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Abstract Thirty five minor and trace elements (Li, Be, B,
Sc, Cu, Zn, Ga, Ge, As, Rb, Nb, Mo, Ag, Cd, In, Sn, Sb,
Cs, Ba, La, Ce, Nd, Sm, Tb, Ho, Tm, Lu, Hf, Ta, W, Tl,
Pb, Bi, Th and U) in experimentally produced near-
liquidus phases, from a primitive nelpheline basanite
from Bow Hill in Tasmania (Australia), were analysed
by LAM ICP-MS. A number of halogens (F, Cl and I)
were also analysed by electron microprobe. The analyses
were used to determine mineral/melt partition coeffi-
cients for mica, amphibole, garnet, clinopyroxene,
orthopyroxene and olivine for conditions close to mul-
tiple saturation of the basanite liquidus with garnet
lherzolite (approximately 2.6 GPa and 1,200�C with
7.5 wt% of added H2O). A broader range of conditions
was also investigated from 1.0 GPa and 1,025�C to
3.5 GPa and 1,190�C with 5–10 wt% of added H2O. The
scope and comprehensiveness of the data allow them to
be used for two purposes, these include the following: an
investigation of some of the controlling influences on
partition coefficients; and the compilation of a set par-
tition coefficients that are directly relevant to the for-
mation of the Bow Hill basanite magma by partial
melting of mantle peridotite. Considering clinopyroxene,
the mineral phase for which the most data were ob-
tained, systematic correlations were found between
pressure and temperature, mineral composition, cation
radius and valence, and DGcoulb (the coulombic potential
energy produced by substituting a cation of mismatched
valence into a crystallographic site). DGcoulb is distinctly

different for different crystallographic sites, including the
M2 and M1 sites in clinopyroxene. These differences can
be modelled as a function of variations in optimum
valence (expressed as 1 sigma standard deviations)
within individual M1 and M2 site populations.

Introduction

Experimental data on minor and trace element parti-
tioning between minerals and melts are often of limited
usefulness for interpreting natural igneous systems.
This is because partition coefficients [Di = (concentra-
tion of element i in mineral)/(concentration of element i
in melt)] are influenced by so many different factors,
including pressure, temperature, mineral composition
and melt composition, that they are difficult to accu-
rately predict for changed circumstances. This is in
spite of many efforts at rationalizing the way different
factors affect partition coefficients (e.g. Onuma et al.
1968; Brice 1975; Nielsen 1985; Blundy and Wood
1991, 1994; Gaetani and Grove 1995; Schosnig and
Hoffer 1998; Hill et al. 2000). Thus, unless data are
either deliberately obtained or fortuitously available for
the specific circumstances being investigated, it is diffi-
cult to know exactly how elements will partition. In
this paper, we examine this problem for the case of
a nepheline basanite (UT-70489) from Bow Hill in
Tasmania, Australia. The basanite has primitive geo-
chemical characteristics (12.0 wt% MgO, 380 ppm Ni,
and Mg no. = 64.6) that are consistent with the ori-
ginal magma being close to an unmodified product of
partial melting of mantle peridotite. Its near-liquidus
phase relationships were investigated by Adam (1989,
1990) who determined conditions of multiple saturation
with garnet lherzolite at about 2.6 GPa and 1,200�C
with 4.5 wt% H2O and 2.0 wt% CO2 dissolved in the
basanite melt.
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This study was used to investigate the partitioning of
minor and trace elements between the Bow Hill basanite
magma and residual garnet lherzolite phases including
mica, amphibole, garnet, clinopyroxene, orthopyroxene
and olivine. A combination of electron microprobe and
LAM ICP-MS (laser ablation microprobe and induc-
tively-coupled plasma mass spectrometry) was used to
analyse major, minor and trace elements in experimen-
tally produced near-liquidus phases. As far as was
possible partition coefficients were obtained for conditions
close to those of multiple saturation with garnet lherz-
olite. But a broader range of conditions, from 1.0 GPa
and 1,025�C to 3.5 GPa and 1,190�C, was also exam-
ined. Because of the size and scope of the resulting data
set, it was possible to separately examine the effects of
pressure, temperature, lattice-strain, cation valence,
mineral chemistry and H2O concentration on partition
coefficients. The results of this investigation are reported
in this paper. The use of the partition coefficients to
study melting behaviour and the nature of the basanite
magma’s source is the subject of a separate paper.

Experimental and analytical procedures

Starting composition

The starting composition used in experiments was based
on a powdered sample of the natural rock. This was
doped with a total of 39 trace elements including Li, Be,
B, Sc, Cu, Zn, Ga, Ge, As, Rb, Nb, Mo, Ag, Cd, In, Sn,
Sb, Cs, Ba, La, Ce, Nd, Sm, Tb, Ho, Tm, Lu, Hf, Ta, W,
Tl, Pb, Bi, Th, U, F, Cl, Br and I. The concentrations of
non-volatile dopants varied from about 100 to
1000 ppm to give a total of 1.4 wt% of added trace
oxides. Excepting Be all of the non-volatile dopants were
added to the starting mix in aqueous solutions (as either
chlorides or nitrates). Because of its dangerous toxicity,
Be was added as natural beryl (to avoid the handling of
H2O-soluble Be). After being dried and thoroughly
ground the doped mix was melted in a vertical furnace
and then quenched in water to form a glass. This was
done twice. Because of the volatility of some of the
dopants (particularly Sn, Sb, Mo, In and Tl) the melting
time was kept to a minimum (about 30 s). A total of
2,000 ppm F was added to the dried and powdered glass
as FeF3. Cl, Br and I were added to individual experi-
ments (along with H2O) in an aqueous solution con-
taining 10,000 ppm of each halide (present as potassium
halides). Most of the experiments contained 7.5 wt%
H2O and thus ideally should also have had 750 ppm
each of Cl, Br and I. In practice concentrations of both
F and Cl were higher than originally intended with
�0.24 wt% F and from 0.45 to 0.99 wt% Cl being
present in some runs. This was due to a combination of
F and Cl present in the original rock, the use of Cl-
bearing aqueous solutions (ICP-MS analytical stan-
dards) as a source of dopants, and the short melting
times required to preserve volatile dopants such as Mo,

Sb and Sn. The results of previous experiments on hal-
ogen-enriched and halogen-free basanite compositions
(see Adam et al. 1993) show that these enrichments
would not perceptibly affect the partition coefficients of
other (non-volatile) elements.

Experimental procedures

All experiments were conducted in piston–cylinder
apparatus of the type described by Boyd and England
(1960) using a piston-in technique. A minus 10% cor-
rection for friction was made to measured pressures
(Green et al. 1966). Furnace assemblies were of 12.7 mm
diameter and made of graphite with composite talc and
pyrex� sleeves and boron-nitride inserts. Temperatures
were measured using Pt–Pt90Rh10 thermocouples and
automatically regulated by an Electromax V single loop
controller.

Samples were loaded into graphite inner capsules
contained in Pt outer capsules, instead of the single
Ag50Pd50 capsules originally used by Adam (1989, 1990).
This was done because earlier experiments had shown
that Cu, Mo, Sb, Cr and Ni alloy with Ag50Pd50,
Au80Pd20 and Pt so readily that it is impossible to
maintain a constant bulk composition unless the starting
material is isolated from the precious metal capsules by
graphite. Both H2O and dissolved halides were added
first with a graduated microsyringe. Powdered sample
was added on top of this to give a total sample mass of
15 mg. The concentration of H2O added was in most
cases 7.5 wt%. This quantity was intended to replicate
the liquidus temperatures achieved by Adam (1989,
1990) who used 4.5 wt% H2O and 2.0 wt% CO2. We did
not add CO2 in case reaction with the graphite capsules
caused its concentration to vary during runs. Once
loaded the graphite capsules were fitted with lids and
placed inside the Pt outer capsules. The Pt capsules were
then welded closed with an electric-arc welder. During
welding capsules were kept frozen in a liquid nitrogen
bath. If this wasn’t done conduction of the electric
current through the halide solutions in capsules caused
vaporization of added H2O. In order to promote the
growth of large crystals run temperatures were initially
taken to 110�C above target run temperatures. After
30 min, temperatures were gradually reduced over a
further 30 min to final run temperatures. Total run times
were 48 h. After each experiment capsules were longi-
tudinally sectioned, mounted in epoxy and polished
using non-aqueous lubricants.

Of the near-liquidus phases previously crystallized
from UT-70489 garnet was the most difficult to dupli-
cate in the present experiments. This was probably the
result of changes to both the experimental procedures
and starting composition originally used to grow garnet.
Because of these differences fO2, Fe

+3 and Al2O3 would
all have been greater in the original experiments. Both
Adam and Green (1994) and Green and Pearson (1985)
found that pyroxenes produced under oxidizing (i.e.
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haematite–magnetite buffered) conditions are relatively
Al2O3 enriched. If this is due to high fO2 increasing the
relative activity of Al2O3 low fO2 might be expected to
have the reverse effect and therefore destabilize garnet.
Our use of a temperature over-step when beginning
experiments would also have inhibited the nucleation of
garnet. To overcome these retarding factors we added
2.0 wt% of Al2O3 to the starting composition for two
experiments. These were run in unlined Au80Pd20 cap-
sules with 10 wt% of added H2O and used to grow
garnet at 1,180 and 1,190�C and 3.5 GPa.

Analytical methods

Major and minor elements, including halogens, were
analysed with a Cameca� SX50 electron microprobe.
Corrections to the raw data were made with the PAP
program of Pouchu and Pichoir (1984). The accelerating
voltage was 15 kV at a current of 20 nA. Counting times
were 10 s for peaks and 5 s for each background. For
minerals a beam diameter of 1 lm was used. This was
increased to 30 lm for the analysis of quenched melt
areas. To minimize the loss of Na and K during analyses
these elements were analysed first during each analytical
cycle. In spite of this losses of from 0.0 to 2.0 wt% Na2O
and 0.0 to 0.5 wt% K2O are estimated for analyses of
quenched melts. The standards used were albite, ortho-
clase, kyanite, wollastonite, rutile, olivine, Mn-garnet,
topaz and apatite.

Trace elements and some minor elements were anal-
ysed with a laser microprobe coupled to an Argilent
7500S ICP-MS. Samples were ablated with a 30 lm
diameter beam of UV light (k = 266 nm) from a Con-
tinuum Surelite I-20 Q-switched Nd:YAG laser. Proce-
dures were similar to those used by Norman et al. (1996)
but used a mixture of He and Ar to optimize ablation
characteristics and detection limits. The energy per pulse
was kept at 0.2 mJ at a frequency of 4 Hz. Higher
energies caused excessive fragmentation of the fragile
sample materials. For amphiboles, clinopyroxenes and

garnets CaO was the internal standard used to calibrate
ICP-MS analyses. For olivine and orthopyroxene MgO
was used instead instead of CaO, but for mica Al2O3 was
used. In each case, electron microprobe analyses of CaO,
MgO and Al2O3 were chosen from points close to the
spots analysed by ICP-MS. Typically from three to five
analyses were made of each phase produced by an
experiment.

Minimum detection limits (99% confidence) for
crystals and quenched melts were: 0.01–0.1 ppm for Sc,
V, Co, Ga, In, Rb, Cs, Sr, Y, Zr, Nb, Ta, Mo, Ag, W,
Tl, Pb, Bi, Sb, REE, Th and U; 0.1 to 1.0 ppm for Li,
Be, Cr, Ge, Ni, Cu, Zn, As, Cd, Sn, Hf and Ba; and
1—5 ppm for B, P, Ti, Al and Mg. The precision of
individual analyses varied depending upon a number of
factors; these included the element and isotope analysed,
and the sample’s size and homogeneity. In the case of
individual isotopes, 1 sigma errors were normally larger
for high concentrations than they were for low concen-
trations. Thus, they were usually smaller for analyses of
crystals than for quenched melts. The 1 sigma errors
calculated from variations in replicate analyses of crys-
tals and glasses were typically several times larger than
the fully integrated 1 sigma errors determined from
counting statistics.

Experimental results

General description

A list of runs, run product modes and experimental
conditions is given in Table 1. The degree of crystalli-
zation in runs varies from 38 to 9%. Generally crystals
accumulated in the lower parts of capsules. Their size
and degree of intergrowth with other phases varies from
run to run. All runs produced clinopyroxene as well as
quenched melt. Depending upon run conditions, the
quenched melt forms either a brown glass or a felted
mass of fine crystals, with glass present in some cases.
Clinopyroxene usually forms olive-green blocky crystals

Table 1 Run conditions and run products from experiments on the nepheline basanite UT-70489

Run �C GPa % H2O Run product modes (wt%)

Garnet cpx opx Olivine Mica amph Apatite Fe loss Melt

1951 1,025 1.0 7.5 4 9 18 0.1 68.9
R79 1,075 1.0 5 4 10 86
1950 1,050 2.0 10 9 1 7 17 66
R77 1,100 2.0 10 6 3 91
R78 1,100 2.5 10 13 3.7 1 82.3
1948 1,160 2.5 7.5 10.6 1 0.4 88
1949 1,160 2.7 7.5 18 2 3.5 2 74.5
R80 1,170 3.0 7.5 17.4 4 2.6 76
1956 1,180 3.5 10 23 12 3 62
1955 1,190 3.5 10 13 7 5 75

Run product modes are from mass balances for major and minor elements in run products and starting compositions. % H2O is the
weight percent of H2O added to starting compositions
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that are sometimes intergrown with other phases. Most
experiments produced crystals large enough (with min-
imum dimensions >50 lm) to be analysed by LAM
ICP-MS. Orthopyroxene was characteristic of near-liq-
uidus runs at pressures of 2.5 GPa and above, but it was
also produced in one exceptionally hydrous but low
temperature run at 2.0 GPa. It occurs as grey–brown
anhedral crystals that are usually intergrown with other
mineral phases. Its presence in run products is a surprise
because in the previous study by Adam (1989, 1990) it
was only stabilized after experiments were seeded with
orthopyroxene. Evidently orthopyroxene’s stability was
enhanced by the experimental procedures used in this
study. Only one experiment produced orthopyroxene
crystals large enough to be successfully analysed by
LAM ICP-MS.

Olivine crystallized at pressures less than 2.5 GPa
where it replaced orthopyroxene as a near-liquidus
phase. It forms colourless crystals of either rounded or
blade-like habit. In contrast to orthopyroxene, amphi-
bole’s stability was not enhanced in our experiments. In
the earlier experiments of Adam (1989, 1990) amphibole
and mica were both stable to at least 1,150�C at
2.5 GPa. With the addition of F we expected that
amphibole would be a near-liquidus phase at 2.5 GPa.
But after a number of attempts it was crystallized only at
2.0 GPa and 1,050�C (with 10.0 wt% of H2O added
instead of 7.5 wt.%) and at 1,025�C and 1.0 GPa with
7.5 wt% H2O. It forms equant brown crystals up to
200 lm in diameter that are sometimes intergrown with
other crystal phases. Although mica was not a near-
liquidus phase at 2.5 GPa, it was at 2.7 GPa being
produced, together with clinopyroxene and orthopy-
roxene, at 1,160�C. It was also stable at lower temper-
atures and pressures crystallizing together with
amphibole at 1,050degrC and 2.0 GPa. It forms
red–brown platy crystals up to 100 lm across that are
intergrown with other mineral phases. Garnets from
experiments at 3.5 GPa occur as red–brown, euhedral to
subhedral crystals up to 200 lm in diameter. They
contain variable amounts of included clinopyroxene and
glass.

Analytical results

Analyses of major and minor elements in crystals and
quenched melts from experiments are given in Table 2.
Mineral/melt partition coefficients calculated from LAM
ICP-MS analyses are given in Table 3. LAM ICP-MS
analyses of individual run products are available from
the authors upon request. The precision and accuracy of
analyses varied depending upon absolute concentration,
crystal size and the presence or absence of other included
phases. The effects of even very minor analytical con-
tamination are made obvious by examining data on
Onuma diagrams (plots of partition coefficients versus
the ionic radii of isovalent cations). Horizontal digres-
sions from parabolic trends usually indicate analytical

contamination. Such analyses were not used. For the
most incompatible elements, such as Ba, Rb, Cs and W
in pyroxenes, olivine and garnet, some degree of con-
tamination seems probable in most analyses. This does
not indicate significant degrees of contamination for
other elements, only that the partition coefficients for
these elements appear to be vanishingly small (< 0.001);
this conclusion is consistent with both the lowest mea-
sured values and with the detection limits and precision
of the LAM ICP-MS analyses.

Another factor may have separately affected partition
coefficients. After analyses mass balances were calcu-
lated between run products and starting compositions.
In some cases, these showed loss of Fe from starting
compositions as well as variable losses of Ni, Cr, Cu, Ag,
Sn, Cd and Bi. These tended to increase with pressure
and temperature. In contrast to these elements, the mass
balances for most other elements analysed by LAM ICP-
MS were excellent with relative concentrations in bulk
run products and starting compositions agreeing to
within a few per cent. The problem is one that appears to
be characteristic of hydrous experiments conducted in
graphite capsules, although not evident in similar but
anhydrous experiments. We at first considered it prob-
able that an Fe-alloy precipitate had formed, but a
number of factors make this unlikely. Green (1973)
produced hydrous basanitic glasses in graphite capsules
using similar furnace assemblies, temperatures and
pressures to those employed in our experiments. Later
FTIR analyses of these glasses (Brey and Green 1975)
showed them to contain dissolved carbonate ions pro-
duced by reaction between the basanitic melts and
graphite capsules. The presence of such an oxidized
species is not consistent with conditions reducing en-
ough to produce an Fe-metal precipitate. As well,
anhydrous experiments conducted in graphite capsules
do not seem to be affected in the same way, although this
could be partially accounted for by the higher temper-
atures generally characteristic of such experiments. In
the absence of conditions reducing enough to produce
an Fe-alloy, it is possible that the affected elements were
incorporated into volatile organometallic compounds
and then subsequently lost to either a vapour phase or to
the outer Pt capsule. This idea was suggested to us by
Greg Yaxley and David Green (personal communica-
tion). A final possibility is that the graphite capsules
leaked and allowed contact of the melt phase with the Pt
outer capsules, but we found no evidence of this. As we
also found no separate evidence of a vapour phase, the
cause of the material losses during experiments remains
a matter of speculation. Whatever the reasons the par-
tition coefficient results for the affected elements are
noticeably less consistent than for other elements.

Of the halogens, only F and Cl could be satisfactorily
analysed with the electron microprobe in both crystals
and melts. This was because they were present in much
higher concentrations than either Br or I. Cl in partic-
ular was strongly concentrated in some runs and appears
to be heterogeneous in the starting mix. This was
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probably due it being concentrated in vesicles during
preparation of the starting glass. There is no evidence
that other (non-volatile) incompatible elements were
heterogeneously distributed in the starting material.

Clinopyroxene

The clinopyroxenes from experiments are aluminian-
diopsides with variable concentrations of enstatite,
tschermaks, jadeite and Ti. Their compositions vary
with changes in pressure and temperature (Fig. 1).
Clinopyroxenes crystallized at 1.0 GPa are compara-
tively Ti- and Ca-rich and compositionally similar to
green phenocryst cores in the basanite. In contrast, near-
liquidus clinopyroxenes formed at 2.5–2.7 GPa are
compositionally similar to the clinopyroxenes in garnet
lherzolite xenoliths from Bow Hill. They are slightly less
aluminous and Cr-rich, and also have lower Mg num-
bers (Mg no. = 100 Mg/(Mg + total Fe)). They are
also noticeably less Cr-rich than the clinopyroxenes
crystallized from the same composition by Adam (1989,
1990). This probably reflects some reduction of Cr+3 to
Cr+2 in our experiments.

Partition coefficients formost elements follow patterns
similar to those previously obtained for calcic clinopy-
roxenes and silicate melts (e.g. Hart and Dunn 1993;
Liotard et al. 1988; Green et al. 2000; Hill et al. 2000). Ni
and Cr are highly compatible and the other siderophile
transition elements (including V, Co, Cu and Zn) either
mildly compatible or mildly incompatible. Cd tends to
partition similarly to Ca whereas Pb more closely follows
Sr. Sc, In and Ga also vary from mild compatibility to
incompatibility. Y and heavy rare earth elements (HREE)
are moderately incompatible, with compatibility varying
as a smooth function of ionic radius. The light rare earths,
Th andU are far more incompatible. Bi behaves similarly
to the LREE whereas Sb and Mo behave similarly to Nb
and Ta. Considering that cassiterite and rutile are iso-
structural the compatibility of Sn in some experiments

Fig. 1 Variation in clinopyroxene compositions with changes in
pressureT
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was surprisingly small when compared to Ti. Partition
coefficients for W, Rb, Cs and Ba, although sensitive
to analytical contamination, appear to be very small
(generally < 0.001). The partition coefficients of most
elements also vary with changes in pressure, temperature
and mineral composition. These changes are described
more fully in a later section.

Orthopyroxene

Orthopyroxenes from the Bow Hill basanite contain
minor concentrations (0.17–0.31 wt%) of TiO2 and
Na2O, and are less aluminous than coexisting clinopy-
roxenes. Like clinopyroxenes they tend to become more
aluminous with increasing pressure and temperature.
With the exception of Mg and the siderophile elements
Cr, Ni, Co, Cu and Zn, partition coefficients for most
elements are smaller than for clinopyroxenes. Partition
coefficients for the REE in particular are much smaller
with the peak in partition coefficient values being shifted
toward the heavier REE.

Olivine

Some of the olivines analysed during this study have
relatively low Mg numbers when compared to coexisting
clinopyroxenes. This appears to reflect a degree of un-
sampled heterogeneity since satisfactory mass balances
with the starting compositions could only be obtained
when forsterite was added to the list of run products. All
of the olivines contain small concentrations of TiO2,
Al2O3 and Cr2O3 that can be detected with both the
electron microprobe and LAM ICP-MS. They also
contain minor concentrations of NiO, MnO and CaO.
Partition coefficients for elements other than Ni, Mg, Fe,
Co, Mn, Co, Cu and Zn are mostly small. A notable
exception is Li. Nevertheless meaningful partition coef-
ficients were determined for a broad range of other
elements including Be, B, P, Ge, Ca, Cd, In, Sc, Y and
HREE.

Amphibole

The experimentally produced amphiboles are chiefly of
mixed pargasite and kaersutite composition. Amphibole
was the most accommodating mineral studied in terms
of its ability to incorporate a broad range of minor and
trace elements, including F, Cl, HFSE, REE, Tl, and the
large ion lithophile elements (LILE) K, Rb, Cs and Ba.

Mica

The micas from experiments are all tri-octahedral
phlogopites with only limited substitutions of di-octa-
hedral components. They show relatively little compo-
sitional variation. Like amphibole they partition Nb and

Ta more strongly than coexisting clinopyroxenes. They
also strongly incorporate Cs, Rb, K, Ba, Ni and Cr. In
contrast, partition coefficients for Ca, Sr, Cd and REE
are very small. Concentrations of F and Cl in mica are
up to twice those of coexisting amphibole.

Garnet

Garnets are dominantly of mixed pyrope, almandine
and grossular composition (alm 19.3–23.1, py 63.4–60.6
and gr 17.3–16.3) with minor TiO2, MnO and Na2O.
They are slightly more calcic and Ti-rich than the gar-
nets in garnet lherzolite xenoliths from Bow Hill and
other alkaline basalt occurrences (see Sutherland et al.
1984; Xu et al. 1998) otherwise they differ mainly in
their relatively low Mg numbers (76.6–72.4). The crys-
tals from individual experiments are relatively homoge-
neous in all elements including the HREE. As found in
many previous studies of garnet (e.g. Irving and Frey
1984; Hauri et al. 1994; van Westrenen 1999) their
partition coefficients are characterized by a combination
of very small values for LILE and steeply inclined REE
patterns that increase with atomic number.

Discussion

The effects of pressure, temperature and crystal
chemistry on partition coefficients

The effects of pressure and temperature on mineral
compositions and partition coefficients are most evident
for clinopyroxene since this mineral crystallized over the
widest range of conditions. One of the most notable
features of the data for clinopyroxene is the amount of
covariation between variables. There are near-linear
correlations between the log-normalized concentrations
of enstatite, diopside, jadeite, tschermaks and pressure
for pressures of 1.0–3.0 GPa (Fig. 1). Because of the
tendency for temperature to increase with pressure in
our experiments, there are similar although less consis-
tent correlations with temperature. For the alumina-
enriched composition at 3.5 GPa, the clinopyroxenes are
slightly more calcic but less aluminous than indicated by
the previously described trends. Ti concentrations are
highest for the clinopyroxenes produced at 1.0 GPa and
1,025–1,075�C but otherwise any relationship to pres-
sure and temperature is not obvious. The more limited
data for olivine, orthopyroxene, amphibole and mica
also show some evidence of the effects of pressure and
temperature on composition. Olivine becomes less calcic
and orthopyroxene more aluminous as pressure in-
creases; amphiboles also become richer in SiO2 and
alkalis, but poorer in Aliv, TiO2, Cr2O3 and CaO. TiO2

concentrations in micas decrease slightly as pressure and
temperature both increase.

The changes in mineral composition are accompanied
by changes in the partition coefficients of most elements.
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However, when considered element by element these
changes are less systematic than the changes in major
elements; this is due to their multidependence which
makes it difficult to correlate partition coefficients with
single variables. The systematic nature of the interrela-
tionships between partition coefficients, pressure, tem-
perature and mineral chemistry are only fully apparent
when the different factors influencing partition coeffi-
cients are isolated and considered separately. To do this,
we separately examine the effects of:

1. Cation radius and lattice-strain
2. Cation valence and coulombic potentials

When examining these factors, we also note their
relationship to mineral composition and the way that
this is also related to pressure, temperature and H2O
concentrations. The effect of H2O concentration on
melting relationships is also considered.

Cation radius and lattice-strain

The systematic influence of cation radius, combined with
the radius and elastic properties of cation sites, on par-
tition coefficients has been described by many authors
(e.g. Onuma et al. 1968; Brice 1975; Blundy and Wood
1994). These relationships were quantified by Blundy
and Wood (1994) who used the general relationship

Di ¼ D0expðð�4pENA½r0=2ðri � r0Þ2

þ 1=3ðri � r0Þ3�Þ=ðRT ÞÞ ð1Þ

to describe the Nernst partition coefficients (Di) for
isovalent cations in crystals and melts as a function of
cation radius (ri), the radius of the crystallographic site
occupied by the cations (r0), the partition coefficient (D0)
of the ideal or fictive cation having radius r0, and an
elastic constant E (Young’s modulus) that is specific to
the host cation site. NA, R and T stand for Avogadro’s
constant, the universal gas constant, and temperature
(K), respectively.

In order to apply the lattice-strain model to our own
data a number of simplifying assumptions and strategies
were necessary. Ideally the lattice-strain model is appli-
cable to crystals whose cations and anions are held to-
gether by ionic bonds. It does not account for other
types of bonding, localization of electrical charge, the
effects of lattice distortion or the influence of the melt
phase. Thus, use of the model implies acceptance of both
a degree of approximation and of exceptions to a pre-
dicted pattern of behaviour. On Onuma diagrams (plots
of Di versus cation radius) the partition coefficients of
most elements follow smooth parabolic trends, consis-
tent with the predictions of the lattice-strain model. But
Ni+2 and Cr+3 plot well above neighbouring isovalent
cations, whereas Ga+3, Sn+4, Cd+2 and Cu+2 show
converse behaviour. Some elements, including Sn, Pb,
Bi, Cd and Tl are also inconsistent in their behaviour. In
each of these cases, we assumed that there were specific

factors, unaccounted for by the lattice-strain model, that
affected the measured partition coefficients. Thus, these
listed elements were not used to find fits for the lattice-
strain model.

Because Mo, W, Sb and V can all exist in a variety of
valence states, deciding on their probable valence states
during experiments was a problem. In most cases, the
partitioning of Mo and Sb follow the partitioning of Nb
and Ta. As the latter are usually assumed to be penta-
valent and have similar pentavalent radii to Mo and Sb,
we assumed that Mo and Sb were also pentavalent. In
scheelite and wolframite W is hexavalent. As this seemed
to accord with the very low partition coefficients that we
obtained for W in our experiments we also assumed that
W was hexavalent. Relative to pyroxenes, amphiboles
and micas partition coefficients for V in olivine are not
large (0.15–0.23). Therefore, most of the V in experi-
ments seems likely to have been present as V+3 rather
than V+2. This option also gives the smoothest and most
consistent results when V is plotted on Onuma diagrams.

The Young’s Modulus E could in most cases be
determined from fits to Eq. 1. However, for some iso-
valent series its value was either difficult to determine
due to lack of sufficient data, or unexpected. Generally it
has been found in past studies (e.g. Blundy and Wood
2003) that E increases with cation valence and this is
consistent with what we found in this study. But for + 5
ions in sites of octahedral coordination, E is either very
much higher than would be predicted from the trends for
lower valenced cations, or the tightness of the Onuma
diagrams for + 5 cations is a function of factors in
addition to E. This makes precise determinations of r0
for + 5 cations difficult, although it has relatively little
effect on the determinations of D0

+5.
No attempt was made to either take account of or

model split site behaviour. Instead a different approach
was taken and all octahedral and ten to 12-fold sites in
amphiboles and micas were treated as single sixfold and
tenfold sites. This was done for practical reasons as we
were unable to discriminate individual site occupancies
in these cases. We also wanted to be able to use the
derived D0

+n values to model the effects of cation valence
and coulombic potentials.

We successfully fitted the lattice-strain model to
partition coefficients for all of the minerals produced in
this study. However, because most of our results are for
clinopyroxene, the following discussion is mostly about
the results for this mineral. Values of D0, r0 and E found
by fitting Eq. 1 to the data in Table 3 are shown in
Table 4. Examples of fitted solutions for clinopyroxene
and amphibole are shown graphically in Figs. 2a and 3a
alongside the plotted values of measured partition
coefficients. Partition coefficients for the large majority
of elements (data for Ni, Cr, Sn and Ga excepted) are
approximated to within ± 20% by our fits to the lattice-
strain model, with over half within ± 10%. The
graphical representations show how strongly the parti-
tion coefficients of different minerals are controlled by
the properties of individual crystallographic sites. These
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properties vary both from mineral to mineral and with
changes in pressure and temperature.

Except the results for run 1956, r0
+3 and r0

+4 for
clinopyroxene M1 sites correlate negatively with pres-
sure but positively with the average ionic radius of
cations in the same site (Fig. 4a, b). The variation in

r0
+3 is far more evident than for r0

+4. In the case of run
1956, the value of r0

+3 is poorly constrained and
probably inaccurate. r0 values for +2 and +5 cations
are also insufficiently well determined to show any
meaningful correlation. In the case of M2 sites (Fig. 4c,
d) r0 also decreases with increasing pressure, but the

Table 4 D0
+n, r0

+n, E+n, DGcoulb, optimum valence and, D0
De=0 calculated from partition coefficient data

Run �C
GPa

1956 R80 1949 1948 R78 R77 1950 R79 1949

1,180 1,170 1,160 1,160 1,100 1,100 1,050 1,075 1,160

3.5 3.0 2.7 2.5 2.5 2.0 2.0 1.0 2.7

cpx cpx cpx cpx cpx cpx cpx cpx opx

M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2

D0
+6 0.00015 0.0027 0.0011 0.0012 0.001 0.05 0.00027 0.0004

r0
+6 0.59 0.595 0.59 0.59 0.595 0.59 0.6 0.59

E+6 7,000 4,800 5,000 5,000 7,000 7,000 6,400 4,800

D0
+5 0.003 0.02 0.018 0.013 0.01 0.011 0.066 0.025 0.005

r0
+5 0.61 0.62 0.607 0.605 0.6 0.62 0.62 0.63 0.59

E+5 3,500 4,000 5,000 5,000 7,000 5,000 3,500 3,500 6,000

D0
+4 0.4 0.0035 0.65 0.007 0.6 0.0084 0.47 0.0057 0.37 0.0046 0.67 0.008 0.7 0.005 1.1 0.008 0.14 0.0007

r0
+4 0.652 1.02 0.652 1.018 0.65 1.029 0.652 1 0.65 1.023 0.655 1.025 0.655 1.02 0.655 1.031 0.63 0.89

E+4 1,600 600 1,600 800 1,600 600 1,600 600 1,600 600 1,600 800 1,600 800 1,600 800 1,500 600

D0
+3 5.2 0.36 3.8 0.48 3.7 0.46 3.3 0.45 3.7 0.38 3.8 0.57 4.5 0.47 7.3 0.58 2.2 0.14

r0
+3 0.665 1.012 0.67 1.006 0.677 1.01 0.68 1.01 0.675 1.019 0.685 1.01 0.684 1.028 0.697 1.03 0.68 0.8

E+3 700 290 600 300 560 290 610 300 580 330 690 290 710 270 800 330 600 340

D0
+2 3 2.6 2.8 2.1 1.8 2.4 1.5 2.5 1.9 2.8 2.4 2.55 2.5 2.5 2.2 3.1 2.8 0.9

r0
+2 0.67 1.063 0.665 1.063 0.665 1.066 0.69 1.067 0.665 1.072 0.665 1.067 0.665 1.077 0.665 1.069 0.67 0.86

E+2 400 220 400 220 350 220 400 240 410 260 400 230 400 220 400 280 450 160

D0
+1 0.55 0.5 0.64 0.4 0.47 0.45 0.27 0.21 0.29

r0
+1 1.05 1.165 1.11 1.1 1.08 1.06 1.07 1.07 0.88

E+1 120 80 70 1.1 95 140 55 55 120

DGcoulb 12.86 18.49 12.09 16.33 12.97 16.21 12.44 18.44 12 17.86 13.09 18.23 8.57 18.65 13.72 19.17 9.92 19.17

Optimum

valence

2.68 2.40 2.67 1.97 2.78 1.96 2.72 2.03 2.64 1.99 2.68 2.02 2.68 2.1 2.87 2.16 2.2 1.88

D0
De=0 5.00 2.00 4.28 1.95 3.53 2.26 2.83 2.18 3.13 2.25 4.16 2.28 3.63 2.14 6.00 2.29 3.2 1.00

Run �C
GPa

1950 1951 1949 R78 1950 R79 R77 1955 1956

1,050 1,025 1,160 1,100 1,050 1,075 1,100 1,190 1,180

2.0 1.0 2.7 2.5 2.0 1.0 2.0 3.5 3.5

amph amph Mica Mica Mica Olivine Olivine Garnet Garnet

M1–3 M4 M1–3 M4 M A M A M A T M1–2 T M1–2 Y X Y

D0
+6 0.0011 0.002 0.0015 0.0004 0.0006 0.0007 0.0007

r0
+6 0.59 0.59 0.6 0.6 0.6 0.595 0.595

E+6 8,000 8,000 6,000 6,000 6,000 7,000 7,000

D0
+5 0.083 0.24 0.07 0.05 0.09 0.003 0.003

r0
+5 0.625 0.63 0.62 0.63 0.63 0.605 0.605

E+5 8,000 8,000 9,000 9,000 9,000 4,000 4,000

D0
+4 1.5 0.004 2.5 0.009 1.4 1.2 2 16 0.015 0.008 0.67 1.1 0.004 1.1 0.004

r0
+4 0.645 1.02 0.645 1.03 0.63 0.63 0.63 0.33 0.605 1.025 0.655 0.66 0.99 0.66 0.99

E+4 1,600 800 1,600 800 3,000 3,000 3,500 6,000 1,600 800 1,600 2,400 1,200 2,400 1,200

D0
+3 7 0.41 8 0.64 2.1 2.6 4 0.02 0.3 0.57 3.8 3.8 5.6 3.8 5.6

r0
+3 0.69 1.03 0.7 1.035 0.67 0.675 0.68 0.34 0.74 1.01 0.685 0.59 0.955 0.59 0.955

E+3 750 320 750 300 700 800 850 4,000 470 290 690 1,200 600 1,200 600

D0
+2 3.5 1.4 4 1.4 2.7 3.2 2.5 3.1 4.4 4 6.6 2.4 2.8 4 2.8 4

r0
+2 0.66 1.08 0.66 1.07 0.675 1.62 0.68 1.62 0.67 1.61 0.77 0.665 0.67 1 0.67 1

E+2 400 160 400 160 380 160 400 170 530 170 400 400 800 330 800 330

D0
+1 0.28 0.18 0.25 5.4 0.25 6.1 0.22 7 0.43 0.065 0.065

r0
+1 1.1 1.08 0.7 1.725 0.7 1.73 0.7 1.73 0.78 1.02 1.02

E+1 90 80 200 58 200 55 200 58 250 160 160

DGcoulb 9.16 16.79 9.16 16.79 10.43 10.46 10.08 19.89 20.26

Optimum

valence

2.75 2.05 2.89 2.18 2.8 2.8 2.82 2.15 2.15

D0
De=0 7.00 1.50 8.00 1.60 4.40 4.40 6.00 2.50 2.50

Values for DGcoulb are in kJ
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relationship between r0 and average ionic radius is not
as direct as it is for M1 sites. At low values, r0

+2 is
larger than the average ionic radius, but gradually
approaches the latter up to an average ionic radius of
about 1.07–1.08 Å. Above this value r0

+2 remains
relatively constant in spite of further increases in
average cation radius. A similar effect was described by

Cameron and Papike (1980) who investigated varia-
tions in mean M1–O distances determined from X-ray
diffraction measurements. They concluded that site
radii are influenced by interactions between the oxygen
anions of the pyroxene lattice as well as by cation radii.
Thus for cation radii less than about 1.07–1.08 Å

Fig. 2 Measured partition coefficients and fitted solutions to the
lattice-strain model (a) and D0

+n versus cation valence for M1 and
M2 sites (b, c) in clinopyroxene from run 1948

Fig. 3 Measured partition coefficients and fitted solutions to the
lattice-strain model (a) and D0

+n versus cation valence for M4 and
M1–3 sites (b, c) in amphibole from run 1950

Fig. 4 a–d r0
+n versus pressure

and average ionic radius
(weighted according to site
occupancy) for clinopyroxene
M1 and M2 sites. Straight lines
for (b) and (d) mark 1:1
correlations between r0 and
average ionic radii
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cations in M2 sites do not completely fill the site.
Above this value further increases in the radius of the
site are limited by the rigidity of the oxygen lattice so
that cations are effectively squeezed.

Cation valence and coulombic potentials

When D0
+n values are plotted against valence they follow

a parabolic trend (Figs. 2b, c, 3b, c). Wood and Blundy
(2001) also observed this trend for clinopyroxene M2
sites and described it using the relationship

Dþn
0 ¼ DDe¼0

0 expðð�DGcoulbDe2Þ=RT Þ; ð2Þ

where De = cation valence minus optimum site valence;
DGcoulb is the coulombic potential energy (J/De2/mol)
produced by substituting a cation of mismatched va-
lence; D0

De=0 is the value of D0 when De = 0; R is the
universal gas constant; and T is temperature (K).

The exception to these relationships for the Bow Hill
data set is garnet. In this case, the relationships are only
approximated, so it is not possible to derive precise
values of D0

Delat e=0 and DGcoulb (Table 4) by fitting
Eq. 2 to D0

+n values. As DGcoulb becomes larger the
parabola described by Eq. 2 becomes tighter. Its value
varies depending upon the crystallographic site and
mineral, and also with changes in mineral composition.
For example, DGcoulb is consistently larger for eightfold
than sixfold sites in clinopyroxenes and amphiboles. In
the case of clinopyroxene M2 sites, it also correlates
negatively with bulk mineral Al2O3 (Fig. 5b). For M1
sites (Fig. 5a) the variation is less evident and any cor-
relation between DGcoulb and Al2O3 appears to be po-
sitive rather than negative.

The cause of variations in DGcoulb is a subject that
was addressed by Wood and Blundy (2001). They pro-
posed that DGcoulb is related to the concentrations of
charge-balancing cations in adjacent (next-nearest
neighbour) cation sites. This means that for each site
population (e.g. the population of M2 sites in a partic-
ular clinopyroxene) there will be a range of optimum
valences. Each individual site will have only a single
value but this will vary from site to site producing a
distribution of values. As the valences of charge-bal-
ancing cations in adjacent sites become more variable,
the scatter of optimum valences for the central cation
population becomes greater. This causes a reduction in
the average value of De2 and thus also in the overall
coulombic potential energy for the site. This general
principle is consistent with the positive linear relation-
ship observed between DGcoulb for M2 sites in clinopy-
roxene and Al2O3 concentrations. But the same
relationship is not apparent for clinopyroxene M1 sites.
It is also necessary to explain the large differences in
DGcoulb for clinopyroxene M2 and M1 sites and for
amphibole M4 and M1–3 sites. Presumably these
contradictory relationships reflect aspects of the way
cations are distributed and ordered within pyroxenes
and amphiboles.

The problem of cation distribution in next-nearest
neighbour sites can be indirectly approached by invert-
ing the procedure used by Wood and Blundy (2001).
This involves using D0

+n values to calculate optimum
valence distributions for individual M2 and M1 site
populations. In order to do this Eq. 2 must be expanded
to take into account multiple values of De2. This is de-
scribed by the relationship

Dþn
0 ¼ exp½�ðDG0 þ X De¼1DGcoulb þ 4X De¼2DGcoulb

þ 9X De¼3DGcoulb þ etcÞ=RT �; ð3Þ

where DG0 is the Gibbs free energy of the partitioning
reaction for a hypothetical cation that has both opti-
mum radius and optimum valence. XDe=n is the fraction
of sites for which De = n, and n = ± 1, ± 2, ± 3 etc.
DGcoulb differs from the same values derived using Eq. 2
by representing a real rather than an apparent value.

Before applying Eq. 3 to our data, we independently
estimated the (real) value of DGcoulb for clinopyroxene
M2 sites. We did this by interpolating the linear rela-
tionship between DGcoulb for M2 sites and Al2O3 to zero
Al2O3. The resulting clinopyroxene composition is very

Fig. 5 a, b Coulombic potential energy (J/De2/mol) for clinopy-
roxene M1 and M2 sites
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close to pure diopside-hedenbergite. Thus, the effects of
variations in local charge balance on DGcoulb should be
minimal. With this value (�23,200 J/De2/mol) it was
possible to iteratively search for appropriate values of
DG0 and XDe=n. For M1 sites we derived a separate value
of DGcoulb by multiplying the value for M2 sites by the
ratio of average M1–O and M2–O distances (using
r0 + 1.38). This was based on the linear relationship
between coulombic potential energy and distance. The
M1 value derived in this way (26,500 J/De2/mol) is only
slightly larger than the value for M2 sites. Using the
approach just outlined, we found that a normal (or
Gaussian) distribution of optimum valences most closely
fits the observed variations inD0

+n for each site. Thus, the
observed or apparent variations in DGcoulb for different
sites can be related to the 1 sigma standard deviations of
optimum valences for individual site populations.

The normal distribution of optimum valences for
individual sites is consistent with simple probability ef-
fects playing a significant role in determining patterns of
cation ordering, as suggested by Wood and Blundy
(2001). However, the differences in DGcoulb for clinopy-
roxene M1 and M2 sites indicate that these effects do not
operate equally throughout the crystal structure. This
may be because longer range patterns of ordering exert a
controlling influence on local patterns of cation order-
ing. In the case of clinopyroxene M1 sites, this may
render the effects of variations in Al2O3 and other
components self-compensating. Different but similarly
non-random patterns of ordering may also characterize
garnets and explain their apparent deviation from the
relationships expressed by Eq. 2 (see van Westrenen
et al. 2003a, b).

There is another factor affecting cation distributions
that is worth mentioning. This is the specificity of some
charge-balancing relationships. An example is the close
linear correlation between Alvi and Na. In contrast,
other +3 cations in M1 sites, such as Ga+3, Sc+3 and
In+3, do not correlate well with Na but instead correlate
with Aliv.

Like DGcoulb optimum valence also varies for differ-
ent sites and with changes in mineral composition. It is
always larger for clinopyroxene M1 than M2 sites. For
M1 sites it correlates linearly with Aliv (Fig. 6b) but for
M2 sites the relationship to composition is more com-
plex. In the latter case, optimum valence seems to be a
function of both Aliv and Alvi and there is an approxi-
mately linear correlation between optimum valence and
Aliv/Alvi (Fig. 6c). The combined influence of Aliv and
Alvi may underly a similar covariation between optimum
valence for M2 sites and Ti–0.1Na (Fig. 6d).

The various influences on D0
De=0 are difficult to

clearly identify within the spread of the experimental
data. To some extent D0

De=0 is a function of DGcoulb

since if all other things are equal the height of the
parabola described by function (2) is inversely propor-
tional to its width. D0

De=0 is also affected by the activities
of mineral-forming components in the melt phase and
these are influenced by pressure, temperature and H2O
concentration. However for actual liquidus conditions
the effects of pressure, temperature and H2O concen-
tration are largely self compensating since the DG of
melting of the bulk composition is always equal to zero.
For conditions close to the basanite liquidus (82–91%
melting) both D0

De=0 and DGcoulb for clinopyroxene M1
sites decrease as pressure and temperature increase.

Fig. 6 a–d Optimum valence
versus pyroxene composition
for clinopyroxene M1 and M2
sites
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Generally D0
De=0 increases with increasing degree of

crystallization, although run 1950 (which contains
coexisting orthopyroxene and amphibole) is an excep-
tion to this. D0

De=0 for clinopyroxene M2 sites is much
less variable than for M1 sites and generally correlates
with DCa.

The relative effects of H2O and temperature on D0
De=0

at constant pressure and degree of crystallization can be
compared for two runs (1948 and R78). There are only
small differences in D0

De=0 for clinopyroxenes from the
two runs (see Table 4). This is broadly consistent with
Wood and Blundy’s (2002) finding that, for constant
degrees of crystallization, the effects of increasing
temperature and H2O on partition coefficients are
comparable.

Conclusions

Partition coefficients for more than 35 major, minor and
trace elements in experimentally produced micas, am-
phiboles, garnets, clinopyroxenes, orthopyroxenes, oli-
vines and hydrous basanitic melts can be systematically
related to cation radius, valence, mineral composition,
pressure and temperature. This is most convincingly
demonstrated for clinopyroxene. Log-normalized con-
centrations of enstatite, jadeite and tschermaks in clin-
opyroxene increase as approximately linear functions of
pressure, whereas diopside concentrations decrease in
the same manner. Less consistent correlations also occur
with temperature. Olivines become less calcic and orth-
opyroxenes more aluminous as pressure increases; am-
phiboles also become richer in SiO2 and alkalis, but
poorer in Aliv, TiO2, Cr2O3 and CaO.

The changes in mineral composition are accompanied
by changes in a number of crystal-chemical parameters
that affect partition coefficients. These include r0, opti-
mum valence and DGcoulb. The optimum ionic radius, r0,
for clinopyroxene M1 and M2 sites decreases with
increasing pressure. It also correlates positively with the
average ionic radius of cations in M1 and M2 sites.
DGcoulb, the coulombic potential energy produced by
substituting a cation of mismatched valence into a
crystallographic site, is always larger for M2 than M1
sites; in the case of M2 sites, it correlates negatively with
Al2O3. These variations can be quantitatively modelled
as a function of the 1 sigma standard deviations of
optimum valences for individual M1 and M2 site pop-
ulations. The (average) optimum valence of clinopy-
roxene M1 sites is a positive function of Aliv, whereas for
M2 sites it varies as a function of both Aliv and Alvi.
DGcoulb for clinopyroxene M2 sites correlates positively
with Al2O3 but for M1 sites is less variable.

The systematic interrelationships between partition
coefficients and other factors observed in this study,
demonstrates both the quality and consistency of our
data set. The consistency of the interrelationships also
makes it possible to predict the effects of any deviations
from the inferred conditions of garnet lherzolite satu-

ration at approximately 1,200�C and 2.6 GPa. It is thus
possible to compile a comprehensive set of partition
coefficients that will be directly relevant to the forma-
tion of the Bow Hill basanite magma by partial melting
of garnet lherzolite. These will enable effective con-
straints to be placed on possible mantle source com-
positions for the Bow Hill basanite, and on the nature
of melting processes during formation of the basanite
magma.
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