
cation radii (r0), calculated using the lattice-site elastic-
strain model of Blundy and Wood (1994) under the
hypothesis of complete REE (rare earth elements) or-
dering at [8]M4, mostly di�er signi®cantly from those
obtained from both the structure re®nement and the
ionic radius of [8]Ca2+. Heavier REE may also strongly
deviate from the parabolic trends de®ned by the other
REE. On the basis of the crystal-chemical knowledge of
major-element site-preference in amphibole and the
occurrence of two sites with di�erent co-ordination
within the M4 cavity (M4 for Ca and Na, M4¢ for Fe2+
and Mg), we propose a new model for REE incorpo-
ration. LREE order at the [8]M4 site, whereas HREE
prefer the M4¢ site with lower co-ordination in amphi-
boles with a signi®cant cummingtonite component, and
may also enter the M2 octahedron, at least in richterite.
This more complex model is consistent with the ob-
served Amph/LD, and drops the usual assumption that
REE behave as a homogeneous group and order at the
M4 site. The availability of multiple crystal-chemical
mechanisms for REE3+ incorporation explains why
measured and estimated Amph/LDHREE may di�er by up

to one order of magnitude. When REE enter two dif-
ferent sites within the same cavity, a ®t performed on
the basis of a single curve may appear correct, but the
values obtained for r0 are biased towards those of the
dominant site, and the Young's modulus is underesti-
mated. When REE are incorporated in multiple sites in
di�erent cavities, the observed pattern cannot be re-
duced to a single curve, and the partition coe�cients of
heavy REE would be strongly underestimated by a
single-site ®t. The simplistic assumption that REE
occupy a single site within the amphibole structure can
thus substantially bias predictive models based on the
elastic-strain theory. Our combined approach allows
linkage between ®ne-scale site preference and the mac-
roscopic properties of minerals and provides more
reliable predictive models for mineral/melt partitioning.
After the possible site-assignments have been identi®ed,
the shape of the Onuma curves constructed from
accurately determined Amph/LDREE now allows the ac-
tive mechanisms for REE incorporation in amphiboles
to be recognised even where site populations are not
available. The REE preference for polyhedra with
smaller size and lower co-ordination than those occu-
pied by Ca invalidates the general idea that Ca acts as a
``carrier'' for REE.

Introduction

Current knowledge of the residence of rare earth ele-
ments (REE) indicates that lighter REE are mostly
hosted in Ca-bearing, rock-forming minerals with large
or intermediately sized polyhedra, such as clinopyrox-
ene, amphibole, apatite and epidote. This has led to the
general assumption that all the REE3+ substitute for Ca
in eight-fold co-ordinated polyhedra in such minerals,
despite the fact that Ca-poor minerals (e.g. zircon, py-
rope garnet, orthopyroxene) are strongly selective in
their uptake of heavier REE. The ``carrier function'' of
REE by Ca, however, is supported by the positive cor-
relation between the concentration of Ca and the
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partition coe�cients of trivalent REE reported in clin-
opyroxene (Harte and Kirkley 1997; Hack et al. 1994).

The dependence of REE partitioning behaviour on
the physical characteristics of the structural sites avail-
able in each mineral has been the subject of several
studies. Blundy and Wood (1994) and Wood and Blundy
(1997) modelled the in¯uence of the crystal structure on
the basis of the size and elasticity of the relevant co-
ordination polyhedra. Their starting point is the equa-
tion proposed by Brice (1975), which relates the energy
stored in the crystal structure upon the substitution of a
cation for a homovalent ``ideal'' cation (for which the
strain is zero) to the di�erence in their ionic radii and to
the Young's modulus of the co-ordination polyhedron in
which the substitution takes place. An equivalent ap-
proach was also proposed by Beattie (1994), based on the
work of Nagasawa (1966). The two models were later
shown to be numerically equivalent within �10% (Pur-
ton et al. 1996). The aim of both approaches was to
quantify the observations of Onuma et al. (1968) that the
partition coe�cients are highest for chemical species with
ionic radii closest to that of the dominant constituent
with the same co-ordination number. These approaches
have been successfully applied to predict partition coef-
®cients for REE3+ and other trace elements in clinopy-
roxene (Wood and Blundy 1997) and olivine (Beattie
1994) at a given P, T and bulk composition. In these and
other studies, attention was focused on REE3+, not only
because of their geochemical importance but also due to
the fact that they are considered a homogeneous geo-
chemical series not internally discriminated by the melt
structure (Ryerson and Hess 1978).

Fewer experimental studies have focused on amphi-
bole (DalpeÂ and Baker 1994; Adam and Green 1994;
Sweeney et al. 1992; Andreessen et al. 1996; Brenan
et al. 1995; LaTourrette et al. 1995; Klein et al. 1997),
despite its wide occurrence and ability to incorporate
larger amounts of geochemically relevant trace elements
than clinopyroxene (e.g. Wood and Blundy 1997, and
references therein). This is partly because clinopyroxene
is expected to exert a dominant control on REE parti-
tioning in most geologic environments, and partly
because of the experimental di�culty of stabilising
amphibole near the liquidus.

The crystal-chemical control on REE3+ partitioning
between amphibole and melt is even more poorly known,
and is usually inferred from considerations based on the
geochemical coherence of REE and Ca and on the simi-
larity of the M4 site in amphibole to the M2 site in
clinopyroxene. Accordingly, the relationship between
amphibole/melt partition coe�cients (Amph/LD) and the
crystal structure has so far been modelled using the elas-
tic-strain model of Blundy and Wood (1994), assuming
that all REE3+ order at the eight-fold co-ordinated M4
site (Brenan et al. 1995; LaTourrette et al. 1995).

In order to provide a better understanding of the
mechanisms of trace-element incorporation in amphi-
bole and of their ordering patterns, we performed new
mineral/melt partitioning experiments for a wide range

of amphibole compositions and 33 trace elements. The
information derived from the application of the lattice-
site elastic-strain theory of Blundy and Wood (1994) to
themeasured partition coe�cients was combinedwith the
results of structure re®nement (SREF) performed on the
same experimentally synthesised amphibole crystals.

In this paper, we report a selection of samples which
is representative of the distinct site preferences for the
incorporation of REE in various amphibole composi-
tions, and discuss the implications of the inferred REE
ordering patterns for the prediction of partitioning be-
tween amphibole and melt. Discussion of the mecha-
nisms of incorporation of other trace elements will be
reported elsewhere (Brumm et al. 1999; Foley et al.
1999; Oberti et al. 1999a; Tiepolo et al., unpublished).

A crystal-chemical framework for the interpretation
of REE behaviour in amphibole

In previous studies, heavy and light REE3+ in amphi-
boles have been assigned, together with Ca2+, exclu-
sively to the [8]M4 site. The cation ordering in the M4
cavity (Fig. 1) is, however, rather complex because it is
surrounded by eight oxygen and can be occupied by
several major-element cations with very di�erent eight-
fold co-ordinated ionic radii (Shannon 1976). Na (ionic

radius 1.18 AÊ ), Li (0.92 AÊ ), Ca (1.12 AÊ ), Mn2+ (0.96 AÊ ),
Fe2+ (0.92 AÊ ), and Mg (0.89 AÊ ), Sr (1.26 AÊ ) and K
(1.51 AÊ ) have been reported with full occupancy in
synthetic K-richterite, although the latter has been
found only at very high P (15 GPa; Yang et al. 1999).
Therefore, when di�erent cations are incorporated into
the M4 cavity, the individual polyhedra throughout the
crystals may be very di�erent in size. The structure re-
®nement can only give an image of the structure aver-
aged over the whole crystal, but important information
on local con®gurations can be obtained also from this
averaged picture.

M4 M4'

M2

M1
T1

M2
T2

Fig. 1 Detailed environment of part of the amphibole structure
showing the sites relevant to the present discussion
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If di�erent cations occur at a ®xed position in the
cavity, the co-ordinated oxygen may move toward or
away from the central cation as a function of its ionic
radius. Their resulting electron-density maxima elongate
in the direction of the central cation, and this situation is
modelled during structure re®nement by high and
strongly anisotropic atomic-displacement parameters
(adp) or even by slightly di�erent atomic positions, only
one of which is locally occupied by oxygen. In the
framework of the elastic-strain model, this situation can
be regarded as the ``relaxation'' of the oxygen around
the cation which underwent substitution.

If the oxygen framework is kept ®xed by the other
structural sites and the cations order at di�erent posi-
tions as a function of their ionic radius, then the electron
density within the cavity elongates along the preferential
direction of the ordering. This is the prevailing situation
observed for the M4 cations in amphiboles. The elec-
tron-density maximum of M4 cations in amphiboles is
nearly always asymmetrical, sometimes very strongly so,
and Fourier maps allow the detection of a splitting into
two di�erent positions. Therefore, two distinct sites (M4
for Ca and Na, M4¢ for the smaller cations) are usually
inserted in the model and re®ned with the total occu-
pancy ®xed to 1.0. In the case of Ca and Fe2+, the
separation between the two sites is close to the resolution
of the standard set of data, and thus the co-ordinates of
the (usually less populated) M4¢ site cannot be deter-
mined with high accuracy. However, a number of works
based on structure re®nement have shown that the M4
and M4¢ sites are aligned along the binary axis with y/b
values varying continuously from 0.23 (Mg) to 0.28 (K)
as a function of the increasing ionic radius of the con-
stituents (see Oberti and Ghose 1993 for references).
When Li and Mg are present at the M4 site, the distance
to the two O5 oxygen atoms becomes much longer than
3 AÊ , but signi®cant changes in the co-ordinating shell
also occur for Mn and Fe2+. The changes in co-ordi-
nation thus depend on both the nature of the M4 cations
and the composition of the adjacent structural sites. For
example, the environment di�ers for Mg between cum-
mingtonite (no [4]Al) and pargasite (2 [4]Al pfu) because
of the distortion of the tetrahedral chains that form one
wall of the cavity. In all such cases, this behaviour is too
complex and has not been modelled as a simple relax-
ation of the oxygen framework.

The simultaneous presence of M4 polyhedra with
very di�erent sizes and distortion is di�cult for the
structure to accommodate, especially under low-tem-
perature conditions. The amount of small cations at M4
does not normally exceed 0.10 apfu, and exsolution
lamellae and other microstructures are often observed in
crystals that have re-equilibrated at lower temperature.
However, the fraction of Mg, Fe and Mn (cummingto-
nite component) occurring in the M4 cavity in Na-Ca
amphiboles may become signi®cant (0.20±0.50 apfu) at
high temperature. It has been reported to reach 1.0 apfu
in synthetic ``sodic'' amphiboles crystallised in a Ca-free
system and quenched from 800±840 �C (Oberti et al.

1999b). The cummingtonite component is thus impor-
tant in studies of upper-mantle assemblages, and is
present in nearly all amphiboles in our set of experi-
ments. The availability of two sites within the M4 cavity
and the di�erence in size and co-ordination of the
resulting polyhedra imply di�ering behaviour with
respect to REE incorporation.

Other sites in the amphibole structure are not usually
considered relevant to REE partitioning; in particular,
the possibility that REE3+ may enter octahedra is gen-
erally neglected. However, it cannot be discarded in
principle, especially for the heavier REE, on the basis of
both ionic radii (Lu � 0.86 AÊ , Yb � 0.87 AÊ in six-fold
co-ordination) and ionic charge. Elements with large
radii, both divalent (Mn, 0.83 AÊ ) and trivalent (Sc,

0.745 AÊ and In, 0.80 AÊ ), are known as major constitu-
ents in amphibole, especially in richterite, where the
octahedral strip is particularly enlarged due to e�ects
from the other structural sites.

Experimental

Synthesis experiments

Results are presented here for amphibole/melt partitioning exper-
iments in three di�erent systems in which amphibole crystallised as
a near-liquidus constituent. These are an alkali-olivine basalt
(AOB) from Hessen, Germany (Wedepohl 1983), a lamproite
(LAM) from melting experiments on mica-amphibole-rutile-ilme-
nite-diopside (MARID)-like assemblages (Foley et al. 1996; van
der Laan and Foley 1994), and an ultrama®c lamprophyre (UML)
from the Jetty Peninsula, Antarctica (Andronikov and Egorov
1993). The natural compositions were also reproduced as oxide
mixtures and varied in di�erent runs along the compositional
vectors K2O/(Na2O + K2O), MgO/(MgO + FeO) and TiO2/
(TiO2 + SiO2). All the synthetic starting compositions were doped
with 33 trace elements, including REE (rare earth elements), LILE
(large ion lithophile elements), HFSE (high ®eld strength elements)
and some transition elements. REE concentrations were increased
to between 70 ppm for LREE and 555 ppm for the HREE in order
to minimise molecular interference during secondary ion mass
spectrometry (SIMS) analyses and to optimise counting statistics to
better than 2%. Experiments were carried out at the University of
GoÈ ttingen using a 22-mm piston-cylinder apparatus with a CaF2-
assembly and graphite-lined Pt-capsules. Amphibole crystallisation
under conditions relevant to mantle processes (1.4 GPa pressure)
was promoted by adding water. The water contents in the glasses
were determined by SIMS to be lower than 5 wt%. All the am-
phiboles were found to be partially dehydrogenated, as expected
for upper-mantle assemblages. All charges were brought to super-
liquidus conditions (1270 �C) for 1 h and then cooled at rates of 1±
0.5 �C/min to the equilibrium temperature (Teq), at which they
were kept for 13±27 h before quenching. The oxygen fugacity was
bu�ered by the inner graphite capsule, leading to a D(FMQ) of )2.

Analytical techniques

Amphibole/glass pairs were characterised for major elements by
electron microprobe at the Centro Grandi Strumenti of the Univ-
ersitaÁ di Pavia. Trace and volatile (H, F, Cl) elements were deter-
mined by ion probe at the CNR-CSCC (Centro di Studio per la
Cristallochimica e la Cristallogra®a) on spots of 20±25 lm diam-
eter, and using 30Si as the internal standard. Other methodological
details can be found in Bottazzi et al. (1994) and Ottolini et al.
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(1995). The error on determinations of cation concentrations is
approximately 10%. As systematic e�ects are basically removed in
the amphibole/glass ratios, and matrix e�ects are negligible with
these amphibole and glass compositions, the accuracy in deter-
mining the concentration ratios is estimated to be smaller than
10%, and larger than that due to counting statistics and the re-
producibility limit.

In the products of the undoped experiments, all REE were
analysed by laser ablation microprobe ± inductively coupled plas-
ma ± mass spectrometry (LAM±ICP±MS). These ®rst results from
the CNR±CSCC laser probe in Pavia were obtained using a pulsed
Nd:YAG laser source ``Brilliant'' (Quantel, Les Ulis, France), in
which the fundamental emission in the infrared (1064 nm) is con-
verted into ultraviolet radiation (266 nm) by means of two har-
monic generators. The system was developed at the Memorial
University of Newfoundland (MUN), and its basic design and
operation are described in Taylor et al. (1997). The energy of the
laser pulse can be continuously varied by means of an energy at-
tenuator and the diameter of the ablation crater by defocusing the
laser beam.

For the present work, the laser was operated at a repetition rate
of 10 Hz, and the spot diameter was �40 lm with a pulse energy of
about 0.07 mJ. The particles produced by ablation were analysed
by a ®eld-sector mass spectrometer (``Element'', Finnigan MAT,
Bremen, Germany). An RF power of 1300 W was used, and the Ar
gas ¯ows into the ICP torch were as follows: sample; 1.35 l min)1,
auxiliary; 1.0 l min)1 and coolant; 13 l min)1. A total of 34 peaks
were acquired at a mass resolving power of �350 by peak jumping
between the masses of interest. At each mass, a mass window
slightly larger than the peak width was scanned and the intensity
was averaged over the full peak-width. Ablation signal integration
intervals were selected by carefully inspecting the time-resolved
analysis to ensure that no inclusions were present in the analysed
volume, and data reduction was performed by the software pack-
age ``LamTrace'' developed at MUN, using the method described
by Longerich et al. (1996). NIST SRM 612 was used as the external
standard, and 44Ca as the internal standard. Reproducibility and
accuracy of the REE concentrations were assessed on the control
sample BCR2-g (MUN, ICP-MS, unpublished data) to be ap-
proximately <7 and 10%, respectively.

At least one crystal of suitable size for X-ray single-crystal
structure re®nement (SREF) was extracted from each experimental
charge by hand picking after grinding. The quality of the crystals
and the absence of inclusions were checked by optical microscopy
and by the pro®le of selected Bragg re¯ections. The procedures for
X-ray analysis, data collection and re®nement are those reported in
Oberti et al. (1992). The re®nements converged to Robs 1±2% and
thus yielded very accurate values for interatomic distances and site
scattering. All the results were critically examined and compared to
the amphibole database at the CNR±CSCC, which presently hosts
complete chemical and structural characterisation of more than 950
amphibole compositions, and allows detailed modelling of amphi-
bole crystal chemistry. Reliable site populations and cation parti-
tioning for major elements could thus be obtained for the complex
amphibole compositions of the present work. The present study is
not intended to be a crystal-chemical work, therefore, only the
relevant re®nement results are presented in this report. Further
details of the procedure can be found in Tiepolo et al. (1999) and
Oberti et al. (1999a), and more results on the samples of this ex-
perimental series can be obtained from the authors (R.O. and A.Z.)
upon request.

Results

The experiments yielded 100±200 lm amphibole crys-
tals as the dominant phase. Olivine and clinopyroxene
occur as accessory high temperature phases and occa-
sionally within amphibole. Amphibole was the ®nal
phase in the crystallisation sequence. The degree of

crystallisation in all experiments was estimated to be
less than 50% from major-element mass balance.
Crystals formed during quenching were scarce or absent
in the glass. Homogeneity of amphibole and melt was
checked by traverses across crystals and glass during the
electron-microprobe analyses of the experimental
products. Chemical homogeneity of both amphibole
and glass as well as the euhedral shape of amphiboles
suggest near-equilibrium conditions. Around 300
chemical and 60 structural characterisations of amphi-
bole crystals were obtained; however, for clarity only
the results obtained on three selected amphiboles which
are representative of the REE3+ patterns observed in
the whole data set are reported. This also allows the
discussion of the possible mechanisms of REE incor-
poration. The selected samples are: (1) a kaersutite with
a high cummingtonite component [0.35 (Mg, Fe2+) apfu
in the M4 cavity], kae 4722±13a; (2) a pargasite with a
very low cummingtonite component [<0.02 M4(Mg,
Fe2+) apfu], par RB52±3 and (3) a K-richterite with no
cummingtonite component, K-ric RB31±1 (Table 1).
Amph/LDREE measured for all other synthetic amphi-
boles are reported and discussed elsewhere (Brumm
1998; Tiepolo 1999). The samples are referred to by the
sample names indicated above to emphasize that the
behaviour described for each may not necessarily apply
to all amphiboles formally classi®ed as K-richterite,
pargasite or kaersutite.

The charge distribution is only one of the two main
factors determining REE incorporation, the other being
the amount of the cummingtonite component. The
content of the cummingtonite component estimated
from chemical analyses is in agreement with that deter-
mined by SREF analysis. The geometrical character-
isation of both the M4 and M4¢ sites could be obtained
for kae 4722±13a, whereas the shape of the electron
density in the M4 cavity allowed exclusion of signi®cant
(>0.02 apfu) Fe and Mg in the other two samples.

REE3+ partition coe�cients for the three selected
crystals (Table 2 and Fig. 2) vary by nearly one order
and two orders of magnitude for light REE and heavy
REE respectively. In general, an increase in Amph/LD is
observed going from K-richterite through pargasite to
kaersutite. Note that DDy, DEr and DYb lie on the trend
de®ned by the D values for the other REE in kae 4722±
13a, but deviate substantially from this trend in K-ric
RB31±1, whereas DYb is nearly one order of magnitude
higher than DDy. A slight deviation is also observed for
par RB52±3, where Yb and Er have nearly identical
partition coe�cients.

Detailed comparison of the REE partition coe�cients
of the three selected samples with those from previous
studies is beyond the scope of this paper. It is only noted
that there is overall consistency of the Amph/LD patterns
for the two calcic amphiboles with other data available
for basaltic to andesitic systems (DalpeÂ and Baker 1994;
Andreessen et al. 1996; LaTourrette et al. 1995). Other
data for richterite are not available to our knowledge,
however, the lower DREE values observed in K-ric
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RB31±1 are consistent with the expected limited capa-
bility of K-ric for hosting trivalent cations at the major-
element level. The lower values are also consistent with
the presence of Na in more than half of the K-ric RB31±1
M4 sites (this would imply local jumps of +2 in the ionic
charge).

Ideal cation radii (r0), Young's moduli (E), and
``strain-compensated partition coe�cients'' (D0) were
calculated by least-squares ®tting of the measured par-
tition coe�cients to the theoretical curve given by
Eq. (2) of Blundy and Wood (1994). Firstly, ®ts were
carried out assuming that all REE3+ order at the [8]M4

position. Dy, Er and Yb were excluded in K-ric RB31±1
due to their systematic deviation from the parabolic
trend. In par RB52±2, the similarity of DYb and DEr

resulted in unrealistically short r0 and small E values,
and they were thus excluded from the ®t. The results are
reported in Table 3 and Fig. 3.

An estimate of the long-range average ionic radius
(r*) was obtained from the re®ned, mean bond lengths
by subtracting 1.38 AÊ , the ionic radius of [4]O2). The
resulting r* values are 1.117 AÊ in par RB52±3, close to
the ionic radius of [8]Ca (1.12 AÊ ), but only 1.107 AÊ in kae
4722±13a. The larger value of r* obtained for K-ric
RB31±1 (1.192 AÊ ) is in agreement with the presence of
Na (ionic radius 1.18 AÊ ; 1.08 apfu) and with the know-
ledge that the M4 polyhedra in richterites are larger than
expected on the basis of their site populations.

Table 1 Major element compositions of the three amphiboles se-
lected for their representative behaviours towards REE in-
corporation. Major-element oxides (wt%) determined by electron
microprobe, H and F by SIMS

Sample 4722±13a
Kae

RB52±3
Par

RB31±1
K±ric

Starting material AOB UML LAM
Teq (�C) 1015 950 850

SiO2 40.72 39.72 54.04
TiO2 4.06 1.40 1.64
Al2O3 15.02 17.09 0.52
Cr2O3 0.01 0.07 0.05
FeOT 8.62 7.73 7.94
MnO 0.12 0.01 0.00
MgO 14.48 15.02 18.79
CaO 10.51 12.98 5.93
Na2O 2.59 2.60 4.17
K2O 1.33 1.28 4.75
H2O 1.13 1.83 2.07
F 0.18 0.00 0.02
AO@F 0.08 0.00 0.01

R 98.70 99.73 99.91

Unit formulae (apfu)
Si 6.013 5.756 7.758
Al 1.987 2.244 0.088
Ti 0.000 0.000 0.154

RT 8.000 8.000 8.000

Al 0.629 0.676 0.000
Fe3+ 0.248 0.453 0.194
Ti 0.450 0.153 0.023
Cr 0.002 0.008 0.006
Mg 2.998 3.242 4.018
Fe2+ 0.673 0.468 0.759

RM(1,2,3) 5.000 5.000 5.000

Mg 0.186 0.000 0.000

Fe2+ 0.143 0.016 0.000
Mn2+ 0.015 0.001 0.000
Ca 1.656 1.983 0.912
Na 0.000 0.000 1.088

RM4 2.000 2.000 2.000

Ca 0.007 0.033 0.000
Na 0.742 0.730 0.073
K 0.251 0.237 0.870

RA 1.000 1.000 0.943

OH 1.116 1.769 1.981
F 0.084 0.000 0.005
O 0.800 0.231 0.014

RX 2.000 2.000 2.000

Table 2 Trace-element concentrations and calculated partition
coe�cients for the three representative amphiboles. Partition
coe�cients are calculated from average amphibole and glass con-
centrations

Elements 4722±13a RB52±3 RB31±1
Kaea Parb K±ricc

Average trace-element concentrations (ppm)
La 13.5 8.48 7.15
Ce 38.8 9.41 8.45
Pr 5.92 ± ±
Nd 28.9 11.8 7.63
Sm 7.59 40.3 13.2
Eu 2.53 78.8 39.0
Gd 6.94 76.6 13.0
Tb 0.98 ± ±
Dy 5.07 143 16.8
Ho 0.84 ± ±
Y 19.4 ± 5.56
Er 2.13 178 37.9
Tm 0.24 ± ±
Yb 1.48 322 179
Lu 0.18 ± ±
V ± ± 698
Sc ± ± 2300

Amphibole/liquid partition coe�cients
La 0.116 0.0437 0.0274
Ce 0.185 0.0709 0.0293
Pr 0.277 ± ±
Nd 0.396 0.123 0.0325
Sm 0.651 0.158 0.0240
Eu 0.657 0.175 0.0498
Gd 0.933 0.188 0.0180
Tb 1.00 ± ±
Dy 0.967 0.165 0.0136
Ho 1.03 ± ±
Y 0.873 ± 0.0196
Er 0.851 0.175 0.0318
Tm 0.816 ± ±
Yb 0.787 0.177 0.102
Lu 0.698 ± ±
V ± ± 3.67
Sc ± ± 7.43

aAverage of three amphibole analyses by LAM±ICP±MS; standard
deviations (1r) of partition coe�cients range from 3 to 10%, ex-
cept for Lu (21%)
bAverage of two amphibole analyses by SIMS; 1r less than 7%
cAverage of two amphibole analyses by SIMS; 1r from 4 to 17%,
except for Yb (30%)

40



Discussion

Comparison of measured and calculated site dimensions

When addressing the issue of cation partitioning with
such di�erent approaches as the elastic-strain model and
structure re®nement, the ®rst point to clarify is whether
there should be a correspondence between r0, the ionic
radius of the ideal cation, and r*, the cation radius (the
weighted average over all symmetry-related sites in the
crystal), measured from SREF. If all these sites were
equally available for REE incorporation, independently
of the size of the actual constituent, r0 should corres-
pond to r*. However, the incorporation of REE may be
restricted to those sites occupied by speci®c constituents,
in which case r0 should be close to the weighted average
of the ionic radii of the cations occupying only those
sites. The +2 change in the ionic charge resulting from
substitution of REE for Na in a single M4 site can be
less easily compensated by incorporation of lower-
charge substituents in the adjacent structural sites [i.e. of
vacancy for (Na, K) at the A site and of Al for Si at the
T1 site], than can REE substitution after Ca (charge
di�erence +1). It is thus likely that the M4 sites occu-
pied by Na do not signi®cantly contribute to REE in-
corporation and so, only the sites occupied by Ca should
be considered. If this is true, then r0 for REE in
K-richterite should be closer to the ionic radius of Ca
than to the value of r* obtained from hM4±Oi.

The value of r0 obtained for K-ric RB31±1 excluding
the heavier REE from the single-site ®t compares well
with the ionic radius of Ca (Table 3 and Fig. 3). Thus
the assumption that REE3+ replace only [8]Ca in the M4
site is correct in the case of K-ric RB31±1 due to the
negligible incorporation of REE3+ into the sites occu-
pied by [8]Na, and to the absence of the cummingtonite
component. In this case, the elastic-strain model and the
crystal-chemical evidence converge to the same result,
supporting the hypothesis that r0 corresponds to the
actual dimension of only those sites available for REE3+

incorporation. The departure of the heavy REE from
the bell-shaped trend is due to their incorporation at an
octahedral site (see below).

In the case of kae 4722±13a, the occurrence of two
sites within the M4 cavity adds further complexity and
makes the application of the elastic-strain model less
straightforward. If the M4 cavity is occupied by divalent
cations smaller than Ca, its geometry becomes highly
distorted and the co-ordination number tends to de-
crease. The small value of [8]r0 (1.028 AÊ ), obtained by
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Fig. 2 Representative REE partition coe�cients between amphi-
bole and melt from the new experimental data set (open symbols).
Experimentally determined values from previous studies for
basaltic to andesitic systems (®lled symbols) are shown for
comparison

Table 3 Selected SREF and best-®t results for the three
representative amphiboles

4722±13a RB52±3 RB31±1
Kae Par K-Ric

Unit cell dimensions

a (AÊ ) 9.861 9.966 10.069
b 18.023 18.031 18.051
c 5.307 5.308 5.287
b (�) 105.21 105.62 104.79
Vol (AÊ )3 910.1 918.7 929.1

Interatomic distances (AÊ )
hT1±Oi 1.670 1.677 1.623
hT2±Oi 1.638 1.646 1.641
hM1±Oi 2.079 2.087 2.082
hM2±Oi 2.054 2.055 2.097
hM3±Oi 2.072 2.071 2.080
hM4±Oi (8) 2.487 2.497 2.573
hM4¢±Oi(6) 2.417 ± ±
hA±Oi 2.931 2.939 2.957

Best-®t results(a)

(1) REEr0 (AÊ ) 1.028 1.052 1.123
D0 0.98 0.18 0.032
E (GPa) 339 282 276

(2) M4r0 (AÊ ) 1.12 ± ±
M4¢r0 (AÊ ) 1.025 ± ±
M4D0 0.12 ± ±
M4¢D0 0.97 ± ±
M4,M4¢E (GPa) 469 ± ±

(3) M4r0 (AÊ ) ± ± 1.123
M2r0 (AÊ ) ± ± 0.717
M4D0 ± ± 0.033
M2D0 ± ± 5.36
M4E (GPa) ± ± 323
M2E (GPa) ± ± 528

a Ideal cation radii calculated from REE partitioning data ac-
cording to the model of Blundy and Wood (1994) using di�erent
assumptions for REE ordering: (1) all REE ordered at the M4 site;
(2) REE distributed between the M4 and M4¢ sites; (3) REE dis-
tributed between the M4 and M2 sites
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®tting the data to a single curve, indicates that REE
prefer smaller sites (i.e. M4¢). When the six-fold co-or-
dinated ionic radii are used for REE, we obtain
[6]r0 � 0.91 AÊ , which closely approaches the dimension
of the six-fold co-ordinated M4 site obtained by struc-
ture re®nement of Fe-cummingtonite. Therefore, in the
case of the kae 4722±13a, REE seem to enter ``cum-
mingtonite-like'' M4 sites faster than ``pargasite-like''
ones.

As this conclusion apparently contradicts results of
the K-ric RB31±1, REE incorporation in amphiboles
was modelled with a signi®cant cummingtonite compo-
nent by assuming that REE may be distributed between
the two distinct sites in the M4 cavity. The shape of the
pattern observed in kae 4722±13a does not allow ®tting
of two independent elastic-strain curves. However, the
number of parameters can be reduced by the reasonable
assumption that the Young's moduli of the M4 and M4¢
polyhedra are equal. Eight-fold co-ordinated ionic radii
for REE can be used for both curves, as the ionic radii of
REE in six- and in eight-fold co-ordination are basically
proportional (Shannon 1976). The e�ect on r0 of the
actual co-ordination of the smaller sites can be consid-
ered a posteriori from the comparison to the measured
M4¢r*. The resulting ``double-site'' ®t for the kae 4722±
13a (Table 3 and Fig. 4a) gives a value of M4r0 equal to
1.12 AÊ , which coincides with the [8]Ca ionic radius and

compares well with the observed M4r* (1.107 AÊ ). The
value of 1.028 AÊ obtained for [8]r0 based on the hy-
pothesis of a single M4 site can thus be explained by the
fact that this model indicates the behaviour of the M4¢
site, which dominates the incorporation of trivalent
REE (M4¢D0 is one order of magnitude higher than
M4D0).

The trend observed for the HREE in K-ric RB31±1
(Fig. 3) cannot be reconciled with a single ordering
pattern, and suggests that REE must also enter signi®-
cantly smaller sites. The sharp break in the trend ob-
served at about Dy is consistent with the occurrence of
the heaviest REE on the steep edge of the relaxation
curve of an octahedron, and we thus assumed that REE
are incorporated in at least one of the three independent
octahedra. The simultaneous ®t of the measured DREE to
two curves, one relative to a six-fold and the other to an
eight-fold co-ordinated site, gives r0 for the former equal
to 0.72 AÊ , typical of an octahedron occupied by Mg
(Table 3 and Fig. 4b). The best candidate is the M2 site,
because it is the largest octahedron in K-richterite and,
therefore, the incorporation of trivalent cations may
locally compensate the substitution of Al for Si at T1.
The r0 value obtained for the six-fold co-ordinated site in
this ®t agrees well with the measured M2r* (0.717 AÊ ).
Furthermore, the measured D values for [6]Sc3+ and
[6]V3+, which order at M2 as shown by SREF studies on
synthetic amphiboles, are accurately predicted.

The assignment of HREE to the octahedral M2 site
in K-ric RB31±1 has been made easier by the low value
of M4D0 for trivalent cations and by the absence of a
cummingtonite component. Moreover, the M2 polyhe-
dron in K-richterite is likely to be more suitable for the
incorporation of HREE (up to about Dy) than in
kaersutite, where M2 is smaller due to the nearly stoic-
hiometric incorporation of small trivalent cations.

It is thus proposed that REE are distributed over
more than one structural site in amphibole, and that
HREE (including middle REE) may prefer sites with co-
ordination numbers lower than eight. Within each site,
the di�erence between the ionic radius of the single REE
and the ideal cation radii r0 is a discriminating factor
according to the elastic-strain model. The shape of the
patterns observed for partition coe�cients can thus be
rationalised in terms of the di�erent possibilities avail-
able for the incorporation of each REE (i.e. the fre-
quency of the suitable sites in the crystal and their actual
dimensions and compliance). The deviation from the
expected curve on the left-hand side of the single-®t
curve is roughly proportional to the cummingtonite
component in the whole set of synthetic amphiboles of
this work. We suggest that kae 41722±13a and K-ric
RB31±1 (Fig. 4a, b) can be considered as ``end members''
with respect to the ordering of REE in amphibole. In the
kae 41722±13a, the pattern is dominated by the M4¢ site,
whereas in the K-ric RB31±1, the large M2 octahedron is
more suitable for the incorporation of the heaviest REE.
However, the three sites available for REE incorporation
in amphibole may be combined with di�erent weights
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Fig. 3 Experimentally determined partition-coe�cients for the
three representative amphiboles versus cation radius. The curves
represent single-site ®ts to Blundy and Wood's (1994) elastic-strain
model (see Table 3) assuming ordering of all REE3+ at the [8]M4
site. For pargasite, Yb and Er lie o� the trend, whereas for
K-richterite, all three of Yb, Er and Dy lie o� the trend de®ned by
the other REE. Note that the curve is centred close to the ionic
radius of Ca in K-ric RB31±1, in which Na is the prevailing cation
at M4, whereas it is centred at far shorter radii in par RB52±3 and
kae 4722±13a in which Ca is the dominant cation at M4
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in di�erent compositions, thus determining the features
of a complex partition coe�cient pattern for REE. The
pattern shown by par RB52±3 is a�ected by both the
contribution of the M2 octahedron and the displacement
of the vertex of the M4 parabola towards smaller values
due to the presence of some (albeit very low) cum-
mingtonite component (Fig. 3 and Table 3).

It is also worthy of note that high values for REE
partition coe�cients are observed in amphiboles only if
suitable sites (M4¢ and/or M2, i.e. substitution after Mg
or Fe2+) are available, and that the contribution of the
M4 site (substitution after Ca) is always quite low. The
relatively high Amph/LD for middle and heavy REE ob-
served by some authors (Andreessen et al. 1996; Klein
et al. 1997), therefore, are most likely related to the
amount of the cummingtonite component, i.e. to the
incorporation of REE into M4¢, which makes up more
than 90% of the total content of MREE and HREE in
kae 4722±13a.

Implications of the ordering of REE
for predictive models

When REE enter two distinct sites with distinct crystal-
chemical mechanisms (i.e. M4 and M2, as in K-ric
RB31±1), the use of predictive models based on single-
site incorporation leads to incorrect results. In particu-
lar, the prediction of DHREE is strongly underestimated.
The contribution of the octahedra to D can be very
subordinate, as in the case of kae 4722±13a, but has to
be taken into account, at least when the cummingtonite
component is low.

When REE partition themselves between two distinct
sites within a cavity (i.e. M4 and M4¢), thus contributing
to the same crystal-chemical mechanism, a smooth
single curve is obtained for the partition coe�cient
pattern. This is because the dimensions and the com-
pliance of the two co-ordination polyhedra are more
similar. There are two ways to estimate r0 in predictive
models of mineral/melt partitioning based on the elas-
tic-strain theory: (1) r0 is derived independently from
SREF on the same crystal or crystals of similar com-
position and from crystal-chemical considerations, and
(2) r0 is calibrated against the mineral major element
composition by ®tting sets of experimental partition
coe�cient data to a single curve centred around the
dominant constituent.

In the former case, an incorrect assignment of the
dominant structural site would introduce signi®cant er-
rors. With respect to kae 4722±13a, if partition coe�-
cients had been predicted with a single curve of r0 close
to r* or to rCa, the ratio of the partition coe�cient of an
LREE to an HREE would have been signi®cantly
overestimated. Therefore, the REE fractionation as-
sumed in geochemical modelling would have been in-
correct. The second method is sounder because the input
value of r0 would be properly assigned if the composi-
tion of the modelled mineral falls within the interval of
calibration of r0. Also the DREE pattern predicted on the
basis of a single curve would be in agreement with the
measured ones. When calibrating r0, an increasing im-
portance of the M4¢ site relative to M4 would appear as
a decrease in the calculated value for r0. A variation of r0
with the ionic charge has been recently observed when
®tting the partitioning data for clinopyroxene and gar-
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Fig. 4 REE partition coe�cients versus cation radius for a the two
sites within the M4 cavity in kae 4722±13a and b the two M2 and
M4 sites in K-ric RB31±1. The curves represent Blundy and
Wood's (1994) Eq. (2) for each site; r0, D0 and E values are
reported in Table 3, whereas the observed dimensions from SREF
are shown (dashed lines). Open and ®lled circles correspond to the
contribution of each site (A and B respectively). The distinct
contributions to the total D measured for an element (Dmeas) were
calculated using the theoretical values of the curves relative to each
site at the ionic radius of the element (DA and DB) as DA/
(DA + DB) ´ Dmeas and DB/(DA + DB) ´ Dmeas, respectively
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net under the constraints of a single site (J. Blundy,
personal communication; van Westrenen et al. 1999). It
is most likely that the considerations reported above
provide a plausible explanation for this phenomenon. A
variation of r0 with the ionic charge is related to the
di�erent proportions of the sites suitable for incorpo-
ration of trace elements with di�erent ionic charges.
Finally, it is also worth noting that an incorrect site-
assignment for REE a�ects the estimate of the Young's
modulus.

When combined with independent estimates of
polyhedral dimensions, the elastic-strain model allows
linkage of ®ne-scale site preference to the macroscopic
properties of minerals, giving further constraints for
more reliable predictive models of mineral/melt parti-
tioning. The preference of REE for polyhedra with
smaller size and lower co-ordination than those occu-
pied by Ca invalidates the general idea that Ca acts as
the ``carrier'' for REE.

The combined approach reported in this work al-
lowed us to unravel the complex mechanisms of REE
incorporation in amphibole. We are aware that the re-
sults of this work cannot be readily applied to the cali-
bration of predictive models in the absence of accurate
structure re®nements and thus of reliable site popula-
tions for major elements. Accurate electron microprobe
analyses usually allow the cummingtonite component to
be evaluated, but since correct unit formulae can be
obtained for pargasite/kaersutite and richterite only in
the absence of dehydrogenation, care must be taken
when the Ti content exceeds 0.15 apfu. Nevertheless, we
provide evidence that distinct ordering patterns for REE
can be recognised from the shape of the Onuma curves
constructed from accurately determined Amph/LDREE.
DYb/DDy close to unity indicates the contribution of two
di�erent sites within the M4 cavity, whereas DYb sig-
ni®cantly larger than DDy implies REE partitioning
between M4 (�M4¢) and M2.

The mechanisms of REE incorporation described in
this work are likely to be applicable to other rock-
forming minerals in which alternative co-ordinations
within the same structural sites have been observed for
(Mg, Fe2+) and for Ca (e.g. clinopyroxene, Rossi et al.
1987; garnet, Quartieri et al. 1995). In particular, be-
cause of its importance in geochemical investigations
and modelling, we emphasise that the crystal-chemical
behaviour of clinopyroxene is very similar to that of
amphibole, at least as far as the relevant sites for
REE incorporation are concerned (M4amph « M2cpx,
M4¢amph « M2¢cpx, M2amph « M1cpx). Distinct order-
ing patterns are therefore likely to occur in clinopyroxene.
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